
  

    

  
 

DOE - BES Contractors Meeting 
  

Physical Behavior of Materials 
 
 

Airlie Conference Center, Warrenton, VA 
 

March 16 - 19,  2008  
  

PPRROOGGRRAAMM    aanndd    AABBSSTTRRAACCTTSS  

 
 
 
 

 
 

                              U.S. Department of Energy 
                          Office of Basic Energy Sciences 
                                 Division of Materials Sciences and Engineering 



 
 
 

 
Cover 

 
 

Top Left - A very low thermal conductivity observed in silicon nanowires makes it possible to 
achieve a breakthrough ZT of 0.6 at room temperature in rough Si nanowires of ~50 nm diameter. 
 (A. Majumdar, P. Yang, LBNL) 
 
Top Middle -  The lithium coated fullerene (Li12C60), with  Li atoms capping the pentagonal faces of 
the fullerene is identified as a promising material for hydrogen storage.  This material is not only 
stable, but can store up to 120 hydrogen atoms in molecular form. (P. Jena, VCU)   
 
Top Right -  A side view image of a completed 3D spiral photonic crystal structure with 3 unit cells, 
respectively. In similarly grown vertically-aligned carbon nanotube arrays, a total reflectance of 
0.045% and a corresponding absorptance of 99.955% (a new world record) has been achieved.  This 
may enable a much improved selective thermal emission and efficiency of thermophotovoltaic energy 
conversion. (S-Y. Lin, RPI) 
 
Bottom Left - Effect of Al (green) on electronic structure of the Zr47Cu46Al7 metallic glass. 
(E. Ma, JHU) 
 
Bottom Middle - A 120 Angstrom x 120 Angstrom STM image of “photoswitching” azobenzene 
molecules that convert between two different mechanical configurations (cis and trans isomers) when 
irradiated with light on the surface of Au(111).  (M. F. Crommie, LBNL) 
 
Bottom Right -  MD simulations of the cross sectional view of a strained (12%) Cu thin film showing 
the evolution of the film structure as it undergoes structural transition from an initial fcc lattice (dark 
blue)in (a) to the hcp phase (light blue) (b-d).  Hcp phase nucleates at the film’s surface in (b). Maroon 
atoms are surface atoms and other colored atoms are inside dislocation cores. 
(D. Maroudas, Univ. MA) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This document was produced under contract number DE-AC05-06OR23100 between the U.S. 
Department of Energy and Oak Ridge Associated Universities. 
 

 
 

 



Foreword 
 
 
 
This volume summarizes the scientific content of the 2008 Research Program Meeting; 
“Physical Behavior of Materials,” sponsored by the Division of Materials Sciences and 
Engineering (DMS&E) of the Office of Department of Energy, Basic Energy Sciences 
(BES). The primary purpose of these BES Program Meetings is to provide an 
environment for the exchange of new information and ideas among grantees and 
contractors, and to foster synergistic activities among researchers.  For the grantees, it 
facilitates an overview of the program useful to define a future scope for the program and 
identify promising new research directions.  These meetings are designed to stimulate 
cross cutting and inspiring of new ideas, as it brings together leading experts in diverse 
fields of interest. 
 
This inaugural meeting was held March 16-19, 2008, at the Airlie Conference Center, in 
Warrenton, Virginia. The meeting was chaired by Gerbrand Ceder (MIT) and Harry A. 
Atwater, Jr. (Caltech), and attended by over 80 scientists, with 26 oral and 46 poster 
presentations in two different poster sessions. We were very pleased to have Prof. 
Mildred S. Dresselhaus of MIT as our keynote speaker. She inspired us with her talk 
entitled; "For our energy future: materials issues, breakthroughs and challenges”.  The 
Physical Behavior of Materials program covers a very broad range of research activities, 
as suggested by its name. We organized this year’s presentations into seven different 
sessions using their subject similarities. These sessions were: (1) Nano-Enabled 
Behavior, (2) Novel Electronic Materials, (3) Interfaces / Surfaces, (4) Hydrogen / Fuel 
Cells, (5) Magnetism / Spintronics, (6) Thermoelectrics / Structural Properties, and (7) 
Photovoltaics / Photon related.  
 
We gratefully acknowledge the contributions of all the participants for their investment of 
time and for their willingness to share their ideas with the meeting participants. We also 
want to gratefully acknowledge the excellent support of Sophia Kitts and Deborah Grubb 
from the Oak Ridge Institute of Science and Education, and Christie Ashton of our 
Division, and the staff of the Airlie Conference Center. 
  
 
Refik Kortan 
Program Manager, 
Division of Materials Sciences and Engineering 
Office of Basic Energy Sciences 
Department of Energy 
 
March 2008 
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Session I:  Nano-Enabled Behavior 



 
 
 

Nanomechanics at Hard-Soft Interfaces 
 

Arun Majumdar, Peidong Yang, Renkun Chen, Allon Hochbaum 
Lawrence Berkeley National Laboratories 

 
 
 

The overall program goal is to advance the fundamental understanding of complex phenomena at 
the interface of soft and hard nanomaterials. The research focuses on two areas: 
(i) understanding of transport of liquids, ions, and molecules in nanofluidic channels; 
(ii) understanding the origin of mechanical forces generated by molecular reactions at interfaces, 
and creating ways to transduce them into measurable signals. The first area explores the science 
and engineering of molecular and ionic transport in confined or low dimensional liquids. Progress 
in this area will lay the foundations of integrated nanofluidic circuits for manipulating single 
molecules, as well as new approaches for energy-efficient separations of liquid mixtures. The 
second area will focus on the origin of mechanical forces generated from ligand-receptor 
reactions at interfaces, and ways to manipulate these forces toproduce measurable signals. 
While mechanical forces from ligand-receptor binding are widely exploited in signal transduction 
at cell membranes, they have rarely been utilized in non-biological settings. This project will 
explore the science of molecular mechanics at interfaces and develop electronic and optical 
transduction mechanisms for observing reactions. The eventual goal is to somehow mimic the 
olfactory or the immune system in detecting and distinguishing molecules with very high 
sensitivity and selectivity. 
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Program Title:  Characterization of Functional Nanomachines 
 
Principal Investigator:  M. F. Crommie 
Mailing address: University of California at Berkeley, Physics Department, 366 LeConte Hall 
#7300, Berkeley, CA 94720-7300    
e-mail:  crommie@berkeley.edu  
Co-investigators:  C. Bustamante, M. L. Cohen, J. M. J. Frechet, S. G. Louie, D. Trauner, A. 
Zettl 
 
Program Scope/Definition:  The goal of this project is to develop and characterize mechanical 
devices at the nanoscale.  We are following two paths toward this goal.  First, we are harnessing 
naturally occurring biomotors to take advantage of the molecular mechanisms provided by 
Nature.  Second, we are purposefully designing new synthetic molecular machines in a 
molecule-by-molecule fashion.  This project is aimed at clarifying the mechanisms by which 
nanomachines convert chemical to mechanical energy, and at examining their utility for new 
applications.  Our program should yield two new categories of functional nano-assemblies in the 
area of synthetically fabricated nanomachines.  The first involves chemically engineered 
molecules, purposefully designed with specific mechanical functions in mind.  The second 
involves exploitation of the unique properties of carbon nanotubes to create novel, 
nanomechanical devices.  We intend to integrate these nanomachine elements to help form the 
basis of a new molecular-mechanical nanotechnology with applications in areas of importance to 
DOE such as chemical and photosensing, computation, power generation, and active surface 
control. 
 This project has seven co-investigators whose expertise span physics, chemistry, and 
biology.  We believe that an interdisciplinary approach is best for addressing the problems that 
face researchers in the area of molecular machines and motors, where multiple fields often 
intersect.  The experimental tools utilized by our collaboration range from synthetic chemistry, 
surface science, and scanned probe techniques (Frechet, Trauner, and Crommie), to 
photolithography, wet biology, and laser tweezers (Zettl and Bustamante).  Frechet and Crommie 
work closely to develop new, synthetic nanomachines at the single molecule level, while Zettl 
and Bustamante collaboratively share lithographic techniques for mesoscopic to nanoscopic 
surface patterning and nanomachine integration.  Trauner's complimentary activities range from 
chemical synthesis to protein engineering and in vivo biological measurement.  Cohen and Louie 
provide theoretical support through the use of ab initio density functional techniques and 
molecular dynamics calculations.   
 
Recent Progress:  We have made recent progress in a wide range of experimental activities that 
span synthesis and actuation of new nanomachine molecular elements, exploration of chemical-
to-mechanical energy conversion in biomotors, and fabrication of nanotube-based nanomachines 
that operate on new nanomechanical principles (such as electromigration).  Our theoretical 
activities strongly support our experimental research, and have helped to explain nanomechanical 
energy conversion and dissipation in different molecular systems (such as in functionalized 
azobenzene and multiwall carbon nanotubes). 
 In this presentation I will emphasize our activities in just one of these areas: chemical 
synthesis and optical actuation of new molecular machine elements.  I will describe our progress 
at developing new molecules capable of converting the energy of light into mechanical work at 
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the single molecule level.  The use of light to actuate molecular machines is an exciting new area 
because it has the potential benefits of not requiring nanoscale electrical contact, of having 
extremely high bandwidth, and of benefitting 
from a wide range of optically active 
molecular candidates.  Most previous work in 
this area has focused on exploring ensembles 
of molecules in solution.  Our work is aimed 
at understanding and controlling the 
photomechanical properties of nanomachine 
elements on surfaces and at the single 
molecule level.  We believe that this poorly 
studied regime forms a critical area for future 
nanomachine applications. 
 One of our recent successes in this area 
has been the first observation of reversible 
photomechanical switching in a single 
molecule tethered to a crystal surface.1  We have chemically engineered azobenzene derivatives 

(Fig. 1) that mechanically switch via the absorption of 
a single photon while adsorbed to a metal surface, and 
we have observed reversible switching at the single-
molecule level (Fig. 2) using scanning tunneling 
microscopy (STM).  This photo-actuated single-
molecule mechanical switching has been confirmed 
through comparison of our molecular images to 
density functional theory calculations of switched 
molecule electronic structure (Fig. 3).  These results 
signify a new level of molecular-mechanical control, 
and open new scientific possibilities for 
understanding photonically coupled mechanical 
processes at the single molecule level, as well as new 
possibilities for single-molecule photomechanical 
applications. 
 We have explored the phenomenology of this 
photoswitching by measuring the wavelength-
dependence,2 the local environment dependence, and 
the chirality dependence of single photoswitching 
molecules of tetra-tert-butyl-azobenzene (TTB-AB) 
on a Au(111) surface.  Using STM single-molecule 
imaging, we have determined the precise number of 
photoswitched TTB-AB molecules at a gold surface 
as a function of optical exposure and optical 
wavelength (Fig. 4).  This has allowed us to 
determine the critical forward and reverse switching 
cross-sections for this molecule when it is placed at a 
surface and illuminated with either UV or optical 
wavelengths.2  Molecules found in the dominant  

Fig. 1:  Sketch of azobenzene molecule functionalized 
with four tert-butyl legs designed to decouple it from a 
surface and enable photomechanical switching.  This 
molecule is referred to as tetra-tert-butyl azobenzene 
(TTB-azobenzene). 

Fig. 2:  Photoisomerization of individual TTB-
azobenzene molecules on Au(111) from trans 
to cis. Same island of TTB-azobenzene 
molecules is shown before (upper image) and 
after (lower image) a 3 hr exposure to 90 
mW/cm2 UV irradiation at 375 nm.  After UV 
exposure 45 TTB-azobenzene molecules have 
switched from the trans to the cis state.  Inset 
zoom-in images show UV-induced switching 
(before and after) from trans to cis for a single 
molecule (identified by white box).  
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close-packed surface configuration on Au(111) were found 
to saturate using 375nm light at a 50% fraction of cis to 
trans isomers.  This leads to equal forward and reverse 
molecular photoswitching cross sections of 2.3 x 10-23 cm-2.  
Although this overall rate is much lower than seen for 
molecules in solution, the asymmetry (or lack of it) 
observed in forward and reverse switching rates at this 
wavelength for the surface molecule system is comparable 
to that observed in solution phase molecules.  Visible 
(444nm) radiation, on the other hand, leads to a forward / 
reverse asymmetry of only 25%.  This is significantly 
different from the more than 1000% switching asymmetry 
seen for this same molecule (at this wavelength) in solution.  
The photoswitching asymmetry of surface bound TTB-AB 
molecules is thus greatly reduced compared to solution 
phase molecules, a fact that poses a hindrance for some 
switching applications.  This is likely due to changes in 
optical absorption and relaxation properties for surface-bound molecules compared to molecules 
in solution phase.  This result presents us with the new challenge of how to increase asymmetry 
in photomechanical switching rates for surface bound molecules. 

 
 We have additionally explored the effect of local surface environment on the 
photoswitching properties of optomechanically active molecules.  We find that the 
photoswitching rate of TTB-AB depends strongly on how it is locally configured on Au(111).  

Fig. 3:  Simulated trans and cis TTB-azobenzene structures 
compared to experiment. (a) Calculated trans geometry. (b) 
Calculated cis geometry. (c) Calculated trans electronic local 
density of states (LDOS) isosurface. (d) Calculated cis LDOS 
isosurface [same parameters as in (c)]. (e) Simulated STM image 
of TTB-azobenzene using tiled single-molecule LDOS isosurfaces 
from (c) and (d). (f) Experimental STM image of TTB-azobenzene 
molecules. 

Fig. 4:  Sequential images of a single island of TTB-azobenzene on Au(111) after successive exposures to 
375 nm UV light.  First image is the pre-exposure configuration of uniformly trans isomers. The three 
following images were acquired after 1 hr, 3 hr, and 7 hr total exposures to UV light, and show increasing 
number of photoswitched cis isomers of TTB-azobenzene.  
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TTB-AB exhibits three different structural phases, each of which exhibits a completely different 
photoswitching probability.  One of these phases surprisingly exhibits "self-patterned" spatial 
stripes of enhanced photoswitching probability that are spaced 10nm apart.  These results 
highlight the importance of molecule-molecule and molecule-surface interactions in determining 
molecular photoswitching properties at a surface. 
 We have gained new insight into the specific mechanism by which TTB-AB molecules 
photoswitch at a gold surface by examining the chirality of initial state (trans isomer) and final 
state (cis isomer) molecular products.  We observe that TTB-AB assembles into "self-selected" 
chiral islands of trans isomers on Au(111) (right-handed versus left-handed).  By examining the 
chirality of single molecules of optically switched cis isomers, we are able to determine chirality-
dependent photoswitching selection rules for TTB-AB at a surface.  These selection rules rule 
out certain switching mechanisms, and provide evidence for a new surface switching modality. 
  
Future Plans:  Our future plans in this particular area of our overall Nanomachine Project will 
emphasize three thrust topics:  (a) Assembly of photomechanical molecules into functional 
nanomachines, (b) Exploration of new photomechanical molecular elements, and (c) Exploration 
of new substrate systems to enhance photomechanical switching properties.  Now that we have 
carefully characterized a range of single-molecule photoswitching properties at a surface, we are 
eager to assemble photoswitching molecules into functional arrays.  An example of such a 
functional assembly would be a nanometer-scale molecular "nanocrawler" capable of light-
induced locomotion across a surface.  This goal dovetails with topic (b), since assembly of such a 
nanomachine will require the design and synthesis of new photoswitching molecules capable of 
bonding in pre-determined arrangements at a surface.  Topic (c) is an important area of future 
work, as we hope to improve surface nanomachine performance by engineering the substrates 
utilized in this work.  We find that surface-molecule interactions play a large role in 
photomechanical switching rates, and so we hope to control these effects through the use of new 
semiconducting and tunable substrates.  One particularly exciting substrate is graphene, which 
provides a tunable surface electron density through the use of backgating.  We have begun 
exploring backgated graphene devices as continuously tunable nanomachine substrates, and we 
intend to push forward in this area. 
 
References: 
[1] "Reversible Photomechanical Switching of Individual Engineered Molecules at a Metallic 
Surface", Matthew J. Comstock, Niv Levy, Armen Kirakosian, Jongweon Cho, Frank 
Lauterwasser, Jessica H. Harvey, David A. Strubbe, Jean M. J. Frechet, Dirk Trauner, Steven G. 
Louie, and Michael F. Crommie, Phys. Rev. Lett. 99, 038301 (2007). 
 
[2] "Measuring Reversible Photomechanical Switching Rates for a Molecule at a Surface", 
Matthew J. Comstock, Niv Levy, Jongweon Cho, Luis Berbil-Bautista, Daniel A. Poulsen, Jean 
M.J. Frechet, and Michael F. Crommie, accepted for publication in Applied Physics Letters. 
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Program Title:   Structure-Optical-Thermal Relationships of Carbon Nanotubes  
Principal Investigator:   Stephen Cronin 
Institution:               University of Southern California  
Address:            3737 Watt Way, Los Angeles, CA 90089           
Email:     scronin@usc.edu  
DOE Grant Number:   DE-FG02-07ER46376 
Collaboration:   Prof. Li Shi, University of Texas, Austin 
 

Program Scope or Definition  
This research aims to better understand the relationships between the crystal structure of 

different single wall carbon nanotubes (SWCNTs) and their optical and thermal properties as 
well as the electron transport and heat dissipation mechanisms. We have designed the following 
three experiments to explore several poorly understood phenomena in nanotubes. These 
experiments are being executed via the collaboration between the Cronin group and the Shi 
group.   

1. Establish the structure-optical property relationships of carbon nanotubes using Raman 
and fluorescence spectroscopy on well-defined nanotubes, characterized by transmission 
electron microscopy (TEM).   

2. Determine the structure-thermal property relationships of carbon nanotubes of different 
diameters and chiral angles, by performing thermal, optical, and TEM measurements on 
the same nanotube. 

3. Quantify the temperature rise/distribution and contact thermal resistance in current-
carrying carbon nanotubes, using Scanning Thermal Microscopy (SThM) and Spatial 
Mapping of Raman Spectroscopy (SMRS).  

 

Recent Progress  
1.) Optical Measurement of Thermal Transport: During the first half year of this project, we 

have performed optical measurements of thermal transport using different laser powers to heat 
suspended single walled carbon nanotubes ~5μm in length1. The temperature change along the 
length of a nanotube is determined from the temperature–induced downshift in the G band 
Raman frequency, as shown in Figure 1. The spatial temperature profile (ΔT(x)) reveals the ratio 
of the contact thermal resistance (Rc,left) and (Rc,right) to the intrinsic thermal resistance of the 
nanotube (RNT). Moreover, the obtained temperature profiles allow differentiation between 
diffusive and ballistic phonon transport. If the phonon transport were ballistic, the temperature 
rise would result in a constant ΔT(x) regardless of the contact resistances. This was not observed 
in any of the samples we measured.   

 
Figure 1. (a) SEM image of carbon nanotubes suspended over a 4.7 μm trench. (b) G band Raman 
frequency measured along the length of the nanotube in (a) at different laser powers. (c) Laser heating 
profile of the suspended nanotube shown in (a). Error bars reflect the uncertainties in the G band shift and 
its temperature coefficient. 
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By assuming diffusive heat transport, the measured temperature profile can be modeled 

using the Fourier heat equation.  Solving for ΔT(x) we have: 
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where Q  is the rate at which heat is generated in the nanotube by the incident laser, L and A are 
the length and geometric cross section of the suspended nanotube, x is the distance of the laser 
spot from the left edge of the trench, κ is the thermal conductivity of the nanotube and R

&

c,left and 
Rc,right are the contact thermal resistances at the two ends of the nanotube.  This complicating 
looking but otherwise simple algebraic expression is a quadratic equation that can be represented 
as ax2 + bx + c = 0.  Although Q  is unknown, we can solve for the ratio of the thermal contact 
resistance to the thermal resistance of the nanotube itself as: 
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where α=b/a and β=c/a. 
 This measurement scheme was implemented on a total of 4 suspended nanotubes.  Their 
data is summarized in the table below.  Diffusive transport is observed in all nanotubes measured 
and the ratio of thermal contact resistance to intrinsic nanotube thermal resistance is found to 
range by almost four orders of magnitude, from 0.02 to 17.   
 

 
Table 1. Summary of the temperature rise profile measurements of four suspended nanotubes.   
 

2.) Optical Measurement of Electronic Heat Dissipation: During this funding period, we 
also investigated electron transport and heat dissipation mechanisms, optically. By measuring the 
Raman spectra of individual suspended carbon nanotubes under high voltage biases, we directly 
observe optical phonon emission.  Interestingly, the LO and TO modes of the optical G band 
phonons behave differently with respect to voltage bias, indicating preferential electron-phonon 
coupling and non-equilibrium phonon populations.  

Figure 2 shows an SEM image of the device measured, together with the voltage 
dependence of the G band optical phonons.  The G+ band (TO) is observed to downshift by more 
than 26cm-1, indicating significant heating, while the G- (LO) band on average doesn’t change by 
more than 1cm-1.  These results imply that the TO and LO phonons are in a state of extreme 
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thermal non-equilibrium.  From the 26cm-1 downshift, we estimate the temperature of the TO 
band to be approximately 1000oC, while the LO band doesn’t change by more than 40oC under 
the applied bias voltage.  The orthogonality of the LO and TO phonon bands enables them to 
remain in a state of extreme non-equilibrium. The selective nature of the preferential heating can 
be explained by the Kohn anomoly, which affects in the TO and LO bands differently.  
Preferential heating of the G+ phonon was observed in 4 out of 15 devices measured in this study. 

 

   
Figure 2. Left: SEM image of a suspended carbon nanotube grown on top of Pt electrodes. Right: G band 
Raman spectral data versus bias voltage. 
 

Figure 3 shows the electrically measured resistance, plotted as a function of the optically 
measured phonon population. The data are fit using the Landauer model, in which the nanotube 
resistance is expressed as  
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where Rc is the contact resistance, L is the nanotube length, and λeff =(λac
-1+λop,ems

-1+λop,abs
-1)-1   

is the bias and temperature dependent electron mean free path.  It is clear from the figure that 
modeling with only phonon emission is not sufficient to explain the data, and that instead, 
scattering by phonon absorption must also be included in the model. From the fit to this model, 
we can determine the key scattering parameters.   
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Figure 3.  Electrical resistance plotted as function of phonon population. The two models shown are for 
OP scattering through emission plus non-equilibrium OP absorption and through OP emission alone.   
 

There is a voltage threshold above which electrons simply don’t have enough energy to 
emit an optical phonon.  This threshold is given by Vbias=EphL/e, where the phonon energy 
Eph≈0.2eV.  Below this threshold, electronic conduction is ballistic. Above this threshold, the 
electron must travel a certain distance in the electric field in order to accumulate enough kinetic 
energy to emit a phonon of energy Eph.  This threshold length is given by EphL/eVbias. Once the 
electron’s energy exceeds Eph, it travels an additional distance  (on average) before emitting 
a phonon, since the emission process is not instantaneous. Putting this together, the scattering 
length for optical phonon emission is given by:  
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For optical phonon absorption, the scattering length is given by  
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where Nop(T) is the optical phonon population.  In this model, there is only one fitting parameter, 
.  By fitting this model to our data, as shown in Fig. 3, we find values for  ranging from 

18nm to 35nm from a total of 4 metallic nanotubes measured.  One semiconducting nanotube 
measured showed a value of 9nm.   

min
opλ min

opλ

Combining Raman, thermal, and electrical measurements on the same individual 
suspended nanotube allows us to better understand several poorly understood phenomena, 
including the key scattering parameters in electron transport and the relative magnitude of the 
thermal contact resistance.  
 
Future Plans  

For the remaining four months of the first year and the second year of this project, we 
have planned the following experiments: 

1. Perform thermal, TEM and Raman measurements on the same nanotube so that the 
contact resistance obtained using the Raman measurement can be eliminated from the 
measured thermal conductance using the micro-device.  

2. Establish the structure-optical property relationships of carbon nanotubes using Raman 
and fluorescence spectroscopy on well-defined nanotubes, characterized by TEM.   

3. Quantify the temperature rise/distribution and contact thermal resistance in current-
carrying carbon nanotubes using Scanning Thermal Microscopy combined with 
Spatial Mapping of Raman Spectroscopy 

 
References to publications of DOE sponsored research that have appeared in 2005-2007 or 
that have been accepted for publication. 

1. I-K. Hsu, R. Kumar, A. Bushmaker, S. B. Cronin, M.  T.  Pettes, L. Shi, T. Brintlinger, M. 
S. Fuhrer, J. Cumings,  “Optical Measurement of Thermal Transport in Suspended Carbon 
Nanotubes,” Appl. Phys. Lett., accepted (2008). 

2. Adam W. Bushmaker, Vikram V. Deshpande, Marc W. Bockrath, and Stephen B. Cronin, 
“Direct Observation of Mode Selective Electron-Phonon Coupling in Suspended Carbon 
Nanotubes”, Nano Lett., 7, 3618 (2007). 
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Program Title: Imaging carrier generation, transport, and collection in nanostructured materials 
 
Principle Investigator:  Lincoln J. Lauhon, Morris E. Fine Junior Professor  
Department of Materials Science and Engineering, Northwestern University 
2220 Campus Drive, Evanston, IL 60208  e‐mail: lauhon@northwestern.edu 
 
Program Scope 
The  objective  of  our  program  is  to  develop  a  fundamental,  quantitative  understanding  of 
charge transport between and within components of nanostructured materials to support the 
design and optimization of new materials for energy conversion.  Our experimental approach is 
based  on  combining  electrical  transport  measurements  with  near‐field  scanning  optical 
microscopy (NSOM) and electrostatic force microscopy (EFM) to spatially map carrier collection 
efficiency  in  semiconductor nanowire heterostructures  and hybrid nanowire‐organic devices.  
Appropriate combinations of spatially‐resolved, time‐resolved, and spectrally‐resolved sources 
and detectors are used to isolate and quantify various steps in the energy conversion process, 
including  carrier  generation,  exciton  diffusion,  majority/minority  carrier  transport,  and 
collection by metal contacts.   This experimental base enables  research  in  three  thrust areas: 
quantitative  transport  measurements,  new  concepts  for  nanowire  photodetectors  and 
photovoltaics, and carrier generation and collection in hybrid materials. 

Prior Work 
The  current  program,  which  began  in  the  summer  of  2007,  was  founded  on  exploratory 
research  supported  by  university  seed  funding.    Our  prior  work  established  that  scanning 
photocurrent microscopy (SPCM) could be used to determine the diffusion lengths of minority 
carriers  in semiconductor nanowires with a resolution  limited by  the optical source.1, 2   More 
recently, the related technique of electron beam induced current (EBIC) was used to study the 
diameter  dependence  of  the  diffusion  length  in  n‐type  silicon  nanowires  at  even  higher 
resolutions.3   We  found  that  the  effective  diffusion  length was  approximately  equal  to  the 
nanowire diameter due to the dominance of surface recombination.  This work highlighted the 
need to develop appropriate strategies for surface passivation if nanowires are used to collect 
minority carriers.   EBIC  is not  the  ideal  tool  for surfaced passivation studies, however, as  the 
electron  beam  may  damage  both  inorganic  and  organic  passivation  layers.    SPCM 
measurements with an NSOM can enable high‐resolution measurements without risk of sample 
damage. 

The  activities of  the  current program  include:  (1)  the  application of NSOM‐based  SPCM  and 
EFM  to nanowires and nanowire‐thin  film hybrids;  (2)  the development of  time‐resolved and 
energy‐resolved  SPCM; and  (3)  the development of models of  the photocurrent  response  to 
enable extraction of key materials parameters related to carrier generation and collection. 

Recent Progress 
The  focus of our efforts  in  the  first  year has been  the  application of  SPCM  to doped  silicon 
nanowires to establish the origins of the local photocurrent response.  We expect the response 
to  be  determined  by,  and  potentially  provide  insight  into,  the  absorption  cross‐section,  the 
nature of the contacts, doping level, carrier mobility and lifetime, the local potential, and traps 
and other defect states.  

10



Figure  1  shows  the  SPCM  response  of  an  n‐type 
silicon nanowire with one Ohmic and one Schottky 
contact.    The  photocurrent  response  is  limited  to 
the region near the Schottky contact under zero or 
reverse‐bias (Fig. 1c) because the potential drop  is 
primarily at  the contact.   Flat band conditions can 
be  achieved  by  forward  biasing  the  contact 
(Fig. 1b,c), which  equalizes  the  response with  the 
nanowire channel.  Unexpectedly, a larger forward 
bias produces a  localized response at the Schottky 
contact  rather  than  a  response  throughout  the 
channel.  Contrary to what one would expect from 
a simple 1‐D device model, the nanowire Schottky 
contact  is  not  behaving  as  an  efficient  majority 
carrier injector under forward bias.  We have found 
that  the  SPCM  signal  is  highly  sensitive  to  local 
fields,  and  that  contrast  is often  seen  at  contacts 
that  would  be  classified  as  Ohmic  based  on  I‐V 
characterization.    The  spatial  extent  of  the 

potential drop associated with the contacts 
is  not  well‐resolved  using  the  confocal 
microscope objective,  so we are also using 
NSOM  as  a  higher  resolution  illumination 
source. 

Figure  1 a)  Schematic  of  EBIC  and  SPCM 
measurements  of  n‐Si  nanowire  Schottky 
diodes. b)   Line profiles of  the SPCM  images 
in c) showing the photocurrent peak near the 
Schottky contact at various applied biases.  c) 
SPCM  images  taken  at  0  V,  0.6  V,  and  1  V 
forward bias. 

Figure 2 Comparison of SPCM and EBIC signals 
for n‐type silicon nanowires.  a)  Line profile of 
the  EBIC  signal  along  the  nanowire  device 
channel.  b)    Line  profile  of  the  SPCM  signal 
along  the  nanowire  device  channel.  Dashed 
lines  indicate  the  position  of  the  electrodes. 
The insets show the full images. Scale bars are 
2 μm. 

Figure  2  shows  a  comparison  of  EBIC  and 
NSOM‐SPCM  studies  on  Ohmically 
contacted  n‐type  silicon  nanowires.    Four‐
terminal  measurements  of  the  respective 
devices  indicate  negligible  contact 
resistance.    Qualitatively,  the  response  is 
much more uniform  than  for  the Schottky‐
contacted  device  of  Fig. 1;  there  is  signal 
throughout  the  device  channel  and  the 
response near the contacts is not especially 
large.  This suggests that the potential drop 
occurs  nearly  uniformly  throughout  the 
channel,  providing  an  electric  field  that 
generates  the small excess minority carrier 
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current detected  in  the measurement.   The magnitude of  the  response, and  the  slope,  scale 
smoothly  with  bias  (not  shown),  but  the  response  remains  uniform,  suggesting  that  the 
diffusion/drift  length of the carriers remains  less than or equal to the probe size.   Intriguingly, 
the  photocurrent  is  slightly  greater  near  one  end  of  the  nanowire.    In  both  devices,  this 
corresponds  to  the  end  nearest  the  catalyst  tip.    The  larger  signal  corresponds  to  a  slightly 
larger nanowire resistance, which could arise from either a tapered shape, and hence narrower 
diameter, or a variation in doping level and hence carrier concentration.  

We  have  reason  to  believe  that  there  are  slight  variations  in  the  doping  level  along  the 
nanowire due  to unintended  surface doping during vapor‐liquid‐solid  (VLS) growth.    In brief, 
VLS growth relies on a metal catalyst particle to selectively decompose reactants and produce 
one‐dimensional  nanowire  growth.    If  vapor‐solid  (VS)  surface  reactions  are  not  completely 
suppressed,  the preferential adsorption of one  species  in  the gas phase could  lead  to a non‐
uniform  radial  composition profile.   We have explored  this hypothesis  in  two parallel efforts 
involving  single  nanowire  Raman  spectroscopy  and  Local  Electrode  Atom  Probe  (LEAP) 
tomography.   

In silicon heavily doped with boron, a Fano‐
like  resonance  appears  in  the  Raman 
spectrum  that  enables  an  approximate 
determination  of  the  active  dopant 
concentration.    Figure  3  shows  Raman 
spectra of silicon nanowires of varying sizes 
and doping levels.  To establish an approach 
to  dopant  level  determination,  the  effects 
of finite size and surface disorder in intrinsic 
silicon  nanowires  were  first  explored 
(Fig. 3a).    Below  ~30 nm,  it  becomes 
necessary  to  include  the  effects  of 
confinement  when  fitting  the  Raman 
spectra  of  nanowires.   With  the  effects  of 
confinement  in hand, one  can  address  the 
additional  line‐shape  changes  induced  by 
doping.    The  spectra  of  boron‐doped 
nanowires  (Fig. 3b)  reveal  an  additional 
feature, however‐ a second peak at reduced 
wavenumber‐shift.    We  have  determined 
that this extra peak arises from a disordered 
surface  layer of more heavily doped silicon 
by comparison to a spectrum of a nanowire 
that has an  intentional intrinsic core/doped 
shell  structure.    Efforts  to  fit  these  more 
complex  spectra  and  extract  the  dopant 
concentrations  in  the  two  components are 
ongoing.   

Figure  3 Raman  spectra  from  single  silicon 
nanowires.  a)  Single  nanowire  spectra  versus 
diameter showing confinement‐induced broadening. 
b)  Spectra  from  boron‐doped  silicon  nanowires 
showing  new  peak  due  to  coating  of  disordered 
heavily doped  coating. The upper  spectrum  is  from 
an intentionally grown core‐shell structure. 
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In  separate efforts  supported by  the NSF, we have  found evidence of a non‐uniform doping 
distribution  in boron‐doped silicon and phosphorous‐doped germanium nanowires using LEAP 
tomography.    LEAP  tomography  combines  field  ion  microscopy  with  time‐of‐flight  mass 
spectroscopy  to  produce  a  3‐D  reconstruction  of  sample  composition  with  single  atom 
sensitivity  and  sub‐nanometer  resolution.4    Even  in  the  absence of obvious overgrowth of  a 
heavily doped  surface  layer,  the  surfaces of  Si and Ge nanowires appear  slightly enriched  in 
dopant atoms, consistent with the interpretation of our SPCM measurements on phosphorous 
doped silicon nanowires.  

 
Future Plans 
Our future plans are to develop a more complete understanding of the SPCM response in 
optimized silicon nanowires prior to extending measurements to thin films.  This will involve 
three primary tasks: (1) correlation of the conductivity and SPCM profile with doping levels in 
nanowires using single nanowire Raman spectroscopy and LEAP tomography; (2) passivation of 
nanowires to increase the minority carrier diffusion length, which can be measured by SPCM; 
and (3) building a model of the photocurrent response that incorporates all physical processes 
found to be relevant in the preliminary studies.  With this foundation, we will extend our 
approach to include time and energy‐resolved measurements of nanowires and hybrid organic‐
inorganic materials. 
 
References from Prior Work 
1.  Gu, Y., Kwak, E. S., Lensch, J. L., Allen, J. E., Odom, T. W. & Lauhon, L. J. Near‐field scanning 

photocurrent microscopy of a nanowire photodetector. Applied Physics Letters 87 (2005). 
2.  Gu, Y., Romankiewicz, J. P., David, J. K., Lensch, J. L. & Lauhon, L. J. Quantitative 

measurement of the electron and hole mobility‐lifetime products in semiconductor 
nanowires. Nano Letters 6, 948‐952 (2006). 

3.  Allen, J. E., Hemesath, E. R., Perea, D. E., Lensch, J. L., Li, Z. Y., Yin, F., Gass, M. H., Wang, P., 
Bleloch, A. L., Palmer, R. E. & Lauhon, L. J. High‐resolution detection of Au catalyst atoms in 
silicon nanowires. Nature Nanotechnology, AOP. (2008). 
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dimensional nanoscale composition mapping of semiconductor nanowires. Nano Letters 6, 
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Manipulation of Carbon Nanotubes and Field Emission of Semiconducting Nanowires 
 
Principal Investigator: Zhifeng Ren 
Department of Physics, Boston College, Chestnut Hill, Massachusetts 02460 
  
In this program, we have carried out studies in two fields: 1) the behavior of carbon nanotubes under a bias voltage 
inside a transmission electron microscope equipped with a scanning electron microscope, 2) field emission property 
of carbon nanotubes and semiconducting nanowires. We discovered superplasticity in carbon nanotubes, and 
excellent field emission properties on carbon nanotubes and semiconducting nanowires including Si nanowires and 
ZnO nanobelts.  
 
Electrical breakdown of MWCNTs inside a TEM 
 

CNTs are potentially the smallest building blocks for future generation electronic devices. Rational design 
of any device requires a fundamental understanding of the electronic properties, of which SWCNTs have been well 
understood. Consequently, electronic devices such as field-effect transistors, nanotube-nanotube junctions, and 
integrated logic circuits based on SWCNTs have been realized. In contrast, understanding transport properties of 
MWCNTs has proceeded more slowly because of their extremely complex structure. A MWCNT consists of many 
nested SWCNTs in which each has a different electronic structure. All the transport studies carried out so far use a 
‘‘side contact’’ in which nanotubes are spread on a pre-patterned Au electrode, with only the outermost wall 
contacted to the electrodes, and the inner carbon walls not in direct contact with the electrodes. As such, parallel 
conduction paths along the inner walls are limited in their contribution to the overall conductance. Indeed, 
experiments have shown that current flows only in the outermost wall in side-contacted MWCNTs. Collins et al. 
attempted to characterize the conductivity of side-contacted MWCNTs by using an electric breakdown technique. 
Their results are promising but are complicated by the tunneling barrier due to the side contact geometry. In this 
project, we realized an end contact geometry, in which every wall of the MWCNTs is contacted by the electrodes. 
This is a more generic contact configuration for the study of transport in multilayer systems. Consequently, we were 
able to reveal the transport properties of each wall within a MWCNT.  

Our experimental setup is shown in Figs. 1(a) and 1(b). A MWCNT is end-contacted and free standing in 
high vacuum (10-8 Torr), inside a HRTEM equipped with an STM probe. In such an arrangement, atomic-scale 
imaging and I-V measurements (Fig. 1c) were carried out concurrently. 
Figure 1(b) shows a MWCNT grown on a carbon fiber by CVD. A contact 
was made on the left between an STM probe and the nanotube tip by the 
deposition of amorphous carbon using electron beam radiation. 

When applying a bias of about 2 V, the catalyst particle on the 
nanotube tip is molten and moves rapidly toward the STM probe. The 
encapsulated nanotube tip is broken after the catalyst particle passes 
through, leaving each wall being contacted by the amorphous carbon or the 
STM probe. On the other end (right) of the nanotube, each wall is 
contacted to the carbon fiber because of the tip growth mechanism. 

The electronic properties of each wall are probed using the 
electric breakdown method. When passing a current of 240 μA, breakdown 
occurs at the midpoint of the nanotube, resulting in the formation of a clean 
six-wall nanotube segment, which was eliminated wall-by-wall by electric 
breakdown. The loss of one wall under a constant bias of 3 V results in an 
instant current drop, as shown in Fig. 1(c). The current drops are 
approximately 13, 17, 25, and 31 μA for the 6th, 5th, 4th, and 3rd wall 
breakdown (the innermost wall is labeled as the first wall), respectively. 
The sequential wall-by-wall breakdown was recorded by HRTEM in our 
experiments. Figure 2 shows clearly that one wall is removed after each 
current drop, and each wall is removed sequentially from the outermost 
wall (6th) to the innermost wall (2nd). HRTEM indicates that the breakdown 
eventually results in the formation of either a DWCNT or a SWCNT. 
Remarkably, HRTEM detects that each breakdown is initiated in the 
middle of the nanotube, not at the contact, indicating the electron transport 

Fig. 1. (a) and (b) show that a 
MWCNT grown on a carbon fiber was 
side contacted by a STM probe, which 
is further attached to a 
piezomanipulator. (c) The current-time 
(I-t) curve of the breakdown of the 
MWCNT, the numbers below the 
plateau indicate the total wall number.   
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is not ballistic. 
Intuitively, the wall-by-wall breakdown may 

occur sequentially from the outermost to innermost walls. 
Surprisingly, our HRTEM reveals that this (Fig. 2) is 
only one of the three possible burning patterns. The 
breakdown can proceed alternatively between the outer 
and the inner walls. Figure 3 shows the breakdown of a 
five-wall nanotube. Initially, a hole is formed on the 
surface of the outermost wall [Fig. 3(a)]. After 5 min, the 
entire wall is broken with the residue shown in Fig. 3(b). 
This triggers a current drop of 8 μA [Fig. 3(e)]. 
Surprisingly, the next breakdown occurs from the 
innermost wall [Fig. 3(c)]. Remarkably, we found a large 
current drop of 24 μA once the inner wall is broken, 
proving unambiguously that the inner wall is carrying a 
significant amount of current. The third breakdown also 
occurs from the inside [Fig. 3(d)], causing another 24 μA 
current drop. It should be noted that all the breakdowns 
are initiated in the middle of the clean MWCNT segment, 
indicating the electron transport is not ballistic. 

Figure 4 presents the third observed behavior in 
which the breakdown takes place sequentially from the 
innermost wall (1st) to the outermost wall (4th), 
completely reversing the burning sequences observed in 
the nanotube shown in Fig. 2, until a SWCNT is formed. 
The current drops are 6, 12, and 14 μA for the 1st, 2nd, 
and 3rd wall breakdown [Fig. 4(f)], respectively. It is 
interesting to note the interplay between the wall-
diameter dependence of the current drop and the 
breakdown sequence. Figure 4(f) shows that the amount 
of current drop increases with increasing wall diameter, 
consistent with the results of Bourlon et al., but opposite 
of  what is shown in Fig. 2, where the breakdown starts 
from the outermost wall.  

We studied the breakdown mechanism. The 
observation (Figs. 2–4) that the breakdown is initiated in 
the middle of the nanotube (not at the contacts) indicates 
that it is caused by resistive heating. This is also 
supported by the defect generation and migration along the nanotubes. Typical defects observed are kinks (Fig. 2), 
holes, and sliding between different walls. These are apparently heat-stimulated imperfections. From the lattice 
spacing of 4 A°, we estimate that the temperature in the middle of the nanotubes is between 2000 and 3000 °C at the 
breakdown voltage of 3 V. From the Fourier law, the middle section of the nanotube is the hottest spot; therefore it 
is not difficult to understand that the breakdown occurs in the middle of the nanotube.  

These observations naturally imply that the transport in the MWCNTs is not ballistic and that significant 
scattering occurs as carriers traverse the length of the nanotubes. To this end, an estimate of the carrier mean free 
path (λMF) is useful. From the Einstein relation, the conductance is given by G = (πdm/L)e2Dν, where d is the 
averaged tube diameter, m is the number of walls, L is the length of the nanotube between the end contacts, D = 
VFλMF/2 is the diffusion constant, and ν = 2ΔE/π(hVF)2 is the density of states, where VF is the Fermi velocity and 
ΔE is the energy measured from the Fermi level which we replace with the thermal energy kBT at room temperature. 
The mean free path is thus given by 1/λMF = πdmρG0(kBT/hVF), with  ρ =R/L the resistance per unit length and G0 = 
2e2/h = 1/(13 kΩ). Using the experimental values  m = 6, R = 20 kΩ, d = 12 nm, and the length of the nanotube L = 
200 nm, we obtain an averaged λMF = 13 nm, which agrees excellently with that reported by Javey et al. Since the 
averaged mean free path is much shorter than the length of the nanotube, the transport is diffusive and electron 
heating is unavoidable at large bias and power input. Although we observed defect generation and migration in the 
nanotube walls under high bias conditions, and the breakdown might be initiated from the defect site, the defects 

Fig. 2 (left). Sequential HRTEM images showing that 
the six-wall nanotube is removed wall-by-wall from the 
outermost (a) to the innermost (e). The numbers indicate 
the total number of walls. The arrows mark kinks. The 
arrow heads denote the residue of the 4th and the 3rd 
walls after breakdown. 
Fig. 3 (middle). A MWCNT breaks in a sequence 
alternatively between the outermost and innermost wall. 
The numbers mark the number of walls in the broken 
segments. The arrowheads denote the breaking locations. 
The vertical arrows in (e) mark the current drop when a 
wall is removed. The outermost wall opens a hole (a) and 
breaks completely (b). The innermost wall is broken (c), 
and the second innermost wall is broken (d). (e) The I-t 
curv. 
Fig. 4 (right). The four walls of the MWCNT in (a) are 
sequentially removed from the innermost to outermost 
wall [(b)-(d)]. (e) The residue of the four broken walls. 
(f) The I-t curve. The numbers mark the total number of 
walls in the broken segments. The arrowheads denote the 
breaking locations. The vertical arrows in (f) mark the 
current drop when one wall is removed. 
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were found to emerge and then disappear from anywhere in the nanotube randomly; therefore, this cannot account 
for our results that the breakdown always starts from the middle of the nanotube. We conclude that the middle part 
of the nanotube is the hottest spot, and the transport in our nanotube is diffusive rather than ballistic. 
 
Superplasticity of CNTs observed inside a TEM 
 

A SWCNT with an initial length of 24 nm 
[Fig. 5(a)] was formed in situ by the electrical 
breakdown of a MWCNT described above. The 
STM probe was used to pull the SWCNT to 
increase the strain [Fig. 5(b)–5(d)], at a constant 
bias of 2.3 volts. At tensile failure, the SWCNT 
was 91 nm long, showing a tensile elongation of 
280%; its diameter was reduced 15-fold, from 12 
to 0.8 nm. As the SWCNT segment was clamped 
between the layers of the MWCNT, the possibility 
of wall-sliding during elongation is ruled out. The 
diameter of the elongated nanotubes should not 
have changed significantly if wall-sliding had 
occurred. 

A 280% tensile strain and 15-fold 
reduction in diameter are unprecedented in a 
SWCNT. Ropes of single-walled and multiwalled 
CNTs break at strains of less than about 6% and 
12%, respectively, which is significantly less than 
those seen in our research. We propose that the 
super-elongation we observed is due to a fully 
plastic deformation mechanism that occurs at high temperatures.  

During deformation at a bias of 2.3 V, the temperature in the middle of the SWCNT is estimated to be more 
than 2,000 °C. At such high temperatures, defects and diffusion are fully activated, leading to plastic flow in the 
nanotube. Indeed, during the tensile-loading experiments, kinks frequently emerge, propagate, and then disappear 
along the nanotube walls. The kink motion in CNTs proves conclusively that nanotubes are extremely ductile at high 
temperatures.  

In addition to kink motion, we show below that vacancy/atom diffusion and dislocation climb also play 
significant roles in the elongation. In addition to the above described super plastic deformation of SWCNTs, using 
the same technique, we also observed exceptional ductile behavior in DWCNTs and TWCNTs at temperatures 
above 2000 °C, with tensile-elongation of 190% and 130%, respectively. Concurrent atomic-scale microstructure 
observations reveal that the super-elongation is attributed to a high temperature creep deformation mechanism 
mediated by atom/vacancy diffusion, dislocation climb, and kink motion at high temperatures.   

We have found that super-elongation is never observed when nanotubes are pulled at room temperatures. 
Figure 8 shows the tensile-elongation of a DWCNT at room temperature. The total elongation is 7%, and the 
diameter reduction is 2%, which is much less than that in the nanotubes pulled at high temperatures.  

We pulled about fifty nanotubes, including S/D/MWCNTs, either at room temperature or at high 
temperature (with a bias voltage of about 2.2 V). The elongation is usually larger than 50% for the nanotubes pulled 
at high temperatures. The limiting factor to the elongation is that the nanotubes generally experience electrical 
breakdown very easily and/or undergo wall sliding before substantial elongation. The elongation is generally less 
than 10% when the nanotubes are pulled at room temperature, which is about five or more times lower than that for 
the nanotubes pulled at high temperatures.  Therefore, it is evident that high temperature plays a key role in the 
super-elongation of the nanotubes. 
 
Field emission of CNTs 
 

Based on the growth of long length (up to 2.2 mm) of aligned CNTs on single crystal magnesium oxide 
(MgO) by CVD as shown in Fig. 6, we have also achieved on growth of long length of CNTs on Si substrates. 
However, as-grown samples were found not to be great field emitters due to the screening effect. To improve the 

Fig. 5. In Situ tensile elongation of an individual SWCNT 
viewed in an HRTEM. (a)-(d), tensile elongation of a SWCNT 
under a constant bias of 2.3 V. Arrowheads mark kinks, arrows 
indicate features at the ends of the nanotube that are almost 
unchanged during elongation. (e)-(g), tensile elongation of a 
SWCNT at room temperature without bias. Initial length is 75 
nm (e); length after elongation (f) and at the breaking point (g) is 
84 nm, (g) low magnification image of the SWCNT breaking in 
the middle.  
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field emission current density, post-growth thermal annealing was conducted at 850 °C for 1 h in vacuum plus at 
465 °C for 2 h in air.  

The CNTs of 10 – 20 nm in diameter and 25 – 200 μm in length 
were synthesized on silicon wafer (as-doped n-type, resistance 0.001 
Ωcm, [100] orientation, Recticon Enterprises, Inc.) by CVD. Briefly, at 
first an 11 nm thick film (3 nm Fe / 4 nm Al / 4 nm Fe) was deposited as 
a catalyst on the silicon wafer by RF magnetron sputtering. CNT growth 
was carried out in a tube furnace by a thermal CVD technique. The 
catalyst layer was first heat-treated at 740 – 780 ˚C in 200 Torr of flowing 
H2 (100 sccm, 99.999% purity) for 10 min to form the required catalyst 
particles and to enhance the catalyst activity, followed by flowing C2H4 
(100 sccm 99.6% purity) while keeping the flowing H2, the pressure was 
adjusted to one atmosphere by controlling the exhaust valve for CNTs 
growth for 5 – 60 mins depending on the length requirement. After 
growth, the sample was cut into two parts; one, designated as as-grown, 
was used for field emission measurement directly, and another was 
annealed in vacuum as described above.  

Figures 7(a) and 7(b) show the SEM top view of the 
morphologies of the as-grown and annealed CNTs films. From the SEM 
images, we determined that annealing appeared to roughen the surface of 
the CNTs [Fig. 7(b)]. The density of the CNTs seems decreased after 
annealing. Moreover, from the tilted view [Figs. 7(c) and 7(d)], it looks 
like that some intertwisted CNTs on the surface in the as-grown sample 
[Fig. 7(c)] has been separated by annealing [Fig. 7(d)]. 

The field emission measurements were carried out in 
a diode configuration. The anode was a molybdenum disk 
with a diameter of 3 mm, and the gap between the sample 
surface and the anode was about 270 μm. The vacuum level 
was kept at about 1×10-6 Torr during the measurements. 
Before the emission current measurement, an electrical 
conditioning was conducted to get stable field emission.  The 
measured emission current density as a function of the 
macroscopic electric field is shown in Fig. 8. A turn-on 
electric field of 2.6 V/µm was obtained at an emission 
current density of 0.01 mA/cm2 for the as-grown samples 
(represented by the open triangles), and 2.5 V/µm for the 
annealed samples (represented by the solid circles).  An 
emission current density of 1 mA/cm2 was obtained at 4.6 
V/µm for the as-grown samples, which is higher than that of 
the annealed ones (3.8 V/µm) [Fig. 8(a)]. The Fowler-
Nordheim plots for the measured samples are shown in Fig. 
8(b). It is clearly shown that the measured data have a linear 
relationship, which confirmed the field emission nature. 
From the intercepts and slopes of the Fowler-Nordheim plots 
assuming a work function of 5 eV, we estimated that the 
total real emitting areas are 1.4×10-12 cm2 and 1.2 ×10-10 
cm2 for the as-grown and annealed samples, respectively. 
The larger emitting area for the annealed sample is the 
result of oxidation that removes some amorphous carbon 
and exposes CNTs. 

It is found that the highest obtained emission current 
density (79 mA/cm2) for the annealed samples is much 
higher than that (19 mA/cm2) of the as-grown samples (Fig. 
9). Annealing is demonstrated to be an effective way to 
improve the emission current density. Such high current 

Fig. 6. SEM images of CNTs grown on 
single crystal MgO substrates coated 
with Fe film. (a) Low magnification 
showing the length of CNTs and the 
thickness of MgO substrate (500 μm); 
(b) medium magnification showing the 
good alignment; (c) and (d) high 
magnification showing the wavy nature 
of the alignment. 

Fig. 7. SEM micrographs of carbon nanotubes. (a) 
Top view of the as-grown sample, (b) top view of the 
annealed sample, (c) side view of the as- grown 
sample, and (d) side view of the annealed sample. 

Fig. 8. Field emission property. (a) Emission current 
density dependence of electrical field and (b) Fowler-
Nordheim plots. 
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density is a big step towards the understanding and the application of using carbon nanotubes as high current sources 
in microwave devices. It is very interesting to point out that the vacuum of 1x10-6 at the beginning of measurement 
quickly deteriorated when the current 
density went up, which prevented us from 
obtaining even higher current. If a pulse 
power source was used, it would be 
possible to obtain an even higher current 
density.  

For any practical application, 
stability of emission current density is 
essential. We have carried out the stability 
test at a starting current density of about 
31.6 mA/cm2 at about 1×10-6 Torr. After 12 
h of continuous dc emission, the current 
density dropped from 31.6 to 28.4 mA/cm2, 
about 10 % degradation (shown in Fig. 10), 
which is very good considering the large 
current density.  
 
Field emission of ZnO nanobelts 

 
We have designed a new approach, molten salt-assisted thermal evaporation, and we demonstrated that this 

approach can produce aligned ultralong ZnO nanobelts over a large area. The key point of this new approach is the 
evaporation of metal Zn powder in a liquid environment of molten sodium chloride (NaCl) salt. 

In a typical synthesis, 1 g of metal Zn powder was mixed with 8 g of NaCl and 4 mL of NP-9 (surfactant) 
in an agate mortar, then ground for 30 min by hand. The ground mixture was loaded into an alumina crucible 
covered with a gold (Au) sheet leaving about a 10% 
opening for vapor release. The whole assembly was 
placed in a box furnace and heated up to 800 ˚C and 
held at that temperature for 2 h, then cooled to room 
temperature in air. Transparent, aligned ultralong ZnO 
nanobelts were obtained on the Au cover facing the 
vapor. 

A side-view camera photograph of the as-
grown ZnO nanobelts on the Au substrate is shown in 
Fig. 11(a), indicating that the nanobelts can grow to 
several millimeters in length. Figure 11(b) shows the 
SEM image of the as-grown ZnO nanobelts. Figure 11(c) 
shows a TEM image of an individual belt and its 
selected area electron diffraction (SAED) as the inset. 
The rectangular SAED spot pattern can be indexed 
based on a hexagonal wurtzite cell with lattice 
parameters a = 3.25 and c = 5.21 Å. Fig. 11(d) shows an 
HRTEM image of the belt shown in Fig. 11(c). The 
clear lattice fringes demonstrate that the nanobelt is 
highly crystallized. The spacing of 0.52 nm corresponds 
to the (0001) planes of ZnO. Detailed study of the 
SAED pattern indicates that the nanobelt grows along 

]1410[ , with its top/bottom surface ± )0112( and the 

side surfaces ± )1220( . 
A typical field emission I - V curve of the ZnO nanobelts is shown in Fig. 12(a).  For the as-grown ZnO 

nanobelts, a turn-on electric field is 1.3 V/μm. An emission current density of 1 mA/cm2 (the minimum to produce 
the luminance of 300 cd/m2 for video graphics array field emission display with a typical high-voltage phosphor 
screen efficacy of 9 lm/W) was achieved at 2.9 V/μm. Figure 12(b) shows the Fowler-Nordheim plot for the 
nanobelts, which fits well with the linear relationship given by Log(J/F2) = log(Aγ2/φ) – Bφ3/2/γF, where A = 1.54 × 

Fig. 9. Field emission current 
density (up to 80 mA/cm2) 
dependence of electric field. 

Fig. 10. Field emission 
current density stability as a 
function of time. 

Fig. 11. SEM and TEM 
images of ZnO nanobelts. (a) 
Digital camera photo showing 
the aligned 3.3 mm long ZnO 
nanobelts. (b) SEM image 
showing the width of about 6-
7 μm. (c) TEM image and 
selected area diffraction 
pattern (inset) of a single ZnO 
nanobelt. (d) HRTEM of a 
ZnO nanobelt showing the 
high crystallinity and growth 

direction ]1410[ . 
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10-6 A eV V-2, B = 6.83 × 103 eV-3/2 V μm-1, γ is the field enhancement factor, and 
φ is the work function of the emitting materials. 

It is generally accepted that the intrinsic field enhancement of an 
individual nanowire is approximately proportional to the aspect ratio l/r, where l 
and r are the length and radius of the nanowire, respectively. In our present work, 
the average length of the ZnO nanobelts is 3.3 mm, and the thickness of the belts is 
in the scale of nanometers.  Therefore, the as-grown ZnO nanobelts have a very 
high field enhancement factor in the range of 104 - 105, which was confirmed by 
calculating the field enhancement factor γ of 1.4 × 104 from the slope of the 
straight line in Fig. 12(b), assuming φ = 5.3 eV for ZnO. Thus, we believe that the 
enhanced field emission of the aligned ultralong ZnO nanobelts is the result of 
their high field enhancement factor. 

 
Acknowledgment: The work is supported by DOE DE-FG02-00ER45805. 

Fig. 12. Field emission 
from ZnO nanobelts. a) J–
F curve of the nanobelts. 
b) Fowler–Nordheim plot 
corresponding. 
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Program Scope or Definition  
This research aims to better understand the relationships between the crystal structure of 
different single wall carbon nanotubes (SWCNTs) and their optical and thermal properties as 
well as the electron transport and heat dissipation mechanisms. We have designed the following 
three experiments to explore several poorly understood phenomena in nanotubes. These 
experiments are being executed via the collaboration between the Cronin group and the Shi 
group.   

1. Establish the structure-optical property relationships of carbon nanotubes using Raman 
and fluorescence spectroscopy on well-defined nanotubes, characterized by transmission 
electron microscopy (TEM).   

2. Determine the structure-thermal property relationships of carbon nanotubes of different 
diameters and chiral angles, by performing thermal, optical, and TEM measurements on 
the same nanotube. 

3. Quantify the temperature rise/distribution and contact thermal resistance in current-
carrying carbon nanotubes, using Scanning Thermal Microscopy (SThM) and Spatial 
Mapping of Raman Spectroscopy (SMRS).  

Recent Progress  
Carbon nanotbues are being explored for a broad range of applications including computing, 
thermal management, and energy conversion because of their superior electrical, mechanical, and 
thermal properties. Existing reported thermal conductivity measurement values of carbon 
nanotubes vary by over an order of magnitude. The variation is often attributed to different 
qualities of the nanotube samples. However, the crystal structures of the CNT samples in these 
thermal measurements were usually not well characterized.  

During the first half year of this project, we have fabricated a modified design of a suspended 
micro-heater device to conduct thermal, TEM, and optical characterizations of individual 
nanotubes grown between the two suspended membranes of the device. Figure 1 shows the 
scanning electron micrograph (SEM) of the device. It consists of two adjacent 20 μm x 20 μm 
low-stress silicon nitride (SiNx) membranes each suspended with six 420-μm-long and 2-μm-
wide SiNx beams. One platinum resistance thermometer (PRT) serpentine is patterned on each 
membrane. A hole etched through the wafer under the suspended device allows for TEM 
measurement of the nanotube. To fit the device into the TEM holder, the thickness of the wafer 
is thinned down to about 200 μm. To grow a SWCNT between the two membranes of the micro-
device, a sharp probe is used to deliver catalytic nanoparticles containing Fe, Mo and Al2O3 onto 
the two membranes of the device. The device is then loaded into an 800-900 oC tube furnace 
with flowing methane. This chemical vapor deposition (CVD) method produces individual 
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suspended SWCNTs bridging the two membranes, as shown in Fig. 1(c). TEM is used to 
characterize the diameter of the nanotubes. Figure 1(d) shows the TEM image of one nanotube 
with its diameter determined to be 1.6 nm.  

The thermal conductance of the nanotube is measured with the sample placed in an evacuated 
cryostat of a temperature range between 4 and 800 K. The thermal conductance is obtained 
according to the following procedure. When a direct current (I) is supplied to one PRT to raise 
the temperature of one membrane, part of the Joule heat generated is conducted through the 
nanotube to the other (sensing) membrane. The two PRTs are used to measure the temperature 
rises on the heating and sensing membranes at different I values, i.e. ΔTh(I) ≡ Th(I) – Th(I = 0)  
and ΔTs(I) ≡ Ts(I) – Ts(I = 0), respectively. The thermal conductance (Gb) of the six beams 
supporting each membrane and the thermal conductance (Gs) of the nanotube sample are 
obtained as )/()( shLhb TTQQG Δ+Δ+=  and )/( shsbs TTTGG Δ−ΔΔ= , where Qh is the Joule 
heat dissipation in the PRT on the heating membrane and QL is the Joule heat dissipation in one 
of the two identical Pt leads supplying the current to the heating PRT.  
Table 1 Diameter (dt), length (Lt), and growth temperature (Tg) of different nanotube samples. N/A = not 
available 

 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Yu et al. Pop et al. 

dt (nm) N/A N/A 1.63±0.01 1.13±0.26 1.84±0.20 N/A 1.7 

Lt (μm) 3.57±0.04 4.60±0.01 4.72±0.04 2.90±0.32 4.64±0.17 2.76 2.6 

Tg (oC) 865 810 810 810 825 900 800-825 

Figure 2 shows the obtained thermal conductance of five SWCNT samples measured in this 
work. The dimensions and the growth temperatures of these samples are shown in Table 1. The 
sample shown in Fig. 1(c-d) is Sample 3 in the Table. The measurement results show that the 
thermal conductance increases with temperature until about 500 K, beyond which the thermal 
conductance starts to decrease as a result of Umklapp phonon scattering. Compared with the 
calculated ballistic thermal conductance of a (18, 0) nanotube of 1.41 nm diameter, the measured 
thermal conductance results are approximately proportional to the ballistic thermal conductance 

Figure 1.  SEM images of (a) the micro-heater device, (b) 
its two central membranes, and (c) a SWCNT grown 
between the two membranes. (d) TEM of the SWCNT near 
one membrane. The scale bar is 200 μm, 10 μm, 1 μm, and 
5 nm in (a), (b), (c), and (d), respectively.     

(a)   

(b)    

(c)     

(d)     
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at temperatures below 500 K. Figure 3 shows the macroscopic thermal conductivity calculated 
from the measured thermal conductance, diameter, and length of three nanotube samples without 
accounting for the contact thermal resistance. The thermal conductivity is greater than 1000 W/m 
K above room temperature, reaches a peak of about 3000 W/m K at about 500 K, and exceeds 
that for diamond above 500 K. 

The thermal conductivity peak is rather broad, and occurs at a much higher temperature than the 
corresponding temperatures of about 100 K for bulk graphite and diamond. This feature 
manifests that the influence of the Umklapp process is significant in the nanotube only at a much 
higher temperature than that for graphite and diamond. All these above observations suggest that 
phonon scattering at the two end boundaries or with defects in the finite-length nanotube 
dominate over the Umklapp process at temperatures below 500 K.  

 
Fig. 2. Thermal conductance (G) as a function of temperature for five SWCNT samples measured in this 
work and a sample measured in our previous work [Yu et al., Nano Lett. 5, 1842 (2005)]. Also plotted are 
different fractions of the ballistic thermal conductance (GBallistic) of a 1.41 nm diameter, (18, 0) SWCNT 
calculated by Mingo and Broido, Phys. Rev. Lett. 95, 096105 (2005), and the thermal conductance 
extracted based on an electron transport model from the current-voltage characteristic of a SWCNT under 
high-bias self heating [Pop et al., Nano Lett 6, 96 (2006)]. 
  
The measured thermal conductance results exhibit a large variation up to a factor of 9 between 
samples grown at different temperatures, showing generally increasing thermal conductance with 
the growth temperature although the nanotube length and diameter vary among the samples. 
Moreover, the temperature dependence of the thermal conductance of our samples contrast with 
Pop et al.’s recently reported thermal conductance results extracted based on an electron 
transport model from the current-voltage characteristic of a SWCNT under high-bias self heating.  

To better understand the variation and discrepancy, the contact thermal resistance to another 
nanotube sample grown on the suspended device has been characterized at the Cronin group 
using a Raman spectroscopy based technique [1] developed during the award period. The ratio of 
the contact thermal resistance to the intrinsic thermal resistance of the nanotube is determined to 
be 0.11 and 0.045, respective, for the left and right contact to the nanotube. The results are in 
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agreement with the calculation based on a fin heat transfer model between the nanotube and the 
supporting substrate. Combined Raman, thermal, and TEM measurement on the same nanotube 
will allow us to better understand whether the discrepancy between the different results is due to 
the differences in the contact thermal resistance and defect concentration or errors in the 
measurement method or the model.   

 
Fig. 3. Thermal conductivity (k) as a function of temperature (T) of three SWCNTs of this work, one CNT 
by Pop et al. [Nano Lett 6, 96 (2006)], one MWCNT by Kim et al. [Phys. Rev. Lett. 87, 215502 (2001)], 
graphite [Slack Phys. Rev., 127, 694 (1962); Hooker et al., Proc. Royal Society London, Series A, 
Mathematical and Physical Sciences, 284, 1396 (1965)], and diamond [Olson et al., 47, 14850 (1993)]  

Future Plans  

For the remaining four months of the first year and the second year of this project, we have 
planned the following experiments: 

1. Perform thermal, TEM and Raman measurements on the same nanotube so that the contact 
resistance obtained using the Raman measurement can be eliminated from the measured 
thermal conductance using the micro-device.  

2. Establish the structure-optical property relationships of carbon nanotubes using Raman and 
fluorescence spectroscopy on well-defined nanotubes, characterized by TEM.   

3. Quantify the temperature rise/distribution and contact thermal resistance in current-
carrying carbon nanotubes using Scanning Thermal Microscopy combined with Spatial 
Mapping of Raman Spectroscopy 

References to publications of DOE sponsored research that have appeared in 2005-2007 or 
that have been accepted for publication. 
1. I-K. Hsu, R. Kumar, A. Bushmaker, S. B. Cronin, M.  T.  Pettes, L. Shi, T. Brintlinger, M. S. 
Fuhrer, J. Cumings, “Optical Measurement of Thermal Transport in Suspended Carbon 
Nanotubes,” Appl. Phys. Lett., accepted (2008) 
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 Developing novel technologies for wireless nanodevices and nanosystems are of critical 
importance for in-situ, real-time and implantable biosensing, defense technology, and even wearable 
personal electronics. A nanodevice requires a power source, which may be provided directly or indirectly 
by charging of a battery. It is highly desired for wireless devices to be self-powered without using battery. 
Therefore, it is essential to explore innovative nanotechnologies for converting mechanical energy, 
vibration energy, and hydraulic energy into electric energy that will be used to power nanodevices without 
using battery.  
 
1. The principle of nanogenerators 
 
 We have demonstrated an innovative approach for converting nanoenabled technology for 
converting mechanical energy into electricity with the use of 
piezoelectric ZnO nanowires that can be grown effectively 
on any substrates (metals, ceramics, polymers, textile fibers) 
and any shape of substrates. Using piezoelectric ZnO 
nanowire (NW) arrays, we discovered an innovative 
phenomenon on converting nano-scale mechanical energy 
into electric energy [1, 2]. The measurements were 
performed by atomic force microscope (AFM) using a Si tip 
coated with Pt. In the AFM contact mode, a constant normal 
force of 5 nN was maintained between the tip and sample 
surface. The tip scanned over the top of the ZnO NWs, 
which were thus bent and then released (Fig. 1). The 
operation mechanism of the electric generator relies on the 
unique coupling of piezoelectric and semiconducting dual 
properties of ZnO.  
 
2. DC nanogenerator driven by ultrasonic wave 
 
 In order to increase the output power, the essential 
task is to enable a large number of nanowires generating 
electricity continuously and simultaneously without using an AFM. We must make an innovative design 
to drastically improve the performance of the nanogenerator in following aspects. First, we must eliminate 
the use of AFM for making the mechanical deformation of the NWs so that the power generation can be 
achieved by an adaptable, mobile and cost-effective approach over a larger scale. Secondly, all of the 
NWs are required to generate electricity simultaneously and continuously, and all the electricity can be 
effectively collected and output. Finally, the energy to be converted into electricity has to be provided in a 
form of wave/vibration from the environment, so the nanogenerator can operate “independently” and 
wirelessly. We have developed an innovative approach that uses ultrasonic waves to drive a 
nanogenerator built from an array of vertically aligned ZnO NWs [3, 4].  

 
Figure 1. (a) Experimental set up and 
procedures for generating electricity by 
deforming a piezoelectric NW using a 
conductive AFM tip. (b) Output voltage 
image map of ZnO NW arrays. 

 The experimental set up is schematically shown in Fig. 2, in which an array of aligned ZnO NWs 
is covered by a zigzag Si electrode coated with Pt. The Pt coating is not only for enhancing the 
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conductivity of the electrode but also for creating a 
Schottky contact at the interface with ZnO. The 
NWs were grown on either GaN substrates, which 
served as a common electrode for directly 
connecting with an external circuit. The asymmetric 
piezoelectric-potential across the width of a ZnO 
NW and the Schottky contact between the metal 
electrode and the NW are the two key processes for 
creating, separating, preserving/accumulating, and 
outputting the charges. A top electrode is designed 
to achieve the coupling process and to replace the 
role played by the AFM tip, and its zigzag trenches 
are to act as an array of aligned AFM tips. The DC 
nanogenerator is driven by ultrasonic wave. Once 
the wave is on, a current output of 30 nA has been 
received from a nanogenerator of 2 mm2 in size. The 
design is novel and cost-effective and has the 
potential to meet the requirements outlined above. 
The approach is the basic platform for optimizing 
and improving the performance of the nanogenerator 
for its applications in nanotechnology.  

 

 
Figure 2. Schematic diagram showing the direct 
current nanogenerator built using aligned ZnO 
nanowire arrays with a zigzag top electrode. The 
nanogenerator is driven by an external ultrasonic 
wave or mechanical vibration and the output 
current is continuous. The lower plot is the output 
from a nanogenerator when the ultrasonic wave 
was on and off. The output current reached 600 nA 
for a 3 mm2 size nanogenerator. 

 
3. Fiber nanogenertors 
 
 Using piezoelectric ZnO nanowires (NWs) 
grown radially around textile fibers, a low-cost 
approach has been demonstrated for converting low-
frequency (< 10 Hz) vibration/friction energy into 
electricity (Fig. 3). The design is based on two inter 
twisted fibers that form a pair of “teeth-to-teeth 
brushes”, with one fiber covered with Au coated NWs and the other just by bare NWs. A relative 
brushing of the NWs rooted at the two fibers produces electricity owing to a coupled piezoelectric-
semiconductor process. The optimum instantaneous output power density of a fabric is anticipated to 
reach up to ~5 W/m2. The research establishes the fundamental methodology of scavenging light-wind 
energy and body movement (heart beating, foot steps) energy using fabric based nanomaterials, making it 
possible for making flexible and foldable “power shirt/curtain/tent”. 
 The textile-fiber based nanogenerator has demonstrated the following innovative advances in 
comparison to the DC nanogenerators reported previously. First, using ZnO NWs grown on fibers, it is 
possible to fabricate flexible, foldable and wearable power source in any shape (such as “power shirt”). 
Secondly, the nanogenerator operates at low-frequency in the range of conventional mechanical vibration, 
foot steps and heart beating, greatly expanding the application range of nanogenerators. Finally, since the 
ZnO NW arrays were grown using chemical synthesis at 80 oC on a substrate with any curvature and 
materials nature, the fields to which the nanogenerators can be applied to have been greatly expanded 
 
 
Summary 
 
 The principle and technology demonstrated here have the potential of converting mechanical 
movement energy (such as body movement, muscle stretching, blood pressure), vibration energy (such as 
acoustic/ultrasonic wave), and hydraulic energy (such as flow of body fluid, blood flow, contraction of 
blood vessel) into electric energy that may be sufficient for self-powering nanodevices and nanosystems. 
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The prototype technology established by the DC nanogenerator set a platform for developing self-
powering nanosystems with important applications in implantable in-vivo biosensing, wireless and 
remote sensing, nanorobotics, MEMS, sonic wave detection and more. 
  
 
 
 
 
 
 
 
Figure 3.: (a) Scanning electron microscopy 
(SEM) image of two entangled microfibers 
that were covered radially with piezoelectric 
ZnO nanowires, with one of them coated with 
gold. The relative scrubbing of the two 
“brushes” generates electricity. (b) A 
magnified SEM image at the area where the 
two “brushes” meet teeth-to-teeth, with the top 
one coated with gold and the bottom one is as-
synthesized ZnO nanowires. (c) A schematic 
illustration of the microfiber-nanowire hybrid 
nanogenerator, which is the basis of using 
fabrics for generating electricity. 
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The objective of the program is to obtain a fundamental understanding of the lattice 
dynamical properties of epitaxial ferroelectric thin films at the nanoscale using Raman scattering.  
To study ferroelectric films at the nanoscale, ultraviolet (UV) excitation is used for the Raman 
experiments. Ferroelectrics have bandgaps in the UV range (e.g. about 3.4 eV for SrTiO3). When 
the Raman spectra are excited above the bandgap energy, the ferroelectric film absorbs the UV 
light, thus reducing or eliminating the substrate contribution to the spectra. UV excitation near 
the bandgap also leads to strong resonance enhancement of the Raman signal.  

 
It is difficult to measure the ferroelectric phase transition temperature Tc in nanoscale 

ferroelectric systems and UV Raman spectroscopy is an effective technique for this important 
measurement. From the symmetry selection rules, phonons in cubic and paraelectric crystals are 
not Raman active, but they become Raman active in the tetragonal and ferroelectric phase. By 
measuring the temperature where the first-order phonon intensity becomes zero one can 
determine Tc accurately. 

 
Multiferroicity is also a focus of the program. Multiferroics is an area of much active 

research with an abundance of basic science to be studied and novel applications to be explored. 
A ferromagnetic material has a switchable spontaneous magnetization arising from the ordering 
of the magnetic dipoles. A ferroelectric material has a switchable spontaneous polarization 
arising from the ordering of the electric dipoles. A ferroelastic material has a switchable 
spontaneous deformation. In a multiferroic material, at least two of the ferroic properties 
(ferroelectricity, ferromagnetism, and ferroelasticity) occur in the same phase. The possibility 
that these orders can couple with each other opens up opportunities for novel electronic devices.  
 
Recent Progress  
 

1. Nanoscale ferroelectricity in BaTiO3/SrTiO3 superlattices probed by UV Raman 
spectroscopy. We demonstrated that UV Raman spectroscopy is an effective technique to 
measure Tc in ferroelectric ultrathin films and superlattices. We showed that one-unit-cell-thick 
BaTiO3 layers in BaTiO3/SrTiO3 superlattices are not only ferroelectric (with Tc as high as 250 
K) but also polarize the quantum paraelectric SrTiO3 layers adjacent to them. Tc was tuned by 
~500 K by varying the thicknesses of the BaTiO3 and SrTiO3 layers, revealing the essential roles 
of electrical and mechanical boundary conditions for nanoscale ferroelectricity. The higher-than-
bulk Tc in superlattices with thicker BaTiO3 illustrates the effects of strain on the ferroelectricity 
in nanoscale BaTiO3 layers. 
 

2. We have applied UV Raman spectroscopy to the investigations of acoustic properties 
of BaTiO3/SrTiO3 superlattices. The superlattices made of piezoelectric oxides are proposed to 
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be used as acoustic Bragg mirrors and cavities with superior acoustic performance and potential 
applications in electronic and optical terahertz modulators. The phonon mirrors consisting of 
BaTiO3 /SrTiO3 superlattices on SrTiO3 substrates were synthesized by reactive molecular-beam 
epitaxy and studied by UV Raman spectroscopy. The observation of folded acoustic phonons at 
the frequencies predicted by elastic continuum model demonstrates the feasibility to design, 
fabricate, and characterize oxide piezoelectric acoustic devices. 

 
 3. We have studied asymmetric SrTiO3/BaTiO3/CaTiO3 superlattices prepared by Dr. Ho 
Nyung Lee of Oak Ridge National Lab. For the sample STO1/BTO1/CTO1, which has only one-
unit-cell-thick layers of SrTiO3, BaTiO3, and CaTiO3 in one period, we found that the 
ferroelectric Tc is 283 K. This is consistent with the observation of Dr. Lee of polarization 
hysteresis at room temperature. We have also measured Tc in samples 
STO2/BTO6/CTO2, STO2/BTO4/CTO2, CTO2/BTO4/STO2, and STO2CTO2BTO4STO2.  
The precise determination of Tc in these asymmetric superlattices is important for nanoscale 
ferroelectricity.  
 
 4. We have grown epitaxial and c-axis oriented thermoelectric Bi2Sr2Co2Oy thin films 
using pulsed laser deposition. Strongly correlated layered cobalt oxides have attracted great 
attention as a promising thermoelectric material due to their high Seebeck coefficient, low 
electric resistivity, low thermal conductivity and stability in air at high temperature. The 
structure of Bi2Sr2Co2Oy contains two subsystems: the CdI2-type CoO2 nanosheet, which 
possesses strongly correlated electron system and serves as electric transport layers to achieve 
large Seebeck coefficient and low electric resistivity, and the distorted rock salt-type Bi2Sr2O4 
block which serves as phonon scattering regions to achieve low thermal conductivity. 
The films we have obtained exhibit large Seebeck coefficient and low resistivity at room 
temperature. A large negative in-plane magnetoresistance and nonlinear resistivity are also 
observed in the films at low temperature. Growing on the n-type Nb-doped SrTiO3 substrate, 
thermoelectric p-n junctions are produced. 
 

5. We have grown thin films of double perovekite Bi2FeCrO6 (one half of the B positions 
in the ABO3 structure are occupied by a B’ ion).  Bi2FeCrO6 has been predicted by first-
principles calculations to be a multiferroic material with large polarization and magnetization. 
Reports of Bi2FeCrO6 thin films grown by pulsed laser deposition have proven the existence of 
multiferroicity, but the values of polarization and magnetization are much smaller than the 
theoretical predictions. Understanding of this discrepancy is important for the discovery of 
multiferroic materials with large polarization and magnetization and spin-charge coupling. We 
have grown epitaxial Bi2FeCrO6 films on (001) SrTiO3 substrate by pulsed laser deposition, and 
x-ray diffraction scan has shown ordering of the B-site in these films. This provides an ideal 
platform for the Raman spectroscopic study of multiferroicity.  
 
Future Plan 
 
 The objectives of future research are to advance the knowledge of ferroelectricity at 
nanoscale using UV Raman spectroscopy, and to probe spin-charge-lattice coupling with 
magneto-Raman spectroscopy in nanoscale multiferroic thin films. 
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 Ferroelectric films and superlattices with their thickness being only several nanometers 
are interesting for basic sciences and important for devices. The PI has previously done ground 
breaking research using UV Raman spectroscopy to study nanoscale ferroelectric films and 
superlattices. This powerful new technique allowed his team to reveal how the ferroelectric 
phase transition depends on the thickness and boundary conditions of the nanoscale ferroelectric 
layers. In this project, the PI's group will continue working in this area to fully develop this 
technique and use it to its full potential. He plans to focus on single layer nanoscale ferroelectric 
films, ferroelectric layer under different epitaxial strain, and thin films and superlattices of 
various ferroelectric materials. 
 
 Multiferroics are materials in which different ferroic properties - ferroelectricity, 
ferromagnetism, and ferroelasticity - simultaneously exist and couple between each other. They 
present rich new physics and open doors for various novel devices. When the multiferroic film 
dimension is at the nanoscale, their ferroelectric and magnetic properties and the spin-charge-
lattice coupling can be very different from those in the bulk materials. In this project, the PI will 
use magneto-Raman spectroscopy (Raman scattering in magnetic field) to investigate central 
issues of multiferroics, including the mechanisms of ferroelectricity and magnetism, the coupling 
between ferroelectric and magnetic orders, magnons and their strong coupling with phonons, the 
interfacial magnetoelectric effects, and the magnetization switching behavior by ferroelectric 
polarization through strain. The PI plans to investigate double perovekite multiferroic films, 
vertical heterostructures, strain-enabled multiferroics, ferroelectric/ferromagnet superlattices, as 
well as various multiferroic films from collaborators. 
 
 The proposed research activities will have significant impact on the understanding of 
nanoscale ferroelectricity and nanoscale multiferroicity. In particular, the combination of 
magnetic field with lattice dynamic study will be a powerful tool to probe the coupling among 
spin, charge, and lattice orders in multiferroic materials. 
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Semiconductor nanowires have witnessed an explosion of interest in the last several years 
due to advances in synthesis and the unique thermal, optoelectronic, chemical, and 
mechanical properties of these materials.  The potential applications of single-crystalline 
nanowires are truly impressive, including computational technology, communications, 
spectroscopic sensing, alternative energy, and the biological sciences.  While lithographic 
silicon processes are rapidly approaching their physical size limits, optical information 
processing promises to be a low-power, high-bandwidth alternative for the continuation 
of Moore’s Law. In the context of global energy needs, low-cost solution-phase nanowire 
synthesis has also sparked interest in novel solar cell architectures which may play a 
significant role in the renewable energy sector. Additionally, the use of compact, 
integrated optical sensors can be envisioned for the detection of pathogenic molecules in 
the arena of national security or for the diagnosis and study of human disease. This 
breadth of application naturally requires a multidisciplinary community, including but not 
limited to materials scientists, chemists, engineers, physicists, and microbiologists, all 
converging to solve challenging problems at nanometer length scales. However, sine qua 
non, the materials must be synthesized and characterized before the exploration of their 
properties and applications can take place. 
 
Semiconductor systems with photon, phonon and/or electron confinement in two 
dimensions offer a distinct way to study electrical, thermal, mechanical, and optical 
phenomena as a function of dimensionality and size reduction.  These structures have 
cross-sectional dimensions that can be tuned from 5 to 500 nm, with lengths spanning 
hundreds of nanometers to millimeters. The vapor-liquid-solid crystal growth mechanism 
has been utilized for the general synthesis of nanowires of different compositions, sizes, 
and orientation.1 Precise size control of the nanowires can be readily achieved using 
metal nanocrystals as the catalysts. Epitaxial growth plays a significant role in making 
such nanowire heterostructures and their arrays. 2  To this end, we have successfully 
synthesized superlattice nanowires3 and core-sheath nanostructures. Achieving such high 
level of synthetic control over nanowire growth allows us to explore some of their very 
unique physical properties. For example, semiconductor nanowires can function as self-
contained nanoscale lasers, 4  sub-wavelength optical waveguides, 5  photodetector and 
efficient nonlinear optical mixer.6 It was also discovered that the thermoconductivity of 
the silicon nanowires can be significantly reduced when the nanowire size in the 20 nm 
region, pointing to a very promising approach to design better thermoelectrical 
materials.7 In addition, semiconductor nanowire arrays can be used as potential substrates 
to achieve high energy conversion efficiency in photovoltaics.8 
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The rapid pace of research in the field of one-dimensional nanostructures is driven by the 
very exciting scientific challenges and technological potential of mesoscopic systems.  
Our synthetic capabilities continue to expand quickly, while progress with the difficult 
tasks of precision property control and assembly inches forward. There are several 
outstanding scientific challenges in the field that need to be addressed urgently, the most 
significant of which is the integration and interfacing problem. The ability to create high-
density arrays is not enough: how to address individual elements in a high-density array 
and how to achieve precise layer-to-layer registration for vertical integration are just two 
of the many challenges still ahead.9,10 To achieve reproducible nanostructural interfaces, 
semiconductor-semiconductor and metal-semiconductor alike, requires careful 
examination and understanding of the chemistry and physics occurring at the interface. 
Equally important is the very precise control of the size uniformity, dimensionality, 
growth direction, and dopant distribution within semiconductor nanostructures, as these 
structural parameters will ultimately dictate the functionality of the nanostructures. In 
particular, the physical significance of the dopant distribution and the interfacial junction, 
and their implications in device operation and performance, will likely require careful re-
examination and/or re-definition at the nanometer length scale. Lastly, accurate 
theoretical simulations appropriate to the above-mentioned mesoscopic regime are 
becoming feasible with the enhanced computing power available, and should assist our 
understanding of many of these size- and dimensionality-controlled phenomena. 
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 The attainable optoelectronic properties of AlGaInN semiconductors are seriously constrained by 

defect, impurity, and doping effects whose atomistic origins are poorly or incompletely understood. 

Further progress in the application of these materials will be greatly facilitated by a fundamental 

understanding of the properties and behaviors of solutes and defects. This is the objective of this research. 

To achieve this objective, electrical, optical, spectroscopic, and compositional analyses are 

carried out under a variety of experimental conditions and the results are interpreted through modeling 

which utilizes atomic configurations and energies obtained from density-functional-theory (DFT). This 

multifaceted approach yields a unified, predictive description of solute and defect behavior that, in certain 

respects, goes beyond what has heretofore been achieved for semiconductors. Under study are the most 

consequential impurities (H, C, O), dopants (Mg, Si), and point defects (vacancies and self-interstitials), 

with investigated properties including atomic configurations, equilibrium state populations, energy levels 

in the gap, diffusion, solute-defect reactions, uptake and release at the surface, and the effects of electron 

and ion irradiation. The most extensive research to date has focused on the important behaviors of H and 

point defects and their detrimental impact on electrical conductivity in p-type GaN(Mg). 

 

Recent Progress 

 

Defects produced during proton irradiation of p-type GaN(Mg,H) 

 We observed that when p-type Mg-doped GaN containing H or 
2
H was irradiated with 1-MeV 

protons and then isochronally annealed at a succession of increasing temperatures, the IR absorption by 

the MgH complex was replaced with an upwardly shifted peak (+12 cm
–1

 for 
1
H and +9 cm

–1
 for 

2
H) in a 

stage near 300ºC [1]. The modest size of this shift strongly suggests that the MgH complex remains intact 

but is modified by the approach of a mobile point defect created by the irradiation. Based on indications 

that Ga Frenkel pairs recombine near room temperature and density-functional-theory (DFT) results 

indicating that the activation energy for N vacancy diffusion is large [2], we hypothesized that the mobile 

species is the N interstitial (NI) [1]. In support of this hypothesis, DFT calculations identified a stable 

MgHNI complex for which the perturbation of the H stretch-mode vibration frequency is small and 

upward relative to the MgH complex [3]. Fig. 1 shows IR absorption spectra of the GaN(Mg,
2
H) samples 

before and after irradiation and anneals. Also shown are the atomic configurations obtained from DFT 

calculations and believed to be responsible for the two IR absorption peaks shown in the spectra. We 

performed additional experiments to extract the diffusion activation energy of the mobile species [4] and 

DFT calculations to obtain the activation energy for NI diffusion in p-type GaN [5]. Experimental data 

were obtained by first irradiating GaN(Mg,
2
H) with 1 MeV protons to create a uniform distribution of NI 

and VN, and then monitoring the 
2
H-stretch vibration modes of the Mg

2
H center and of the center 

identified as Mg
2
HNI during anneal treatments. Analysis of data from a sequence of isothermal anneals 

yielded an activation energy of 1.99 eV for diffusion of the mobile species. DFT calculations [5] were 

performed to identify diffusion paths for NI in p-type GaN and obtain the activation energies along these 

paths. The calculations were performed for the +1, +2, and +3 charge states, which are expected to be 

dominant in p-type GaN. Two paths were identified: one yields NI movement perpendicular to the GaN c-

axis and the other yields movement both perpendicular and parallel to the c-axis. The activation energies 

along the latter path are 1.98 eV for the +3 charge state, 2.12 eV for the +2 charge state, and 1.79 eV for 

the +1 charge state. These results agree well with the value obtained from the experiments, providing 

support for the hypothesis that NI is the mobile species observed in proton irradiated p-type GaN(Mg,H). 
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Theory and modeling of the nitrogen vacancy in 

p-type GaN(Mg,H) 

The N vacancy (VN) is widely believed 

to compensate Mg acceptors in GaN and thereby 

contribute to the difficulty of p-type doping. 

However, experimental evidence for this is 

largely indirect, and heretofore there has not 

been a theoretical basis for prediction. To 

advance understanding of the GaN(Mg,H) 

system, we performed a multifaceted theoretical 

study to describe the reactions and 

thermodynamics of VN at the elevated 

temperatures relevant to growth and processing. 

First, DFT was used to obtain the configurations 

and formation energies of the multiple charges 

states of VN, its binary complexes with Mg and 

H, and the ternary complex MgVNH
+1

 [6]. Then, 

the phonon modes of GaN containing VN were 

calculated using DFT [6], thereby allowing the 

finite temperature contribution to the 

incremental free energies of the defects to be 

quantified for the first time. 

 The above results, together with our prior DFT calculations for the stable and metastable states of 

interstitial H
+
 and the MgH complex [7], were incorporated into a detailed analysis of the elevated-

temperature thermodynamics of VN and its complexes. The number of distinct species involved was 19 

including multiple charge states. Key results from the thermodynamic modeling are shown in Fig. 2, 

which presents a series of calculations for different Mg concentrations. The p-type GaN(Mg,H) was 

assumed first to equilibrate in H2 gas at 1000ºC, corresponding to representative growth conditions, and 

then to undergo cooling to 25ºC, accompanied by H outgassing but no change in the number of vacancies 

whose diffusion is much slower. The combined concentration of all VN-related species is seen to rise 

rapidly with Mg concentration, leading to a pronounced reduction in the room-temperature hole 

concentration, due to compensation above about 10
19

 Mg/cm
3
. The predicted maximum in hole 

concentration as a function of Mg concentration has in fact been observed by a number of investigators, 

including us. Our findings thus indicate that VN figures importantly in the difficulty of p-doping at high 

Mg concentrations. 

 

p-type doping of InGaN 

 Achieving large hole concentrations remains 

difficult because of the depth of the Mg acceptor level 

(~170 meV). As a result, large Mg concentrations 

(~5x10
19

 cm
-3

) are required to obtain even modest 

hole concentrations (~5x10
17

 cm
-3

). Alloying 

GaN(Mg) with InN can lower the Mg acceptor level 

(~80 meV in In0.20GaN0.80N) and correspondingly 

increase the hole concentration. The origin of the 

decrease in the Mg acceptor level is not currently 

understood and in an effort to understand this 

property we recently began an investigation of p-type 

InGaN(Mg). 

 We grew p-type GaN and In0.05Ga0.95N using 

MOCVD. The In content was determined using x-ray 

diffraction and the electrical properties were 

characterized from Hall measurements. In GaN(Mg), 

1017 1018 1019 1020
1016

1017

1018

1019

1020

h+ at 25ºC
No VN

 

C
o

n
c
e

n
tr

a
ti
o

n
 (

c
m

-3
)

[SMg] (cm-3)

SSSSMg

SSSSVN
h+ at 25ºC

 
Fig. 2. Predicted concentrations of VN and holes, 

plotted as a function of Mg concentration. 

 
 

Fig. 1. Left: IR absorption spectra of GaN(Mg,
2
H) 

before and after 1 MeV proton irradiation and anneals at 

250°C. Right: Configurations from DFT calculations for 

MgH (upper) and MgHN
I
 (lower). Grey spheres denote 

Ga, black spheres denote N, blue spheres denote Mg, 

and red spheres denote H. Arrows indicate the atomic 

configurations believed to be responsible for the IR 

absorption peaks. 
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the maximum hole concentration was found to be ~4x10
17

 cm
-3

 while in InGaN(Mg) the maximum hole 

concentration was ~8x10
17

 cm
-3

. To examine the possible role of hydrogen in InGaN(Mg), H was 

introduced during MOCVD growth of GaN(Mg) in attempt to form MgH centers. A post-growth anneal is 

required to remove the H and activate the p-type Mg doping. In GaN(Mg,H), the concentration of the 

MgH centers before and after the anneal might be determined by measuring the IR absorption of the H 

stretch-mode vibration associated with the MgH center. To determine if H is also present in as-grown 

InGaN(Mg), a 1.5 µm thick InGaN(Mg) region was grown on a thick GaN layer and FTIR measurements 

were preformed. These measurements showed no peak associated with an MgH center, and Hall 

measurements yielded a hole concentration about a factor of 10 lower than for a thinner InGaN film. In 

order to make sense of these results, we performed SIMS measurements of the Mg, H, C, O, and Si 

concentrations. From these results it is seen that the Mg concentration increases at a depth of ~1.5 µm, 

which is where the InGaN growth begins and the concentration of H is near its background level (~2x10
17

 

cm
-3

). As the InGaN thickness increases, the film begins to roughen, and impurity concentrations (H, C, 

O, and Si) increase substantially. The increase in these impurity concentrations is thought to occur due to 

more facile incorporation on the roughened surface. The increase in the n-type impurities (O and Si) may 

explain the lower than expected hole concentration in this InGaN as compared with the results for thinner 

samples. The results to date seem to indicate that unlike GaN(Mg), H is not incorporated into InGaN(Mg) 

and Mg thus is likely activated in the as-grown material. 

 

Future Plans 
Addition of DLTS and DLOS capabilities 

 We propose to add deep level transient spectroscopy (DLTS) and deep level optical spectroscopy 

(DLOS) to our suite of experimental capabilities. Both will be used to determine quantitative defect 

signatures such as the thermal and optical activation energy Ea and the corresponding defect concentration 

Nt. Similar to photocapacitance, DLOS can optically probe deep levels ranging from ~0.5 - 5 eV, so a 

complimentary application of DLTS and DLOS can survey the entire bandgap of nitride alloy system. 

DLOS and DLTS are quantitative in both Ea and Nt. These experimental values will be compared to DFT 

values calculated for candidate defect states, thus providing a way to identify the defect responsible for 

the observed bandgap states, or at least allow us to rule out certain candidates.  

 Specifically, we propose to first apply DLOS/DLTS to study defects in p-type GaN(Mg) grown at 

Sandia using MOCVD. Most previous studies of p-type GaN(Mg) employed DLTS to study majority 

carrier traps and thus were limited to observing traps within ~1 eV of the valence band edge, leaving 

much of the bandgap uninvestigated. A technique such as DLOS is required for comprehensive 

investigations of electrically active defects throughout the entire bandgap of p-type GaN(Mg). Our intent 

is to use both DLTS and DLOS to perform a complete survey of electrically active defects in p-type 

GaN(Mg) as a function of Mg concentration to determine the mechanism responsible for hole saturation.  

The experimental results will be correlated with DFT results described in the previous section and provide 

a means to validate the calculations. 

 

Enhancement of DFT capabilities 

 We propose to begin using a Sandia-developed DFT code [8] for our group-III nitride defect 

studies to permit greater supercell size. This is an important advance because the reliability of DFT 

calculations increases with the size of the supercell. The Sandia code (Socorro) is highly parallelized and 

can efficiently utilize hundreds of processors in a calculation. Moreover, this code can perform projector-

augmented wave (PAW) calculations and thereby efficiently treat the N p electrons and the highest-

energy Ga and In d electrons. Our first task will be to generate and test PAW functions for Ga, N, Mg, 

and H. The tests will include selected calculations for defects examined previously by us and comparison 

of the results with our prior results obtained using the VASP code. We will then proceed to examine the 

supercell size dependence of the results obtained for defects in GaN(Mg) and refine our model parameters 

based on the results. 

 We also propose to implement in Socorro the capability to compute the dynamical matrix of 

defect supercells. The phonon frequencies obtained from these dynamical matrices will be used to obtain 

finite temperature contributions to defect free energies within the harmonic approximation. These 

contributions will enable us to improve our modeling results, including our estimates of equilibrium 
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defect concentrations at elevated temperatures. Comparison of these concentrations with values obtained 

from DLTS or DLOS measurements will help us to identify the defects responsible for the DLTS or 

DLOS signals, or at least allow us to rule out certain candidates. 

 

Studies of p-type doping in InGaN 

 To make progress in understanding p-type doping in InGaN, we will first address the undesired 

roughening that occurs when growing samples more than 0.5 mm thick. To prevent the roughening 

observed in thicker films, the InGaN may need to be structured differently by either strain relaxing the 

InGaN layer earlier on by or building the p-type InGaN film using a superlattice approach with high 

temperature GaN grown between thick InGaN layers. Because no MgH FTIR peak is observed in the 

existing InGaN(Mg) sample, it will be intentionally loaded with deuterium (D) and we will search for a 

MgD FTIR peak, similar to what we did in our earlier studies of GaN(Mg,D) [1]. If this peak is found, we 

will then perform annealing studies to obtain a better understanding of D in InGaN(Mg,D). We may also 

attempt to perform FTIR measurements of MgD on thinner samples since the sensitivity of FTIR for the 

MgD peak is greater than for the MgH peak. Depending on the outcome of the FTIR measurements, DFT 

may be used to determine the configurations and associated formation energies of H in bulk p-type InGaN 

and the configuration and binding energy of the MgH center in InGaN(Mg,H). 
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The electroluminescent (EL) material ZnS :Cu, Cl and similar phosphors have the 

unusual property that under AC excitation they exhibit bright blue-green electroluminescence at 
electric fields 100 times smaller than for DC driven devices.  Because these materials have high 
external quantum efficiencies (> 50%), long device lifetimes combined with low operating 
voltages would result in low cost, high power efficiency devices, providing a breakthrough in 
next generation solid state lighting. A crucial aspect of the low voltage operation is the formation 
of CuxS precipitates, even at  low Cu concentrations (0.15%), where it is assumed that holes and 
electrons are injected into the ZnS from opposite ends of the CuxS precipitates each time the 
voltage is reversed.   A fundamental unsolved challenge is understanding how the charge 
injection, transport and recombination are affected by this novel nanostructure and the 
implications of this structure for device efficiency and  lifetime.  For example, changes in the 
local  atomic structure induced by high AC electric fields  results in a decrease in  EL over time; 
this aging effect has previously been shown to progress faster for smaller ZnS particle sizes. 

In a preliminary study (Warkentin, PRB 75, 075301, 2007), we showed that the main Cu 
precipitate looks like CuS at the nearest neighbor level (from EXAFS), and more importantly 
that the EL degradation could be significantly reversed by an anneal at 200C.   Building upon 
these results, we are studying how this degradation/rejuvenation is affected for a wider range of 
temperatures, for which we expected, but did not observe, changes in the CuS precipitates; we 
have also extended our studies to samples containing orange-emitting Mn dopants to understand 
the role of the emissive sites.   Typically, a 100V square wave at 100 kHz was used to degrade 
the EL in 20 hours to about 20% of initial intensity, an affect that is largely independent of 
doping type.  Using a 2 hour annealing time, the optimum annealing temperature is 180C as 
shown in Fig. 1. At this temperature the rejuvenation can approach 70%, with most of the 
rejuvenation occurring in the first 10 minutes as shown in Fig. 2.  We also found that annealing 
as-prepared samples at the slightly higher temperature of 240C strongly degrades the AC EL, 
such that no significant rejuvenation ever occurs after a 240 anneal.  Finally we have shown that 
this degradation/rejuvenation cycle can be repeated several times but each time the rejuvenated 
emission is decreased; after 5-6 cycles the rejuvenation is small. Similar results were observed 
for the Mn-doped samples, with annealing resulting in recovery for both the orange and blue 
emitting sites, indicating that the nature of the emissive site is not critical to the degradation 
mechanism.  The strong sensitivity of the rejuvenation with minor charges in temperatures 
suggest that local diffusion effects are important.       

Another means of monitoring the EL intensity under degradation and rejuvenation is to 
image one of the 20 μm ZnS particles; the EL emission emanates from many bright points as 
shown in Fig. 3. During degradation, many of these points “disappear” (intensity falls below the 
CCD camera threshold), and the number of emission spots slowly decreases with time as shown 
in Fig. 4.  Upon annealing, most of the spots that disappeared reappear and no new emission sites 
are formed within our spatial resolution.   For the Mn-doped samples, we observed both blue and 
orange emissive centers which exhibited similar decay dynamics based on our preliminary data.  
Our next step will be to perform a systematic study of as a function of doping and particle size. 
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Figure 1 (Left) Lower  curves:  degraded intensities after 20 hours operation  - 1 kHz (black  triangle),  5 kHz 
(red triangle), 100 kHz (blue  triangle). Top 3 curves: ratio of EL intensity after annealing to initial intensity 
for 1kHz (black square), 5 kHz (red square), 100 kHz (blue square).   

Figure 2  (Right) Plot of increased EL intensity after several consecutive short (~10-20 min) anneals.  Most of 
the rejuvenation occurs in the first 10 minutes with a peak at one hour.  Annealing temperature 200C. Points 
at zero time – initial intensity and degraded intensity (20%). 

0 100 200 300 400
0

10
20
30
40
50
60
70
80
90

 

N
um

be
r 

of
 b

ri
gh

t s
po

ts

Time (min)  
Figure 3 (Left) Microscope image of 20μm particle showing many points of light emission. 

Figure 4 (Right) Plot of the number of visible spots as a function of time during degradation. 

To probe for changes in the local atomic structure about the Cu sites, we collected 
Extended X-ray Absorption Fine Structure (EXAFS) data at the Cu K-edge EXAFS data for 
several as-made, thermally degraded (240C anneal), and  (EL) degraded powders. 

After data reduction, the EXAFS k-space data were Fourier transformed to r-space (k 
range, 3-11.5 Å-1; window Gaussian broadened by 0.3 Å-1). In Fig. 3 we show the EXAFS r-
space data measured at 3 K for all the samples – See caption for details. It is obvious that, within 
errors, the local structure around Cu atoms for each sample is almost identical out to 8Ǻ, 
particularly between as-made and EL degraded or thermally degraded (240C anneal) samples for 
the first (Cu-S) peak. The main CuS-like nano-precipitates are not significantly changed by 
thermal anneals or AC voltages that degrade the EL.  This indicates that at most the CuS-like 
nano-precipitates change shape slightly – e.g. possibly sharp points/edges become rounded. 
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Figure 3 (Left) Overlay of the Fourier transformed EXAFS data for six samples at 3K:  as-made ZnS:Cu 
(solid black), thermally degraded at 240C (black dotted), ZnS:Cu #2 (red), ZnS:Cu #3 (green), Cu,Mn co-
doped (blue), Cu,Mn co-doped and degraded (blue-dot) ZnS:Cu #4 -green emission (purple); k-range 3-11.5Ǻ. 

Figure 4 (Right)  Plot of σ2 vs T for an as-made ZnS:Cu,Cl sample (blue dots); correlated Debye fit (solid 
black line) gives a correlated Debye temperature of 579K. Inset shows a fit to the first peak using a CuS 
reference –fit range 1.1-2.5ǺǺ  

To further investigate possible structural differences (particularly for the temperature 
range 200-240C over which the effect of thermal annealing changes from rejuvenation to 
degradation) we collected EXAFS data as a function of T from 3-550K.  Based on our earlier 
work we again fit the first peak (1.1-2.5Ǻ) using an experimental CuS standard and again 
obtained an excellent fit - see inset of Fig. 4.  The main figure is a plot σ2 vs temperature for the 
as-made sample; the correlated Debye fit is shown as a solid line (Debye temperature - 579 K). 
For the first neighbor peak there is no indication of a significant change in coordination or bond 
length between 200 and 240C (473-513K) and σ2(T) is a smooth function of T. Thus most of the 
CuS-like nano-crystals in ZnS have the same structure as bulk CuS up to 3 Å.  The EL or thermal 
degradation does not strongly affect the CuS precipitates, except possibly the shape. Future 
EXAFS work will include a detailed study of CuS (function of T), studies of the ground samples 
with various dopants now being prepared for EL studies, and studies of the doped nano-particles 
to help gain deeper fundamental insight into the local structure changes that lead to degradation. 
 To explore size effects. we will grind the larger particles to produce particle sizes down 
to 100 nm, and have started to synthesize nano-particles to build up particles. Synthesis of ZnS 
doped with copper and chloride has been attempted through various methods including aqueous, 
organic, open air, inert atmosphere, hydrothermal, and inverse microemulsion.  Fluorescent ZnS 
nanoparticles have been synthesized by some of these methods, and characterized using 
fluorescence, UV-Vis, EPR (Electron Paramagnetic Resonance), and XRD (X-ray Diffraction).  
While fluorescence data indicate doping of ZnS nanoparticles, further confirmation using other 
techniques such as XPS (X-ray Photoelectron Spectroscopy) and EXAFS are still needed. 

Recently, we have made progress in synthesizing Cu-doped and undoped ZnS 
nanoparticles using different methods.  For example, ZnS quantum dots have been synthesized 
using an organometallic route (Zhong, J. Mater. Chem. 14, 2790, 2004),which traditionally 
produces a product with high crystallinity and strong fluorescence.  The inert atmosphere 
synthesis of ZnS in TOPO (trioctyl phosphine oxide) and HDA (hexadecylamine) produced 
bright-blue fluorescent ZnS nanoparticles.  Addition of 1-10 mol % copper was added to the 
synthesis, but signs of doping were not observed through fluorescence or EPR. 
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Figure 7: Fluorescence of ZnS, ZnS:1%Cu, and ZnS:2%Cu Figure 8: UV-Vis of ZnS:Cu nanoparticles.

 
Water-soluble particles were synthesized, that exhibited bright blue luminescence under 

UV-lamp excitation (Li, Nanotechnology 18, 205604, 2007).  Three samples were compared: 
ZnS, ZnS:1%Cu, ZnS:2%Cu. A red-shift in the emission peak was observed, as shown in figure 
7.  With an excitation wavelength of 310nm, the emission peak is red-shifted with the increasing 
concentration of copper added to the synthesis.  This red-shift is an indication of doping of 
copper into ZnS nanoparticles.  The states that copper introduces to the ZnS bandgap lead to the 
lower energy emission of the photoluminescence.  These particles exhibited an interesting 
characteristic that their fluorescence increased with time significantly, until the particles 
flocculated and then lost their fluorescence after one day, likely due to insufficient surface 
passivation.   Improvement of quantum yield with aging of nanoparticles in oxygen has been 
observed and attributed to formation of a protective oxide layer. .  Further investigation is under 
way to improve the surface passivation and long-term stability of the particles. 

A similar system of aqueous precipitation of copper-doped ZnS nanoparticles capped 
with MPA was investigated under different reaction conditions (Zhuang, J. Mater. Chem. 13, 
1853, 2003).  Soluble particles that exhibited a sharp excitonic peak in UV-Vis, as shown in 
figure 8, were obtained.  The narrow width of this peak is characteristic of a narrow size 
distribution.  The absorbance is blue-shifted from 340nm absorption of bulk ZnS, signaling 
quantum confined nanoparticles.  At the end of the air-free synthesis (occurring after purge with 
nitrogen), the fluorescence of the nanoparticles was negligible.  After aging in open-air 
conditions, a fluorescence peak developed, and was further increased with reflux. This peak was 
red-shifted in the copper-doped sample when irradiated with a UV-lamp which is an indication 
of Cu-doping.   Confirmation of doping with XPS, ESR, and XAFS will need to be conducted. 
  The next steps in ZnS:Cu and Cl synthesis and characterization is to examine the particle 
size under HRTEM, determine their crystal structure using XRD, and confirm doping. The 
particles will then be purified and the ACEL properties determined for different thicknesses of 
power.  Further investigations will be made to achieve highly uniform particles, controllable 
parameters (of size, emission wavelength), and maximum quantum yield.  Both modifications to 
the current synthesis as well as continued investigations into the very high quantum yield routes 
of organic and inverse micro-emulsion syntheses will be explored. The long-term stability of the 
nano-particles (or aggregates of them), with respect to the local structure changes that lead to 
degradation under AC applied electric fields, will be investigated as well. 
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Ground State Structure Prediction 
The objective of our research program is to develop first principles approaches to predict 

the structure of materials at zero and non-zero temperature.  First principles methods, in 

which the properties of a material are computed from quantum mechanics have shown to 

be capable of predicting many materials properties, but without a knowledge of the 

structure of the material, these predictions are likely to be irrelevant.  Hence, structure 

prediction forms the platform on which rational materials design can be performed.  

Finding structure by traditional optimization methods on quantum mechanical energy 

models is not possible due to the complexity and high dimensionality of the coordinate 

space.  As a result searches for the lowest energy crystal structure have been either very 

incomplete, or have been performed on over simplified Hamiltonians.  An unusual, but 

efficient solution to this problem can be obtained by merging ideas from heuristic and ab 

initio methods.  In a departure from previous computational approaches, we show that 

significant progress can be made by merging the ideas of empirical structure prediction 

methods with the predictive power of high-throughput quantum mechanical calculations.  

We have used quantitative knowledge 

methods, such as neural nets and 

Bayesian probability approaches to 

extract knowledge from large 

amounts of experimental information 

and a database of over 15,000 first 

principles computations.  This then 

allows one to suggest a shortlist of 

structures for a new system, each of 

which can be computed with ab-initio 

methods.  We show that this approach 

is highly efficient in finding the 

ground states of binary metallic alloys 

and can be easily generalized to more 

complex systems. 

 

 

In our approach a general 

probability function is constructed in 

the space of ground state.  

Composition space is discretized into a finite set {c1, c2, ..., ck} of k compositions of 

interest, each at which Xi is a variable denoting the structure appearing at ci, or the value 

"no information" if nothing is known.  In addition, the variables XA, XB, XC, ... designate 

 
Figure 1: Structure correlation present in a database 

of binary alloys.  Bright (dark) points indicate that the 

crystal structure appearing at ci and cj are more (less) 
correlated. 
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Figure 2:  LixFePO4 phase diagram. (a) Experimental 

phase boundary data taken from Delacourt et al. and 

from Dodd et al.; (b) calculated with both Li and electron 

degrees of freedom and (c) with explicit Li only. 

 

the chemical constituents A, B, C, and so on.  Let X denote the set of variables (XA, XB, ..., 

X1, X2, ..., Xk).  The probability function p(X), if it were known exactly, would encode 

knowledge about the stable structures in all alloys.  Our approach has been to determine 

p(X) in part by making it consistent with known experimental data. Unlike other structure 

suggestion methods, this probabilistic approach provides a simple, rigorous mechanism 

for incorporating degrees of partial knowledge through the process of conditioning and 

marginalization of the probability density. For a particular system the task of making 

predictions consists of calculating the conditional probability, p(X | e), where e represents 

known information about a system. At a minimum, the information e consists of the 

elements present and their respective crystal structures. Naturally, as more information 

becomes available, particularly if compounds are formed at intermediate compositions, 

p(X | e) will become more strongly peaked around the most likely set of candidate ground 

states. 

 

 

Novel Electronic Entropic 

Effects 

An important consequence of 

charge localization in mixed-

valence materials is the entropy 

that can be generated from the 

valence distribution. Apart from 

the intra-ionic entropy (which 

does not contribute to phase 

stability as it is linear in 

composition) localized charges 

can contribute configurational 

electronic entropy to the system, 

which can be as large as the 

configurational entropy of the 

ions.  Hence, in a system such as 

LixFePO4 entropy is generated by 

the Li/vacancy disorder and by 

the Fe2+/Fe3+ disorder.  Both 

disorder problems can not be 

treated independently as strong 

coupling exists between the Fe2+ 

and Li (or between the vacancy and Fe3+).  To study the finite temperature behavior of 

this system without bias we used a coupled cluster expansion approach developed by us 

in a previous DOE contract to study coupled cation/anion disorder in doped oxides.   

Fig. 2 shows the experimental and calculated temperature-composition phase 

diagram of LixFePO4. The experiments feature a two-phase region at low temperature (H 

+ T phase) and a remarkable eutectoid transition at around 450 K.  Such a eutectoid is 

surprising as most immiscible systems form a miscibility gap in which the highest 

temperature for disordering is near the 0.5 composition.  In this system, surprisingly, the 

disorder transition temperature is depressed for concentrated alloys.  The calculated phase 
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  3 

diagram in Fig 2b is in very good agreement with experiment when both electronic and 

ionic entropy are included. To investigate the particular role of the electronic entropy we 

removed it by variationally optimizing (rather than sampling) the electronic configuration 

for each ionic state (effectively removing electronic entropy). A simple miscibility gap is 

found in this case, without the eutectoid point, in disagreement with experiment. 

Therefore electronic entropy is crucial to  account for the phase diagram of a mixed 

valence system such as LixFePO4. 
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Theoretical and Experimental Studies of Ion Beam Synthesized Nanocrystals  
 

Daryl C. Chrzan,† Joel W. Ager III, and Eugene E. Haller, Electronic Materials Program, 
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†dcchrzan@berkeley.edu. 

 
Program Scope 
 
In 1909, Pawlaw predicted that the melting points of small particles would be suppressed relative 
to their bulk counterparts.  His continuum thermodynamics based argument rested on the fact 
that for small particles, the interfaces make a significant contribution to the free energy of the 
particle.  Pawlaw’s predictions have proven correct, and studies of the melting behavior of 
nanoparticles are now common. 
 
Many studies, however, are limited in scope by the constraints of typical experiments.  For 
example, one can readily study the melting behavior of free standing nanoparticles.  However, 
study of the solidification of the same nanoparticles can be confounded by liquid droplet 
mobility that leads to coalescence.  Further, it is desirable to extend thermodynamic studies 
beyond the examination of melting and solidification of pure materials to consider the effects of 
alloying.  
 
For bulk materials, study of the relevant phase diagrams forms the first step in the development 
of any materials processing route. The thermodynamics of nanocrystal alloying is properly 
represented within a nanoscale alloy phase diagram, and one goal of our research is to determine 
accurately the structure of such diagrams. Nanoscale phase diagrams will enable the 
development of processing routes leading to interesting nanostructures, for example core/shell or 
bi-lobe nanoparticles.  These phase diagrams, when coupled with convenient and broadly 
applicable fabrication tools will enable the discovery of new scientific phenomena, and 
exploitation of that phenomena within technological applications. 
 
Ion beam synthesis (IBS) provides a fabrication tool that enables study of a broad range of 
nanoscale alloys.  Specifically, ion implantation can be used to fabricate nanoparticles of varying 
composition embedded in a wide variety of host materials.  As examples, our group has 
synthesized Ge nanocrystals in both silica and alumina, Ge/Sn nanocrystals in silica, and Ge/Au 
nanocrystals in silica.  Proper choice of matrix material enables direct characterization of 
thermodynamic phase transformations using transmission electron microscopy (TEM), Raman 
scattering, and atomic force microscopy (AFM), amongst other techniques.   Consequently, we 
have chosen to employ ion beam synthesis as our primary means of nanoparticle fabrication. 
 
Our research, then, has three facets.  First, we wish to understand and thereby improve control of 
IBS of nanoparticles.  Thus we have developed and continue to improve theories for IBS.  
Second, we wish to characterize the thermodynamic behavior of our synthesized nanoparticles.  
We have consequently applied TEM, AFM, Raman spectroscopy and other characterization tools 
to understand the properties of our nanoparticles as a function of temperature and nanoparticle 
size.  Here, too, we have applied available theoretical tools to understand and predict the results 
of experiments.  The third facet of our work revolves around exploitation.  To wit, we have 
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developed processing routes to alter the structure of binary alloy nanocrystals from 
homogeneously mixed, to completely segregated bi-lobed nanocrystals.  Such structural changes 
might find applications in new technology, for example the phase change might form the basis 
for the next generation of static RAM and/or optical storage devices. 
 
Recent Progress 
 
Theory of Ion Beam Synthesis 
 
Through a combination of kinetic Monte Carlo and 
rate equations methods, we have developed a theory 
for IBS of nanoparticles that predicts quantitatively 
the shape of the nanoparticle size distributions as a 
function of implantation conditions.  
 
Under typical IBS conditions, nanoparticle size 
distributions reach a steady state. Our theoretical 
studies indicate that there are two parameters that 
control the steady state island size distribution.  The 
first is the ratio of the implantation rate, F, to the 
effective diffusion rate for ions within the matrix, D.  
Implantations with smaller values of F/D lead to 
wider nanoparticle size distributions.  The second 
parameter is the interface energy between the 
nanoparticles and the matrix.  The primary effect of 
an increase in interface energy is to increase the critical size for nanoparticle nucleation.  Thus 
larger interface energies lead to larger nanoparticles.  Remarkably, the interface energy has little, 
if any, effect on the shape of the nanoparticle size distribution. 
  
Size distributions predicted from our theories agree quantitatively with those observed 
experimentally (Fig. 1) for Ge implantation into silica.  Given that the only adjustable parameter 
in our theory is the ratio F/D, we consider this striking confirmation of the appropriateness and 
power of our theoretical approach. 
 
Phase Transformations of Confined 
Nanoparticles 
 
Confinement of the nanoparticles within a matrix 
expands considerably the range of 
melting/solidification behaviors that one might 
observe.  To establish this point, we considered 
the melting and solidification of Ge nanocrystals 
embedded in amorphous silica.  
 
We used a heating stage to perform in situ 
transmission electron microscopy (TEM) studies 

 
 
Fig. 2 Diffracted intensity from in situ TEM studies 
of the melting and solidification of Ge nanocrystals 
embedded in silica.  The inset shows typical 
diffraction patterns. The lines are the diffracted 
intensity expected from classical nucleation theory. 

 
Figure 1.  A comparison of the shape of the island 
size distribution predicted from theory as compared to 
the experiment. 

! 

R is the nanoparticle radius, 

! 

R  is 
the average radius, and  

! 

P  is the probability density 
for the nanoparticle sizes. 
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of the melting and solidification of these Ge nanocrystals.  Surprisingly, the 
melting/solidification cycle showed a large hysteresis, nearly centered on the melting point of 
bulk Ge (Fig. 2).  This behavior is in striking contrast to the behavior of bulk materials that can, 
with great care, be substantially supercooled, but not superheated.  Prior observations of 
superheating for embedded nanocrystals have been explained via lattice registry effects. 
However, the amorphous structure of the silica matrix rules out this common explanation.   
 
Perhaps surprisingly, classical continuum thermodynamic nucleation theory provides a 
quantitatively accurate explanation. We developed a theoretical model for the melting and 
solidification pathways, and computation of the free energy associated with these pathways 
revealed the origin of the barriers to both melting and solidification: The Ge(liquid)/silica and 
Ge(solid)/silica interface energies are nearly identical.  After convoluting the nucleation theory 
with the experimentally observed nanoparticle size distributions, and assuming a kinetic 
diffraction process, we obtain the hysteresis loop shown by the solid lines in Fig. 2.  Again, the 
agreement between theory and experiment is striking. 
 
Future Plans 
 
The experiments and theories described briefly above 
establish that properties of the nanocrystal/matrix interface 
can expand substantially the range of observed physical 
behaviors.  We are now turning our attention to the study of 
alloy phase stability. Our first task is to develop of theory for 
the equilibrium structure of binary alloy nanocrystals.  A 
“zeroth-order” theory, in which the nanoparticles are 
restricted to be spherical, and in which segregation is perfect 
leads to the predictions shown in Fig. 3. 
 
We are in the process of developing a more broadly 
applicable theory for the structure of alloy nanoparticles.  To 
complement the theoretical studies, we have begun 
experimental studies of confined Ge/Sn nanoparticles.  Thus 
far we have established that these nanoparticles grow in a 
two-lobe structure, with one lobe crystalline, mostly Ge, the 
other mostly Sn. We have also demonstrated that we can 
homogenize the composition of the nanoparticles using 
pulsed laser melting (Fig. 4).  Subsequent rapid thermal 
annealing restores the crystalline structure of the Ge. 
 
Journal Publications 2005-2007 
 
I.D. Sharp, Q. Xu, C.Y. Liao, D.O. Yi, J.W. Beeman, Z. Liliental-Weber, K.M. Yu, D.N. 
Zakharov, J.W. Ager, D.C. Chrzan and E.E. Haller. Stable, freestanding Ge nanocrystals. 
Journal of Applied Physics 97, 124316 (2005). 
 

 
Figure 3.  Equilibrium structures 
expected for a perfectly segregating 
A/B alloy confined to partial 
spherical cavities. The symbols, 

! 

"
XY

, refer to interface energies 
between materials X and Y.  Here, M 
stands for matrix.  The stable 
structures for each of the regions are 
shown. 
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Figure 4. Z-contrast TEM images of Ge/Sn nanocrystals fabricated using IBS.  The image on the left shows clearly 
the bi-lobe structure, and spectroscopy confirms that half of the nanocrystal is mostly Ge, the other half mostly Sn.  
The inset on the right is a high-resolution image of a bi-lobe nanocrystals. The image on the right is a typical Ge/Sn 
nanocrystal after pulsed laser melting.  The laser energy is absorbed by the Ge half of the bi-lobed structure, and 
the entire nanocrystal melts.  When the laser is turned off, the nanoparticle cools rapidly, preventing the 
thermodynamically favored segregation.  Raman studies suggest that subsequent annealing returns the structure to a 
state similar to that shown on the left. 
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The Electronic Materials Program advances the fundamental understanding of the materials 

science of semiconductors.  The research focuses on the relationships between synthesis and 

processing conditions and the structure, properties, and stability of semiconductor materials 

systems.  Progress in these areas is essential for the performance and reliability of technologies 

that lie at the heart of the DOE mission, including solar power conversion devices, solid state 

sources of visible light, visual displays, and a large variety of sensors and power control systems 

for energy generation, conservation, and distribution.   

New Materials for High-Efficiency Solar Cells.  

“Traditional” semiconductor alloying (as in AlxGa1-xAs) 

continuously changes electronic properties such as valence 

and conduction band edges and the bandgap between the 

endpoint compounds.  But it has been known experimentally 

since the mid-1990’s that alloys such as GaAs1-xNx do not 

follow this trend; in this case, a few % of N drastically 

reduces the bandgap, rather than increasing it in the 

direction of GaN.  Beginning in 1999, our combined 

experimental and theoretical work have established that 

GaAs1-xNx is an important member of a large family of 

“highly mismatched” alloys (HMAs) formed by 

isoelectronic substitution of elements with very different 

atomic sizes and/or electronegativities.  In HMAs, band-

anticrossing (BAC) between the localized level of the 

alloying element and the extended states of the host lead to a 

rich variety of new phenomena. 

We have demonstrated that anti-crossing effects can be 

used to “move” either the valence band or the conduction 

band edge up or down in energy without affecting the other 

bands in a wide range of III-V and II-VI compound 

semiconductors.   The case in which a new level is created 

in the gap is of special interest for high efficiency solar cells 

(Fig. 1).  We have developed both III-V and II-VI (ZnTeO) 

HMAs which have the requisite intermediate band and have 

demonstrated the direct nature of the transition from the 

valence band to the intermediate band.  This work led to a 

2006 R&D 100 Award for two of our investigators (Walukiewicz and Yu). 

In the future, we will control carriers, light, and spin using the unique band tuning 

capabilities found in HMAs.  The valence band BAC effect can be used to fabricate materials for 

efficient solar water splitting.  For example, adding As to GaN to form GaAsxN1-x  produces an 

Fig. 1.  Schematic depiction of an 

intermediate band solar cell.  In 

addition to the usual absorption 

from the valence to conduction band 

(1 3 ), light can also be absorbed 

(and converted to electrical energy) 

by the 2-photon process, 1 2 and 

2 3, with the intermediate band 2 

functioning as a "stepping stone."  

In this sense, an intermediate band 

solar cell is equivalent to two-

junction tandem cell but with a 

much simpler design and higher 

ultimate thermodynamic efficiency 

(63.2% vs. 55%).  
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arsenic-localized level 0.6 eV above the valence band edge of GaN.  As the As concentration is 

increased, the localized level forms a new, higher valence band.  This effect can be used to 

narrow the gap (which increases efficiency) while maintaining the straddling of the water redox 

potential.  The localized levels created in the gap in, for example, GaAsPN, can be used as 

conducting pathways.  We will investigate whether the intermediate band can be used to make 

energy selective contacts to other semiconductors.  Such contacts are a required element of 

theoretically predicted high-efficiency hot-electron solar cells  

The energy tuning range of the group III-nitrides (AlN, GaN, and InN) was greatly expanded 

by our discovery in 2002 that the band gap (Eg) of InN is 0.7 eV as opposed to 2 eV, as 

previously believed.  Thus, the Eg tuning range of InxGa1-xN goes from 0.65 eV (x=1, InN) to 3.4 

eV (x=0, GaN), which encompasses most of the useful part of the solar spectrum.  While the 

large electron affinity of InN (5.8 eV) and of In-rich alloys leads to a propensity for native donor 

defect formation and surface electron accumulation, our recent work has shown that Mg is an 

acceptor in InN, and can be used to make p-type InN and InGaN over the entire composition 

range.  Our future work in this area will focus on controlling the surface properties to enable 

contacts to p-InGaN and on making pn junctions.  Based on our discovery the conduction band 

of certain InGaN alloys is well-aligned with a number of conducting oxides, we are developing 

InGaN/oxide layered structures as conducting and corrosion resistant photocathodes for solar 

fuel generation.   

Thermodynamics and Kinetics at the 

Nanoscale.  While it is well-known that 

decreasing the particle size decreases the melting 

point, confinement of nanoparticles within a solid 

matrix expands considerably the range of 

melting/solidification behaviors.  We used in situ 

transmission electron microscopy (TEM) to study 

the melting and solidification of Ge nanocrystals 

embedded in amorphous silica.  Surprisingly, the 

nanocrystals melted at a temperature far above 

the bulk value and the melting/solidification 

cycle showed a large hysteresis.  This behavior is 

in striking contrast to the behavior of bulk 

materials that can, with care, be substantially 

supercooled but not superheated.  A new 

continuum thermodynamic nucleation theory provides a straightforward and quantitative 

accurate explanation: The Ge(liquid) and Ge(solid) interface energies are nearly identical, which 

leads to a situation in which both solidification and melting require nucleation. 

We are exploring the  phase diagrams of strongly segregating binary alloys, concentrating on 

how the interface(s) with the matrix affect the segregation transition.  Our ultimate aim is to 

develop phase diagrams for nanoscale systems and to use these to generate homogeneous alloy, 

bi-lobed and core/shell nanocrystals. Our initial studies of bi-lobed Ge-Sn nanocrystals are 

promising.  Using pulsed-laser-melting, we have been able to homogenize the nanocrystals.  

Subsequent annealing appears to regenerate a segregated structure, suggesting that such phase-

change nanocrystals might form the basis for a new type of static RAM. 

Isotopically Controlled Semiconductor Structures.  Most semiconductors contain at least one 

element that consists of more than one stable isotope: silicon is composed of the three isotopes: 

 
 
Fig. 2 Diffracted intensity from in situ TEM studies 

of the melting and solidification of Ge nanocrystals 

embedded in silica.  The inset shows typical 

diffraction patterns. The lines are the diffracted 

intensity expected from classical nucleation theory.   
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28
Si (92.23%), 

29
Si (4.67%), and 

30
Si (3.10%).  A number of physical properties of 

semiconductors depends on isotopic composition, including those due to atomic mass differences 

and nuclear spin differences.  To investigate these effects, we grew high-purity bulk crystals and 

thin-film structures using Si enriched in all 3 of its stable isotopes.  Isotope composition affects 

the electronic structure through electron-phonon coupling and through the change of volume 

with isotopic mass.  As shown in Fig. 3, by comparing the energies of indirect transitions in 

absorption and photoluminescence that are assisted by the same phonon, the mass dependence of 

Si’s indirect and higher energy direct gaps were determined precisely.   

There is increasing interest in the properties of spins in the solid state driven, in part, by the 

possibility of realizing quantum computing schemes, and the decoherence time (T2) of an 

isolated spin is a key figure of merit.  It has been known since the invention of electron spin 

resonance spectroscopy that the T2 of the electron bound to 
31

P is increased in 
28

Si enriched 

material due to derichment of 
29

Si with its odd spin nucleus.  In this context, pulsed ESR 

measurements on a 
28

Si LBNL single crystal are the current “world record” with a T2 at 10 K of 

5 ms.  Also, in a collaborative study using highly 
28

Si enriched single crystals provided by 

LBNL, the hyperfine coupling of the electronic nuclear donor spins for the 
31

P donor were 

observed optically for the first time.  The optical detection of the nuclear spin state and selective 

pumping and ionization of donors in specific electronic and nuclear spin states suggest a number 

of new possibilities that may be useful for the realization of silicon-based quantum computers. 

We will continue world-wide collaborative efforts on the spectroscopy of these unique 

materials, based on both optical and spin-based measurements.  We have recently lowered the 

impurity concentration in our 
28

Si-enriched material by zone-refining.  The spin decoherence 

time observed in electron spin resonance (ESR) for the electron bound to
31

P is expected to be 

longer than our existing “world record” and may define the upper limit for maintaining quantum 

coherence in this system.  We also note that while the 150 neV linewidths observed optically for 

the hyperfine interaction of the 
31

P electron and nuclear spins are the narrowest ever measured, 

they are not yet at the limit predicted by the photoluminescence lifetime, showing that 

inhomogeneous effects are still present.  This indicates a clear role for advanced synthesis of 

isotopically controlled structures with even higher chemical and structural purity.   

Semiconductor Spintronics.  Because of their potential as both injection sources and filters for 

spin-polarized carriers, ferromagnetic semiconductors have attracted much attention for spin-

Fig. 3.  (a) Optical absorption and photoluminescence (PL) across the indirect gap of silicon occur with assistance from 
phonons (TA, LO, and TO).  Absorption peaks are observed at the band gap plus the phonon energy; PL peaks are at the band 
gap minus the phonon energy.  By matching transitions assisted by the same phonons the precise value of the band gap as a 
function of mass is obtained by interpolation.  (b)  The excitonic bandgap of Si as a function of atomic mass; the line is the 
M-1/2 dependence.  The purely electronic Si bandgap, in the absence of all electron-phonon interaction and volume change 
effects, is obtained by extrapolating to M  and is 1.2138 eV.   
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based electronics, or spintronics.  In the prototypical 

ferromagnetic semiconductor Ga1-xMnxAs, inter-Mn exchange 

is known to be mediated by holes in extended or weakly 

localized states; however, the fundamental nature of inter-Mn 

exchange remains unclear.  Our studies have shown that in 

Ga1-xMnxAs thin films Mn atoms occupying interstitial position 

are the crucial defects affecting the ferromagnetism in this 

alloy system.  We have also demonstrated that the upper limit 

of Curie temperature TC of Ga1-xMnxAs is caused by the Fermi-

level-induced saturation of free holes in the crystal.  Other 

noteworthy milestones include the first demonstration of 

ferromagnetism in single-crystalline Ga1-xMnxP.  Our future 

efforts will include the exploration of new materials that may 

display room-temperature ferromagnetism, including group IV-

based ferromagnetic semiconductors, and the local control of 

ferromagnetism by nanopatterning and defect engineering.  

Figure  4 presents recent results on the laser activation of 

ferromagnetism in hydrogenated Ga1-xMnxAs.   
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Fig. 4.  Top: Schematic of the 

optical near-field configuration 

used for the irradiation of 

hydrogenated Ga1-xMnxAs. 

Bottom: Conductance atomic 

force microscopy image of a 

laser-irradiated spot. Annealing 

with the focused laser results in 

local electrical and 

ferromagnetic activation of Mn 

acceptors. 
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Interfaces of Polymer Electronic Devices   DOE (DE-FG02-04ER46165) 
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Anil Duggal, General Electric Global Research; George Malliaras, Cornell University 
 

The field of organic molecular thin films and devices is developing extremely fast, driven by the 
enormous potential that small molecule and polymer semiconductors have for applications in 
large-scale electronic and optoelectronic devices, using basic devices such as the organic light 
emitting diodes (OLED), the field effect transistors (FET) and the photovoltaic cell. The endless 
choice of molecules and the wide range of organic thin film processing techniques (from vacuum 
deposition to printing from solvent solutions) allow a degree of originality that cannot be matched 
with inorganic semiconductor technology.  In the same time, the multiplicity of compounds and 
processing techniques places considerable demands on our ability to understand and control the 
structural and electronic properties of these materials and their interfaces. Interfaces of organic 
materials with inorganic and organic solids play a central role in charge injection and transport, 
and are exceedingly important for device performance and lifetime. Thin film multi-layer 
architectures of organic devices place active layers within nanometers of metal-organic (MO) or 
organic-organic (OO) interfaces, enhancing the impact of their structural and chemical properties 
on the device performance. Most technologically important organic semiconductors have large 
energy gaps (≥ 2 eV), making injection barriers potentially large. The central part of the work 
supported by DOE focuses on achieving a detailed understanding of the mechanisms that control 
interface energetics and chemistry, of the impact of the electronic structure on the injection 
process, and of methods to modify the electrical behavior of these interfaces. 

Using a unique combination of state-of-the-art experimental and theoretical tools, expertise and 
experience in organic materials, thin films and devices, and a small number of model polymers 
and their interfaces, we investigated: (i) The connection between theoretical and measured 
electronic levels; (ii) The electron and hole transport levels and injection barriers for different 

polymers and metal contacts; (iii) The connection between 
injection currents and energy barriers; (iv) The dependence 
of barriers and injected currents on the processing and 
structure of the polymer films. (v) The performance, i.e. 
injection efficiency and stability, of these interfaces. 

We performed in-depth experimental and theoretical 
investigations of the electronic structure of model polymers 
F8 and TFB. We achieved excellent agreement between 
computed densities of occupied and unoccupied states and 
spectroscopic data obtained via ultra-violet and inverse 
photoemission spectroscopies (UPS, IPES) (Fig. 1), 
allowing a clear determination of the full electronic 
structure of these compounds. The theoretical description of 
the unoccupied states, and agreement with corresponding 
IPES data, were the first reported for polymer 
semiconductors. This investigation led to the determination 
of the single-particle gap (Et) and positions of the electron 
and hole transport levels in these materials, and their 
ionization energy (IE) and electron affinity (EA) [1], which 
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Fig. 1: Measured DOS (black line) vs. calculated DOS (blue line) of 
TFB: (a) broad spectra of occupied and unoccupied states and (b) an 
enlarged view of the energy region close to EF (HOMO and LUMO) 
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are key parameters to understand the energetics of organic/organic and organic/inorganic 
interfaces. In particular, the larger IE value obtained for F8 than for TFB was found to be 
consistent with easier hole injection measured in the latter [2].  

Computations of the intra-chain band structure and reorganization energy revealed interesting 
differences between F8 and TFB; the valence band of F8 is more dispersive than that of TFB 
whereas the reorganization energy of TFB is somewhat larger than that of F8, suggesting a higher 
intra-chain hole mobility in F8 than in TFB [3]. Experimental proof of the contrary (see below) 
stresses the paramount importance of inter-chain hopping in limiting transport in these materials.   

We performed time-of-flight (TOF) measurements of carrier drift mobility as a function of 
electric field and temperature. Hole mobilities were measured in both F8 and TFB by applying a 
bias across the sample and photo-generating holes at the electrode/polymer interface with a 
nanosecond pulse nitrogen laser. Typical TOF traces, obtained for both TFB and F8, showed the 
well-defined plateau corresponding to non-
dispersive hole transport. The mobilities 
showed a Pool-Frenkel (PF)-like behavior, with 
a field dependence that could be described 
by ( )EE ⋅⋅= βμμ exp)( 0 , where μ0 is the 
(extrapolated) zero field mobility, β is the so-
called PF factor, and E is the applied electric 
field (Fig. 2). The PF factors are between 0.2 
and 2.3 × 10-3 (cm/V)1/2 for these polymer films 
[4]. At a field of 100 kV/cm, which is near the 
onset of OLED operation, the room temperature 
mobility of TFB is 0.01 cm2V-1s-1, which is 
remarkably high. The hole mobility in F8 was 
an order of magnitude lower. 

Additional information about transport in TFB 
was obtained by analyzing the temperature 
dependence of the mobility. According to the 
Gaussian Disorder Model [5], transport in organic materials takes place by hopping in a manifold 
of localized states. The latter is considered to be a Gaussian characterized by its standard 
deviation σ, which reflects the width of the transport manifold and is also known as the energetic 
disorder parameter. Accordingly, the temperature dependence of the zero field mobility is given 

by ( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛

⋅⋅
⋅

−⋅= ∞

2

0 3
2exp

Tk
T σμμ , where μ∞ is the high temperature limit of the zero field 

mobility, k is the Boltzmann constant, and T is 
the absolute temperature. The data agree with 
this equation, and for TFB, σ = 65.9 ± 0.5 meV 
and μ∞ = 0.19 cm2V-1s-1 [4]. In addition to 
energetic disorder, there is disorder in the 
position of the hopping sites, characterized by 
the positional disorder parameter Σ.[5] The 
latter was extracted from the plot of β versus 
(σ/kT)2, and was found to be equal to 2.2 for 
TFB [4]. These transport measurements show 
that TFB is a model organic semiconductor and 
is ideally suited for a study of injection. 
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Fig. 2: Electric field dependence of hole mobility 
in TFB for various temperatures. 

Fig. 3: Injection efficiency from PEDOT:PSS into TFB 
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Knowledge of mobility allows an estimation of the space charge limited hole current, JSCL, i.e., 
the highest unipolar current that can flow through an organic semiconductor film and thus of the 
injection efficiency, the ratio between measured injected current and JSCL. We found injection 
efficiencies with PEDOT:PSS on the order of 10-5 for F8 and 10-3 for TFB (Fig. 3), in spite of the 
low hole injection barriers with this electrode (see below) [2]. Au and indium tin oxide (ITO) 
anodes yielded even lower injection efficiencies, in agreement with the higher barrier heights 
measured by photoelectron spectroscopy.    

TOF requires preparation of relatively thick (~1 μm) and trap-free films in order to observe 
transients with well-defined transit time, and it has remained very difficult to measure device 
relevant films (thicknesses ~10-100 nm).  One promising technique for measuring mobility, Dark 
Injection Transient Current (DITC), can in principle measure the mobility of films with thickness 
relevant to OLEDs.  However, the approach to date has been limited to transit times greater than 
~ 1 µsec due to circuit architecture.  DITC is thus typically limited to either thick films or films 
which have poor mobility.  Nevertheless, we were successful in identifying a model system which 
could be probed and showed that the technique could be utilized to separate the sources of device 
degradation which currently plague industrial applications [6]. Furthermore, our team recently 
developed a new circuit architecture that is capable of measuring transit times 10 times faster than 
reported previously. With this breakthrough, DITC can now be used to measure the mobility of 
films 10 times thinner or mobilities 10 times higher than possible before and so is now 
appropriate for basic physics measurements for industrially relevant materials and device designs.  

We used UPS and X-ray photoemission spectroscopy (XPS) to investigate molecular level 
alignment and injection barriers at polymer-on-electrode and electrode-on-polymer interfaces. 
Electrodes ranged from low work function (WF) Al and Sm to high WF Au, Pt and PEDOT:PSS . 
Fig. 4 shows the evolution of the interface barrier φh as a function of the electrode WF, i.e., the 

interface parameter 
dW
d

S hφ=  

Polymer-on-electrode interfaces were 
investigated for polymer (F8 and TFB) 
thicknesses down to 3 nm, to insure proper 
measurement of the “interface” molecular 
level position. It was found that all 
interfaces obeyed vacuum-level alignment 
(Schottky-Mott limit, with an interface 
parameter S=1; Fig. 4), although small 
interface barriers (≤ 0.6 eV) were 
accompanied by some “band bending” 
away from the interface, to raise the Fermi 
level position to about 0.6 eV above (or 
below) the band edge in the bulk of the 
material [1]. 

Electrode-on-polymer interfaces were 
investigated for metal layers evaporated in vacuum and metal thicknesses ranging from 0.1 to 10 
nm. Unlike in the previous case, these interfaces were found to deviate from the vacuum level 
alignment (Schottky-Mott) rule, and exhibit an interface parameter S significantly smaller than 
unity (Fig. 4) [1]. Chemistry and induced density of interface states are bound to play a more 
significant role at intimate metal-on-top polymer interfaces than at interfaces formed by spinning 
the polymer film from solution on an already fully-formed and likely contaminated electrode 
surface.    
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A comprehensive summary of Fermi level positions at F8 and TFB interfaces with various 
electrodes (both polymer-on and electrode-on) is given in Fig. 5. Remarkable on this graph is the 
small hole injection barrier provided by PEDOT:PSS on TFB (~0.35 eV), although this system 
appears to still be injection-limited, as discussed above.   

We finally initiated DFT computations on the electronic structure of, and interaction at, the 
TFB/PEDOT:PSS interface. The polymer was modeled by a monolayer of an oligomer consisting 
of one fluorene (F) and one triarylamine (T) monomeric unit (denoted as FT) and a slab of 
PEDOT:Tos (Tos = tosylate). These calculations, which we believe are the first for this type of 
organic-organic heterojunction, are providing considerable insight in the phenomenon of charge 
transfer and interface dipole formation. 
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Program Scope 

A full realization of the optoelectronic potential of ZnO in high efficiency tandem solar cells and 

blue/UV light emitting diodes requires high quality p-type ZnO and a robust control of the p-type 

doping.  Nitrogen is the most promising candidate for p-type doping in ZnO.  However, it has 

been very challenging to prepare p-type nitrogen doped ZnO (ZnO:N), and most attempts, even 

successful ones, produce  low hole concentrations and mobilities, and sometimes even 

instabilities.  At this time, there is no technology or process for making good p-type ZnO in a 

reproducible manner.  The physical properties and stability of ZnO are closely linked to its defect 

chemistry.  The objective of this project is to investigate the defect chemistry in nitrogen doped 

ZnO thin films and produce reliable p-type ZnO.  The approach we take is to correlate the results 

from in-situ Raman, deep level transient spectroscopy (DLTS), and Hall-effect experiments, in 

conjunction with electron irradiation, to enhance the understanding of the nitrogen doping 

mechanism in ZnO. This knowledge should provide fundamental insights into the control of 

defect formation and thus establish a foundation for the design of future high performance and 

reliable p-ZnO films. 

 

Recent Progress 

1. DLTS 

Electron and hole traps in N-doped ZnO were investigated using a structure of n
+
-ZnO:Al/i-

ZnO/ZnO:N grown on a p-Si substrate by metal-organic chemical vapor deposition. Current-

voltage and capacitance-voltage characteristics measured at temperatures from 200 to 400 K 

show that the structure is an abrupt n
+
-p diode with very low leakage currents. By using deep 

level transient spectroscopy, two hole traps, H3 (0.35 eV) and H4 (0.48 eV), are found in the p-

Si substrate, while one electron trap E3 (0.29 eV) and one hole trap H5 (0.9 eV) are observed in 

the thin ZnO:N layer. The originality of these defects is not clear and is under investigation. 

2. Ex-situ Raman 

In addition to DLTS, we have demonstrated that that Raman characterization is a potentially 

powerful tool to study the mechanism of nitrogen doping. We have observed new Raman 

features near 280, 510, 570, 642, 773, 1360 and 1565 cm
-1 

 shift in nitrogen doped ZnO (ZnO:N) 

thin films compared with undoped ZnO films.  Peaks at 280, 510, 570, 642, and 773 cm
-1 

are 

attributed to the nitrogen related defect complex.  The Raman peaks at 1360 cm
-1

 and 1565 cm
-1

 

shift are assigned to D- (disordered) and G- (Graphitic) bands associated with the carbon-related 

defect complex, respectively. The intensity and the intensity ratio of peaks at 1360 cm
-1 

and 1565 
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cm
-1

 have been found to be sensitive parameters that reflect the conductivity type of ZnO:N.  

Explanations are presented which correlate the Raman features to the electric conductivity of the 

films.  From this analysis, we found that at temperature lower than or at 400 C, nitrogen 

incorporation will form the nitrogen or possible nitrogen carbon related defect complex.  As the 

growth temperature increases to 500 C, the features associated with nitrogen are difficult to 

distinguish and the features associated to carbon begin to emerge.  This observation possibly 

indicates the decrease of the nitrogen content and the increase of the carbon content in the 

ZnO:N film.  The increase of carbon content may affect the donor behavior of the film.  This 

observation suggests that growth conditions should be controlled to avoid carbon into the film. 

To obtain real-time evolution of the defects, an in-situ analysis is needed. In fact, no in-situ 

Raman study to investigate the kinetic aspects of nitrogen doping has ever been reported in the 

literature.   

3. In-situ Raman Reactor Fabrication 

The Raman reactor is designed and fabricated.  The drawing of the reactor is shown in Figure 1.  

This reactor features the flexibility in gas introduction, vacuum, heating and cooling. 

 
 

 

 

Figure 1.  Schematic Drawing of In-Situ Raman Reactor 

 

4. ZnO:N Deposition Reactor Set-up 

The common method in the synthesis of ZnO:N is doping nitrogen into the lattice during the 

formation of ZnO.  For example, in the CVD method, Diethylzinc is used as a zinc precursor to 

generate Zn radical and then react with O to form ZnO.  Even though the decomposition of 

Diethylzinc is at low temperature, this process introduces its product, carbon into the film. In our 

previous ex-situ Raman experiments, we have found that carbon content may affect the donor 

behavior of the film.  This observation suggests that growth conditions should be controlled to 

avoid carbon into the film. The solubility of nitrogen in ZnO:N is limited by this process.  We 

designed two synthesis routes for ZnO:N to overcome the problem encountered in the traditional 

Front View Side View 
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CVD method.  We have finished the experiments set-up for physical vapor deposition of ZnO:N.  

A tube furnace is purchased from MTI Co.  Modification was made to avoid the tube cracking 

and enforce the process reproducibility and safety.  The set-up features vacuum, precise gas flow 

control, temperature control and ramping, wide range deposition temperatures (from 200~1200 

C).  The experimental set-up is shown in Figure 2. 

 
Figure 2. Reactor for ZnO:N Deposition 

 

Future Plans 

Our future plans will be 

(1) ZnO:N will be synthesized and characterized.  A homogenous device will be made. 

(2) Perform the In-situ Raman Experiments 

The aim of the in-situ Raman is to investigate substrate temperature, NO flow rate, and 

different nitrogen precursor effects on the electrical properties of nitrogen doped ZnO 

through an in-situ Raman study. Investigating the correlations between growth conditions 

and film properties will reveal new insights into controlling the electrical properties of 

ZnO:N, and will provide significant guidelines for p-type ZnO:N growth. 
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(3) Both room temperature and temperature dependent Hall effect measurements will be used 

to identify film conductivity type, shallow level defect and free carrier concentrations and 

mobilities. 

(4) DLTS will be used investigate the deep level defects that are related to residual impurities 

or point defects. 

(5) The electron irradiation is used to investigate the origin of the traps in ZnO:N by creating 

defects with high-energy electron irradiation. 
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Luminescence, Structure, and Growth of Wide-Bandgap InGaN Semiconductors 

S. R. Lee, D. D. Koleske, M. H. Crawford, G. Thaler, D. M. Follstaedt, and N. A. Missert 
Sandia National Laboratories, P. O. Box 5800, Albuquerque, NM 87185-1086 

Email contact:  srlee@sandia.gov 

Program Scope 
Wurtzite-structure III-nitride alloys of InN, GaN, and AlN exhibit unusual optoelectronic and structural 

properties unlike those of well-known cubic-structure semiconducting alloys such as SiGe, InGaAs, and InGaP.  
Chief among these properties is the unique ability of InGaAlN alloys to span an unprecedented range of direct 
bandgaps that reach from the infrared (InN), to the visible (InGaN), upwards into the ultraviolet (AlN).  These wide-
bandgap alloys enable diverse new technologies important to solid-state lighting, remote sensing of chemical and 
biological agents, and perhaps even quantum computing.  Yet, the high lattice mismatch, the immiscibility, and the 
widely varying thermal stability of the III-nitride alloys make their synthesis almost as challenging as their promise. 

Because their synthesis is in fact demanding, as-grown III-nitride materials often contain extended defects like 
dislocations or v-defects, as well as various point defects or impurity complexes, not to mention possible carrier-
localizing compositional inhomogeneities.  This complex microstructure strongly alters the underlying intrinsic 
properties of these materials.  Then again, these intrinsic properties are in themselves distinctive.  For example, the 
wurtzite structure, the large piezoelectric coefficients, and the high lattice mismatch of III-nitride heterostructures 
combine to produce enormous piezoelectric fields that fundamentally alter bandstructure via the quantum-confined 
Stark effect (QCSE).  Moreover, compared to cubic alloys, the wurtzite structure of the III-nitrides modifies both the 
elastic properties and the dislocation slip systems available for relaxation of the high-lattice-mismatch strains. 

Against this remarkable backdrop, we seek improved understanding of the luminescence mechanisms that 
operate in InGaN alloys.  Our approach combines complementary optical and structural characterization studies with 
unique experimental designs based on novel heterostructures and tailored materials growth.  This approach attempts 
to isolate specific processes, structures, or defects in order to improve our understanding of the mechanisms that link 
epitaxial growth, materials structure, and luminescence pathways in these alloys.  These studies help to provide the 
fundamental knowledge needed to make energy-efficient solid-state white lighting a practical reality.  Such a reality 
could ultimately reduce American energy expenditures for lighting by as much as $30 billion/year. 

Recent Progress 
Mechanisms for Enhanced Quantum Efficiency of InGaN Quantum Wells Grown on InGaN Underlayers 

The luminescence efficiency of InGaN multi-quantum well (MQW) structures has been found to depend on a 
number of factors and is, to date, not well understood.  Recently, a striking phenomenon has been observed, namely 
a greater than 3X enhancement of internal quantum efficiency of InGaN MQWs with the addition of a lower-
growth-temperature InGaN epilayer between the MQWs and the higher growth temperature GaN template layer.1,2  
This deceptively simple structural change has the potential to remotely influence a number of properties that are 
thought to impact QW luminescence including compositional fluctuations, point and extended defect populations, 
and materials microstructure.  In addition, these low-growth-temperature layers have been shown to nucleate v-
defects that have been proposed to play a significant role in avoiding non-radiative recombination by producing a 
potential-energy barrier around threading dislocations.3,4  The present work seeks to clarify the mechanisms that 
enable luminescence enhancement in InGaN QW-on-underlayer structures.  Our studies go beyond previous reports 
to include analysis of underlayers over a range of indium compositions and layer thicknesses, as well as underlayers 
grown at different temperatures to directly control the formation of v-defects. 

Our spectroscopic and structural studies focused on InGaN MQW heterostructures emitting at ~450 nm and 
grown by metal-organic vapor phase epitaxy (MOVPE) on two types of underlayers: (a) 200-nm-thick InGaN 
underlayers (Tg = 790ºC) with indium compositions ranging from 0 to 9% and (b) 200-nm-thick underlayers with 
indium composition fixed at 2% but grown at either 790ºC or 880ºC to enable direct comparisons of samples with or 
without v-defects.  In the underlayer composition study, we further included “hybrid” underlayers composed of 
GaN/InGaN bilayer structures.  Transmission electron microscopy (TEM) and high-angle annular detector dark-field 
STEM were employed to evaluate dislocation types at v-defects and to characterize QWs on the sidewalls of the v-
defects.  Time-resolved and temperature-dependent photoluminescence (PL) studies were conducted to evaluate 
radiative and non-radiative recombination processes and internal quantum efficiencies.  Scanning 
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Figure 1.  Internal quantum efficiency for InGaN QWs 
with different composition underlayers (ULs).  The 
hybrid underlayer is a bilayer that includes 20 nm of 
In0.018Ga0.982N on top of 180 nm of low-temperature GaN.

cathodoluminescence (CL) enabled direct spatial imaging of 
luminescence with ~50 nm resolution, and these 
luminescence maps were correlated with secondary-electron 
and atomic-force-microscopy (AFM) images. 

Our studies reveal the critical importance that 
underlayer composition has for producing intense light 
emission.  In Figure 1, we show internal quantum 
efficiencies (IQE) of InGaN QWs as a function of 
underlayer indium composition.  Here, the IQE is 
determined from the ratio of PL intensity at 300K versus 4K 
under “resonant" excitation conditions (415 nm) where the 
QWs are selectively pumped.  We see that the addition of 
only 2.5% indium enables almost 7X enhancement of IQE 
over low-temperature GaN underlayers, with relatively little 
change for higher indium compositions.  Notably, even a 
very thin InGaN underlayer (20 nm) on a GaN underlayer 
(“Hybrid UL” in Fig. 1) promotes significant IQE 
improvements.  Results of Arrhenius modeling will be 
presented to elucidate PL quenching mechanisms as a function of underlayer composition and thickness. 

In further studies, temperature-dependent PL of structures with different underlayer growth temperatures 
demonstrated that equal IQE enhancement can be achieved with and without v-defects.  These results are significant 
because they indicate that the decoration of threading dislocations by v-defects is not the dominant mechanism for 
PL enhancement, contrary to recent prominent claims.4  CL images will be presented to further reveal submicron-
scale modifications to luminescence in the presence of v-defects and as a function of underlayer composition.  
Analysis of these and other data will be presented to support our hypothesis that alteration of point-defect 
populations is a likely mechanism for PL enhancement in InGaN QW-on-underlayer samples. 

AFM Studies of the Surface-Step Morphology of InGaN/GaN Heterostructures 
Despite the high density of dislocations in GaN epitaxial layers grown on sapphire, InGaN-based light-emitting 

devices (LEDs) grown on these GaN layers are surprisingly bright and efficient.  Several theories have been 
proposed to explain this efficient light emission. 4-8  While important details of these theories vary, a unifying theme 
is the existence of carrier localization or potential barriers that prevent non-radiative recombination at dislocations or 
other defects.  One theory of growing interest proposes that small fluctuations in the thickness of InGaN QWs may 
interact with the large piezoelectric field of the highly strained QW to produce bandgap fluctuations strong enough 
to localize carriers at room temperature.7  This idea seems compelling considering both the tendency for InGaN 
surface roughening during growth on GaN,8 and the recent TEM observation of monolayer thickness fluctuations in 
InGaN/GaN MQWs,7 which appear to arise from irregular surface steps formed during growth of the InGaN QW. 

On the other hand, QW-thickness fluctuations might instead lower radiative efficiency by a competing effect 
whereby altered piezoelectric fields in the QWs concomitantly reduce the overlap of electron-hole wavefunctions.  
This reduced overlap in regions where the QWs are thicker may be one reason why smoother interfaces may be 
necessary for improving green-LED efficiency, as demonstrated by Wetzel.9  To improve understanding of the 
interaction between surface morphology, QW-thickness fluctuations, and these luminescence mechanisms, further 
studies of surface-step structure and surface morphology in InGaN/GaN heterostructures are needed. 

For this study, InGaN films were grown on GaN templates using MOVPE.  The GaN template films were on c-
plane sapphire oriented 0.2º toward the m-plane direction.  The surfaces of GaN templates grown on this sapphire 
orientation are dominated by single-monolayer step arrays oriented along the a-plane direction.  The change in this 
initial step morphology upon addition of indium to the heterolayer was studied by growing a series of green-emitting 
MQWs comprised of 3.3-nm-thick In0.20Ga0.80N QWs separated by 11-nm-thick GaN barrier layers, where the 
parameter varied in the series was the number of QWs in the heterostructure.  Following growth, the step 
morphology of the InGaN-terminated surface of each sample was measured by AFM.  Subsequent analysis of the 
AFM images yielded step positions, step heights, and the relative frequency of occurrence for steps of different 
heights.  The observed step heights cluster around integer multiples of c/2, where c is the wurtzite unit-cell height, 
and c/2 is the height change caused by adding one III-V compound monolayer to the surface. 

The resulting frequency distributions for the observed step-heights are shown in Fig. 2 for the initial GaN 
template and for heterostructures comprised of 1, 2, 3 and 7 pairs of GaN barrier layers and InGaN QW layers.  Note 
that as the number of QWs increases, the frequency of single-layer steps decreases and the frequency of multiple-
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Figure 2.  Step-height frequency distributions for various 
In0.20Ga0.80N/GaN QW heterostructures.  The step height 
is expressed as integer multiples of c/2.  The legend 
indicates the number of barrier-QW periods present in 
each heterostructure. 

layer steps increases, indicating an increased tendency to 
form step bunches upon the addition of InGaN QW layers.  
Note also that for heterostructures with more than 2 QWs, 
changes in the frequency distribution saturates, suggesting 
that the mechanisms that roughen and smooth the 
heterostucture’s surface are balanced by each other as 
further GaN-barrier/InGaN-QW layer pairs are added.  
Motivated by this observation, further experiments were 
performed where the growth temperature of the GaN-barrier 
layers was varied to investigate the competing influences of 
roughening, smoothening, and intermixing during MQW 
growth.  From yet other AFM studies of single QWs where 
indium composition was varied, we found that InGaN step 
bunching also tends to increase with indium composition, or 
equivalently, heterolayer strain. 

Future Plans 
In the near-term, we plan to continue ongoing studies 

of both the enhanced luminescence produced by InGaN 
underlayers and the surface-step morphology of InGaN/GaN 
heterostructures.  For our continuing underlayer work, we 
will seek to clarify the method by which a remote InGaN layer might alter the defect population and/or 
compositional uniformity of the QWs.  We specifically seek to identify whether the underlayer alters the growth 
mode, which could substantially modify the structural quality of overlying QW layers.  Alternatively, the underlayer 
might act as a trap or barrier to defect diffusion.  Specific sample designs to delineate these possibilities will include 
“overlayer” structures, where the low-growth-temperature InGaN layer is grown above (and subsequent to) the QWs 
and therefore does not alter the QW growth mode or create v-defects that interact with the QWs but still may enable 
defect trapping.  Additionally, buried underlayer structures, where the InGaN underlayer is followed by a low 
temperature or high temperature GaN layer before the standard QW structure, will be grown and studied.  These 
structures will serve to examine the extent to which the “remoteness” of these layers is a factor, potentially 
clarifying how the location of the InGaN underlayers may be altering the growth mode as well as compositional and 
defect properties of the QWs. 

For our continuing work on InGaN step morphology, we will compare our observed InGaN and GaN step-
height distributions to various existing theories10-13 describing step-bunching and morphological instabilities.  The 
dependence of these theories on the growth rate, the surface-diffusion rate, and the magnitude and sign of the film 
stress may offer further opportunities to design experiments that test these theories for applicability to the step 
behavior found on wide-bandgap InAlGaN-alloy growth surfaces.  Further work will also examine the connection 
between observed step distributions and the optical properties of InGaN/GaN heterostructures, with an emphasis on 
possible linkages to resulting QW thickness fluctuations that may localize carriers. 

Recently, we have also begun new experiments in two additional areas.  The first of these two areas is the 
influence of growth temperature on luminescence efficiency.  Our interest in this topic stems from the fact that 
higher-indium-content InxGa1-xN alloys (x > 20%) that emit at green and longer wavelengths suffer from very low 
light-emission efficiency.  A challenge that limits present understanding of mechanisms behind this low internal 
quantum efficiency is the fact that lower growth temperatures (≤ 740ºC) must be employed to achieve the higher 
indium incorporation needed for light emission at these longer wavelengths.  It has also been shown for GaN and 
InGaN heterostructures that reduced growth temperatures alone may impair materials properties by promoting  
impurity incorporation and point-defect formation,14 indium compositional instability,15 indium-metal 
condensation,16 and transitions in the heteroepitaxial growth mode.17  These growth-temperature-induced effects are 
therefore likely to compete with the intrinsic properties of higher-indium-content alloys that might otherwise 
dominate the recombination processes, such as strain-induced piezoelectric fields in InGaN/GaN QW structures 
grown on the polar basal plane of GaN.  The goal of these emerging experiments is to develop materials-synthesis 
strategies, heterostructure designs, and characterization methods that isolate growth-temperature-related defectivity 
in InGaN alloys from separate intrinsic effects arising solely from concomitant variations in alloy composition. 

The second new area of study is the thermal stability of InGaN.  Our interest here stems from the inherent 
limitations placed on heterostructure growth and processing by the intrinsic thermal instability of InGaN alloys, 
which thermodynamically prefer to revert to indium metal and N2 gas at the elevated temperatures and near-
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atmospheric pressures typically used to process InGaN alloys.  In these studies we plan to grow by MOVPE both 
InGaN quantum wells and thicker InGaN single heterolayers of various compositions.  The as-grown samples will 
be subjected to both isochronal and isothermal annealing studies where evolution of the structural and optical 
properties will be characterized as a function of the annealing conditions.  Subsequent analysis of the resultant 
annealing data will allow us to extract both the activation energy and the order of the reaction-rate kinetics, thereby 
providing insight into the basic mechanisms underlying decomposition of these alloys at high temperature. 

In the longer term, additional studies may turn to strain-limited indium incorporation and related strain-
relaxation processes in InGaN/GaN heterostructures, as well as alternative methods for characterizing threading 
dislocations in III-nitride heterostructures.  Plans for these longer-term possibilities, along with more detailed plans 
regarding the ongoing and newly started studies summarized above, are documented in our regular FWP submittals 
to BES/DOE. 
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Program Scope 
This program studies the basic relationships between structure and properties of superconductors to 

provide understanding of fundamental materials science and physics required for their energy 
applications.  It encompasses investigations of physical properties, nanostructure, basic mechanisms, and 
electronic states. Correlated electronic materials, which have a wide range of superconducting, magnetic, 
and emergent high thermoelectric behavior, are being made to understand the effect of competing orders, 
chemical doping, interface, and structure defects on superconducting properties. Both equilibrium and 
non-equilibrium synthesis route are used to explore a broad phase space of superconductors and to 
enhance the properties of superconducting materials.  
 
Introduction 

Superconductors offer powerful opportunities for restoring the reliability of the power grid and 
increasing its capacity and efficiency. Superconductivity itself is a profound example of correlated 
electron behavior. The basic understanding of superconductivity and superconducting materials has 
contributed to the growth of knowledge in other basic energy research areas, such as high thermoelectric 
power in complex oxides[1][2], spin transport, electronic behavior in low dimensions. Although present 
high temperature superconductor (HTS) technology can be deployed for some of the grid functions, 
significant barriers remain to achieving the full potential of superconductivity for transforming the power 
grid. Bridging the gaps in performance improvement of superconductors and identifying the limiting 
factors requires a fundamental understanding of the microscopic origin of superconducting behavior.  

 

The two most important superconducting properties are transition temperature (critical temperature 
Tc) and current-carrying capability measured by critical current density Jc, because they determine the 
limits to practical applications. Tc is related to the mechanism of superconductivity. Significant progress 
has been made in the past two decades. However, an acceptable understanding of the underlying 
principles of high-temperature superconductivity is still lacking. The grand challenge here is the need to 
understand the mechanism of HTS, which is the ultimate driving force in our attempt to discover new 
superconductors by design, rather than by serendipity. In contrast to the quantity Tc, Jc is governed by 
vortex pinning strength, which is determined by the ability of defects in superconductors to pin the 
superconducting vortices carrying the magnetic flux. Although several recently proposed strategies have 
shown progress in enhancing flux pinning, the fundamental flux pinning mechanism in HTS remains 
controversial. 

 

This research program emphasizes improvement in both the critical temperature Tc and the critical 
current density Jc by capitalizing on advanced synthesis and characterization capabilities, and unique 
opportunities for synergistic collaborations at Brookhaven National Laboratory. Our research activities 
seek advancement by achieving a broad understanding (1) the response of high temperature 
superconductivity to competing order parameters, doping, and interfaces, and (2) the response and control 
of Jc in HTS by defect tuning. 

 
Recent Progress (primary accomplishments in 2005-2007) 

The measurements of anisotropic transport and magnetization properties of La2−xBaxCuO4 (LBCO) for 
x = 1/8 revealed dynamic layer decoupling of the CuO2 planes, as shown in Fig. 1. A state of 2D 
fluctuating superconductivity (SC) with enhanced Tc was observed for the first time. We found 
compelling evidence that the dominant impact of the stripe ordering is to electronically decouple the 
CuO2 planes. The charge-ordering transition, at Tco, is correlated with a rapid increase in the anisotropy 
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between the resistivity along the c-axis, ρc, and that 
parallel to the CuO2 planes, ρab. At the spin-ordering 
temperature, Tso, there is a sharp drop in ρab by an order 
of magnitude; we label the latter magnetic-field-
dependent transition as Tc

2D. Below Tc
2D, ρab(T) follows 

the temperature dependence predicted for a 2D 
superconductor above the Berezinskii-Kosterlitz-
Thouless (BKT) transition temperature TBKT. This 
state also exhibits weak, anisotropic diamagnetism and a 
thermopower very close to zero. Below the nominal 
TBKT(~16 K), we observed nonlinear voltage-current (V-
I) behavior consistent with expectations for a 2D 
superconductor. We concluded that charge 
inhomogeneity and 1D correlations are good for pairing 
in the CuO2 planes. It appears that the stripe order in 
La1.875Ba0.125CuO4 frustrates 3D superconducting phase 
order, but is fully compatible with 2D superconductivity and an enhanced Tc [3]. 
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Fig. 1. Experimental phase diagram for
La1875Ba0.125CuO4. The transition lines for charge
order, spin order, and the boundaries labeled Tc

2D

BKT and T are described in the text. 

 

Measurements of the electrical resistivity of single crystal La2−xBaxCuO4 x = 1/8 were coordinated 
with measurements over a wide frequency and temperature range of the ab-plane optical properties of a 
cleaved single crystal. We found that the dc and low-frequency conductivity is Drude-like and shows a 
metallic response with decreasing temperature. However, below ~ 60 K, corresponding to the onset of 
charge-stripe order, there is a rapid loss of spectral weight below about 40 meV, resulting in a major 
reduction in the number of free carriers. This suggests a partial gapping of the Fermi surface. 
Surprisingly, the sample is still metallic and becomes a superconductor at low temperature. This is a 
striking example of how charge and spin stripe order, metallic behavior and superconductivity can exist in 

the same material [4]. 

 
 

Fig. 2. MOI images of flux penetration
patterns in zero-field-cooled YBCO
films at 4.2 K under an applied
perpendicular field 0.1 T: (a) The PLD-
made film patterned into a stripe (edge
indicated by arrows), has defect size s ~
ξ; (b) The BaF2 processed film patterned
into a circular disk 5.3 mm, has defects
size s >> ξ. 

 

Magnetic flux front and induction contours in 

superconducting YBCO films with defect size s ~ ξ 
(superconducting coherence length) and s >> ξ were studied 
by the magneto-optical imaging (MOI) technique[5].  They 
exhibit remarkably different patterns (Fig. 2). Robust self-
affine spatial correlation was observed using scaling analysis 
in the small pinning-dominated (s ~ ξ) disordered films 
prepared by pulsed laser deposition (PLD). The roughness 
exponent α was determined to be ~ 0.66, independent of the 
number of defects (or film thickness). When the disorder 
landscape also included a distribution of large defects (s >> ξ ) 
as in the BaF2 ex-situ processed films, the flux front and 
induction contours exhibited self-similarity, with a fractal 
dimension D determined to be ~ 1.33 using the box-counting 
method. This study suggests that different fractal behavior 
manifests the multiple aspects of the self-organized criticality 
at different length scales in flux pattern formation. Through 
tuning the relative disorder length scale, flux pattern formation 
offers a new way to explore the nature of flux pinning in 
superconductors, as well as the general self-organized 
criticality in quenched disordered systems [6][7]. 

 

Effects of stacking and of magnetic substrates on ac 
(hysteresis) losses of octagonal disks of a YBa2Cu3O7 (YBCO) 
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layer on Ni-5 at.% W substrate were measured as a function of perpendicular ac magnetic fields at 20 Hz 
in liquid nitrogen.  The losses varied inversely proportional to the number of the disks. Magnetic 
substrates sandwiching the YBCO film reduced the losses of a disk at low magnetic fields. At low fields, 
the losses depended on the ac magnetic field amplitude B and film thickness t as ~B3/t rather than the 
~B4/t3 expected for a superconducting film on a nonmagnetic substrate. At high fields, the losses were 
independent of the stacking and of the magnetic substrate. The basic principle for the loss reduction is a 
decrease in the curvature of the flux lines [8].  

 

We observed a record high Jc-w(H) by 
combining strong,  isotropic flux pinning with 
high Tc in a 3-µm-thick YBCO film. Strong 
isotropic flux pinning was observed for the first 
time in strong anisotropic HTS at liquid nitrogen 
temperature. We found that, at H < 3T, Jc(H) was 
nearly independent of the angle θ between the 
field direction and the normal to the tape plane, 
indicating the presence of not only strong but also 
isotropic magnetic-flux pinning centers in the film 
(Fig. 3). The very weak angular dependence of Jc 
around c-axis indicates that the pinning centers in 
record high-Jc YBCO thick films are nearly 
isotropic and are not correlated to a particular 
direction or alignment.  Key features of these 
improved samples are meandering grain 
boundaries and a very high number of defects.   
Interestingly, Tc is also higher in these films than 
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Fig. 3. Jc−w(µ0H, θ) at µ0H = 1 to 7 T plotted as a
function of the angle θ between the c-axis of the film
and the direction of the applied field. Note the
practically isotropic behavior of J in fields below 3 T.
in other films with strong pinning [9][10].  
 

Studies of structure, heat capacity, and transmission electron microscopy with electron energy loss 
pectroscopy (EELS) were coordinated to probe the changes in superconductivity in MgB2 when the Mg 
toms are progressively replaced by Al.  We obtained the first direct evidence for the filling of the hole 
tates in the planar σ band, crucial for the high Tc in pure MgB2, by the extra electrons donated by Al.  
et, other property measurements indicated that superconductivity was not destroyed when there was 

ufficient Al to fill all of the hole states, but it persisted to much higher levels of Al doping.  Using a two-
and model of superconductivity, fits to the heat capacity data indicated that it is the π band that survives 
n the heavily doped regime, which is an inversion of the hierarchy of the bands in pure MgB2 [11][12]. 

uture Plans  
The future research activities will include performing the synthesis and characterization of 

uperconducting property within our group, and extending the work in collaboration with other groups in 
he Condensed Matter Physics and Materials Science Department to provide spectroscopic studies of the 
lectronic states, magnetic correlations, and analytical TEM studies of the local electronic states and 
anostructure. Such a multi-pronged experimental approach will allow us to address the key science 
ssues ranging from the macroscopic to the atomic level. The response of the electronic structure and 
ransport properties to the competing orders, doping, structural defects and interface will be the main 
ocus of our program. The followings are several key science issues that will be adressed directly. 

 

nterplay of superconductivity and diluted stripes 
The superconducting phase in HTS is just one of several competing electronic phases (e.g., 

agnetically ordered insulating phase and pseudo-gap phase) that may be used as new “knobs” to “tune” 
he performance of superconductors. Here, we propose to extend our current LBCO work to compositions 
 ≠ 1/8 and investigate the impact of the diluted stripes on superconductivity. For x ≠ 1/8, there is a 

66



tendency to develop discommensurations in stripe order, which, in turn, produce regions of enhanced (or 
depressed) superconducting order. As long as the stripes are dilute, the energy depends weakly on the 
precise spacing. Thus, to gain interlayer condensation energy, the system can self-organize. This leads to 
a rapid suppression of the 2D regime and a dramatic increase of the 3D superconducting Tc. We will 
perform systematic transport measurements, which will be augmented by measurements of the electronic 
state using techniques such as angular resolved photoemission spectrocopy (APRES) and scanning 
tunneling microscopy (STM), and measurements of magnetic correlations with neutron scattering.  

 
Tuning the electronic anisotropy 

The early 2000s saw a paradigm shift to second generation (2G) wires based on YBCO that has 
several significant advantages over the 1G wire in current use. One of the primary advantages of YBCO is 
the possibility of in-field operation at 77 K. These advantages are inherent properties of the YBCO 
superconducting material, which, among all the HTS cuprates, shows the lowest intrinsic electronic 
anisotropy. Lower intrinsic anisotropy strengthens pinning, reduces vortex creep, and increase the vortex 
lattice shear rigidity. We propose to investigate how the electronic anisotropy of superconductors 
responds to the cation doping, such as Ca-doping in YBCO.  An important question to be answered here 
is how Ca-doping changes the local electronic structure of the CuO2 planes and CuO3 chains through 
coordinated measurements by direct transport and the EELS in an aberration-corrected scanning 
transmission electron microscope (STEM). With a probe size of ~ 1 Å, such an instrument is able to 
provide “column-by-column” spectroscopy. 
 

Interface induced superconductivity and thermoelectricity 
The perovskite oxide interface exhibits a plethora of exceptional properties, providing the basis for 

novel concepts for designing new types of superconductors, or enhancing the Tc of known 
superconducting materials. The proposed work will explore oxide heterostructures to understand materials 
interface aspects that control their superconducting behavior, as well as its relation to thermoelectricity. 
 

Vortex pinning and Jc in YBCO films 
In 2G YBCO coated conductors, the principal defects responsible for flux pinning are not understood, 

although many possible candidates have been suggested so far. Given the complexity of HTS, it is 
desirable to reduce the problem to the quantitative study of the effectiveness of specific defect types. 
Incorporating a second non-superconducting phase together with YBCO to increase flux pinning could be 
a path to higher current-carrying capacity. However, our recent studies [9] show single-phase films 
deposited at high growth rates also achieve record high Jc >3 MA/cm2, indicating that the baseline YBCO 
itself can support a high population of defects for good flux pinning. The goal of this part of the proposed 
research is to identify the defects that are the dominant pinning centers in these films, and the 
development of model systems in which a specific defect type can be introduced in a controlled way 
to enhance Jc. 
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Principle Investigators: A. Mascarenhas, W.E. McMahon, S.-H. Wei  
Mailing address: NREL 1617 Cole Blvd., Golden, CO 80401 
e-mail: angelo_mascarenhas@nrel.gov 
 
Program Scope: 

 

This research is directed at investigating the causes and consequences of ordering 
in semiconductor alloys. The understanding provided by research on semiconductor 
growth related instabilities such as spontaneous ordering and their optoelectronic 
consequences, serves to promote and advance the areas of fundamental materials science 
related to surface physics, epitaxial growth, and semiconductor materials physics. Uses of 
this phenomenon range from the ability to tune bandgap for a given lattice constant for 
multijunction solar cell applications, LEDs for solid-state lighting applications, to 
slowing down and storage of light. The research is multidisciplinary, combining 
experimental and theoretical efforts and involves collaborations with several universities 
and national laboratories. Additionally, it utilizes the DOE National Synchrotron facilities 
and the supercomputer resources at the NERSC facility. 
 
Recent Progress: Major Achievements 

 
1) Zero Thermal Expansion using Hybrid semiconductors 

 
Although inorganic-organic hybrid materials 

have been studied for decades, most previously studied 
hybrid materials, with few exceptions do not have long-
range order but have weak bonds between the organic 
and inorganic components. Recently, a new family of 
crystalline hybrid materials has been synthesized by our 
collaborators at Rutgers University. These hybrid 
structures which are based on conventional II-VI 
semiconductors (e.g., ZnTe and CdS) are spontaneously 
ordered nanostructures of inorganic slabs or wires 
interconnected or coordinated by organic molecules. 
Our early experimental investigations on a prototype            ZnTe(en)0.5 hybrid semiconductor 
system ZnTe(en)0.5 (en = ethylenediamine) which has a 3-D structure resembing well-
known inorganic monolayer superlattices like (GaP)1/(InP)1 revealed a few unique 
properties, e.g. a giant band gap tunability, with a range greater than 1.5 eV, and a 
strongly enhanced band edge free excitonic absorption. We have now demonstrated that 
this hybrid material which does not exhibit the typical “interlayer mixing” found in 
inorganic superlattices, shows uniaxial zero-thermal-expansion (ZTE) in a very broad 
temperature range (4K − 400K), and concurrently possesses superior electronic and 
optical properties (see ref. 1). The ZTE behavior is a result of compensation of 
contraction and expansion of different segments along the inorganic-organic stacking axis. 
This research suggests an alternative route to designing materials on a nanoscopic scale 
with ZTE or any desired positive or negative thermal expansion by assembling nano-
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scale units in an ordered manner, and may play a role in the design of future generations 
of electronics and optoelectronics that can withstand a wide range of temperatures.  
This work involved collaborations with multiple institutions: Rutgers University, Argonne's Advanced Photon Source, 
University of Arkansas and the University of Colorado at Boulder. 

 
2) Self assembled quantum coaxial cables for solar energy harvesting 
 

The recent surge in interest in self-assembled semiconductor nanowires is driven by the 
need to satisfy the critical requirement that for many practical applications the electron 
and hole conductivity should be retained for at least one dimension in order to inject or 
extract the carriers into or out from the nanostructures, while still being able to take 
advantage of novel physics phenomena associated with reduced dimensionality. This is 
achievable with nanowires but not dots. Although a large variety of group IV, III-V,and 
II-VI nanowires have been grown or synthesized and investigated, most efforts on core-
shell wires have focused on structures consisting of core and shell materials with type I 
band alignments (e.g., GaP-Ga2O3, GaN/AlGaN, CdSe/ZnS), where the shell provides 
either the conventional quantum confinement effect for both electrons and holes in the 
core) or the role of a protective cladding to reduce sensitivity to the core’s environment. 
In a conventional semiconductor, electrons and holes typically stay in the same region 
after photoexcitation, which is very desirable for certain applications e.g. light-emitting 
devices, where a maximized wavefunction overlap of the electron and hole yields a high 
radiative recombination rate. However, for a number of key renewable energy 
applications, including hydrogen generation via photoelectrochemical water splitting and 
dye-sensitized solar cells, efficient charge separation of the electron and hole after 
photoexcitation is instead highly preferred, but not readily available in the existing 
repertory of materials. We have now shown that “quantum coaxial cables”, core-shell 
semiconductor nanowires with large type II band alignments can be designed to provide 
this feature, together with a superior electronic conductivity, another critical feature for 
photoconversion devices to reach their ultimate efficiency limits (see ref. 3). In such 
nanowires, the electron and hole wavefunctions are naturally confined in the core and 
shell region, respectively, without the need for a barrier layer (the spacer) in between. 
Specifically, these core-shell nanowires (1) offer materials with optimized band structure 
and much better stability for water splitting, (2) enable solid-state dye sensitized solar 
cells (as opposed to the current liquid based cells), and (3) minimize the radiative 
recombination loss in the conventional solar cell as well as cover nearly the entire usable 
solar spectrum in one single ternary system (e.g., from <0.5 eV to >3.0 eV with GaN-
GaP).   
  
Work in progress and future plans 

 
1) Surfactant control of spontaneous ordering  
 

Surfactants are often used during the growth of semiconductor materials to improve the 
quality and characteristics of the resulting materials, but the exact mechanism is often 
unknown.  Because the ordering of GaInP is driven by a surface reconstruction with a 
two-atom periodicity, any surfactant which alters the surface construction can alter the 
ordering of the final GaInP film (which, in turn, alters its band gap).  Both Sb and Bi are 
known to disrupt the ordering process, and we have demonstrated theoretically how this 
can be explained for Sb by Sb adatom attachment at step edges.  Similar structures are 
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expected for Bi. We are currently testing this theory experimentally by imaging surface 
Sb and Bi using an STM (scanning tunneling microscope) attached to our growth 
chambers.  A complementary study will investigate the role of hydrogen on the same 
surfaces.  GaInP is known to order when grown by MOCVD (metalorganic chemical 
vapor deposition), but not when grown by MBE (molecular beam epitaxy.  The current 
explanation is that the surface reconstruction which promotes ordering requires surface 
passivation by hydrogen atoms, and these hydrogen atoms are prevalent in MOCVD 
growth but absent in MBE growth.  To better understand the role of hydrogen in GaInP 
ordering, we therefore plan to artificially introduce atomic hydrogen into an MBE 
chamber during growth using a hydrogen cracker.  Because of their value for III-V solar 
cell growth, these studies are being done in collaboration with the National Center for 
Photovoltaics III-V high-efficiency team.  The immediate practical interest in this work is 
that many existing and proposed III-V solar cell structures depend critically on tailoring 
the band gap of key layers by controlling the degree of ordering. 
 
 2) Orientational ordering of ferroelastic domain twins 
 

Our earlier experimental and theoretical investigations on the electronic and optical 
properties of a 1-D superlattice of ordered domain twins of GaInP2 had shown that at the 
interface of a single uniaxial domain twin (e.g., as formed in ordered GaInP alloys) 
ballistic electrons exhibit an interesting phenomenon of “total and negative refraction” 
(see ref. 2). Besides the linear stacking arrangement of domain twins into a 1-D 
superlattice, ordered domain twins can also be arranged into a 2-D lattice. Depending on 
the material paramters (e.g., the degree of anisotropy in dielectric constants or effective 
masses), the propagation of light or electrons in such 2-D orientationally ordered 
structures can be shown to form either spirals or closed loops. It is thus possible to use 
such material for significantly slowing down the propagation of light. We plan on using 
ferroelectric liquid crystals as a prototype model for experimentally designing such 
orientationally ordered lattices, and to experimentally measure the optical properties of 
these structures. 
 

3) Ferroelastic ordered domains: New materials for superlenses 
 

There has recently been a great deal of interest in metamaterials that exhibit negative 
refractive index, due to predictions that such materials will enable design of a ‘superlens’ 
that has no aberrations.  However, no such materials have been demonstrated in the 
optical frequency range, and the physical possibility of transparent negative-index 
materials has been seriously questioned.  Previously we demonstrated (see ref. 2) that 
negative refraction is also possible in a birefringent crystal twin of the type that occurs in 
an ordered GaInP orientational boundary.  Our current work shows that in two 
dimensions this refraction is accompanied by aberration-free imaging for the far-field, an 
implicit requirement of any superlens.  Our currently ongoing research suggests the use 
of birefringent ordered twin domain materials for some novel two-dimensional optical 
lenses with the potential of loss-less aberration-free imaging.   
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Program Scope 
 
This research is focused on developing a fundamental understanding of magnetic and optical 
phenomena in ferromagnetic zinc oxide (ZnO) nanoparticles. Ferromagnetic semiconductors have 
emerged as important materials for spintronic applications.1,2 In quantum computing devices, the 
spin states would be used to construct “qubits,” theoretically enabling the manipulation of huge 
amounts of data.3 For non-volatile memory storage applications, ferromagnetism is used to store 
data for extended periods of time.4 By manipulating spins, rather than charge, it is anticipated that 
more energy-efficient memory storage will be developed.5 Recent discoveries of ferromagnetic 
behavior in certain dilute magnetic semiconductors (DMSs) have led to increased interest in the 
development and studies of these materials.6 Semiconductors offer the possibility of optical 
devices such as spin light emitting diodes (spin-LEDs),7,8,9,10 spin-polarized solar cells, 11 and 
magneto-optical switches.12 The development of room-temperature ferromagnetic materials will 
be essential for the practical realization of these technologies. 
 
The use of nanoscale semiconductors provides several advantages over bulk materials. First, the 
electronic and optical properties can be tuned by varying the size of the nanocluster.13,14 Second, 
nanoclusters can be embedded in a matrix, which can be made into fibers or other technologically 
useful forms.15 Finally, by reducing the dimensions to the nanoscale, high storage densities may be 
achieved by addressing the spin states of single quantum dots.16 From a fundamental point of view, 
the study of nanoclusters provides insight into the mesoscopic regime between single molecules 
and bulk crystals. 
 
ZnO is a wide-bandgap semiconductor17 that has attracted tremendous interest as a blue light 
emitting material,18 a buffer layer for GaN-based devices,19 and a transparent conductor20 in solar 
cells.21 Theoretical work has predicted ferromagnetism above room temperature for Mn-doped 
ZnO (given a large hole concentration), 22  an important requirement for spintronic devices.  
Spurred by that prediction, research into ZnO crystals for spintronic applications is an active area 
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of experimental research.23 In addition to the potentially high Curie temperature (Tc), ZnO has 
numerous properties that are desirable for device applications, including low cost, environmental 
friendliness, and efficient light output. 
 
The experimental approach involves the following: 
 
• Synthesis of ZnO nanoparticles with well-defined magnetic and structural properties. 
• Investigation of optical processes in ferromagnetic ZnO nanoparticles. 
• Characterization of defects in ZnO nanoparticles, in the bulk and on the surface. 
 
 
Recent Progress 
 
Synthesis of ZnO nanoparticles 
 
Nanoparticles were produced by the reaction of zinc acetate dihydrate [Zn(CH3COO)2.2H2O] with 
sodium hydrogen carbonate (NaHCO3) at 200 °C for 3 hours.  X-ray diffraction and transmission 
electron microscopy (TEM) results showed that the particles are 15-20 nm diameter with the 
hexagonal wurtzite structure (Fig. 1). The particles were pressed into 7 mm diameter pellets with a 
thickness of 0.25 mm. In our preliminary studies, Cu was used as a dopant because it is well 
characterized and is easy to incorporate subsitutionally into the ZnO lattice. For Cu-doped ZnO, a 
similar growth procedure was used as for undoped ZnO, except that the zinc acetate precursor was 
doped with copper acetate (~1% wt). Some of the pellets were sealed in a quartz ampoule filled 
with 2/3 atm hydrogen and annealed at 350 °C for 1 hour. 
 
Nanoparticles with diameters of ~5 nm were produced by a new kind of cluster beam source that 
combines improved magnetron sputtering with a gas aggregation tube, the so called 
sputtering-gas-aggregation source. In our preliminary work, oxygen gas was introduced into the 
aggregation chamber during processing. Zn atoms from a pure Zn target were oxidized, and 
uniform ZnO nanoparticles were formed. ZnO nanoparticle films with a thickness of ~1 μm were 
deposited onto Si substrates. 
 
 

  
 
Fig. 1. TEM image and X-ray diffraction pattern of ZnO nanoparticles. 
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Hydrogen in ZnO nanoparticles  
 
The effect of hydrogen on the conductivity of 
ZnO nanoparticles has implications for 
nanoscale optoelectronic devices. In this study, 
infrared (IR) reflectance spectra of as-grown and 
hydrogen-annealed ZnO nanoparticles were 
measured at near-normal incidence. The 
as-grown particles were electrically 
semi-insulating, and show reflectance spectra 
characteristic of insulating ionic crystals. 
Samples annealed in hydrogen showed a 
significant increase in electrical conductivity 
and free-carrier absorption. A difference was 
observed in the reststrahlen line shape of the 
conductive sample compared to that of the 
as-grown sample. The effective medium 
approximation was applied to model the 
reflectance and absorption spectra. The 
agreement between experimental results and the 
model suggests that the nanoparticles have 
inhomogeneous carrier concentrations.  
 
IR reflectance spectra are shown in Fig. 2 for an as-grown 
sample and a sample annealed in hydrogen. The 
reflectivity of the as-grown sample shows a sharp decrease 
in reflectivity (Rmin ≈ 0) near the longitudinal optical 
phonon frequency ωLO. This feature is a typical 
reststrahlen band reflection of semi-insulating ZnO.7 The 
hydrogen annealed sample exhibits a change in the 
reststrahlen line shape, and the disappearance of Rmin was 
observed.  The reflectance change is consistent with an 
increase in the free carrier concentration. To model the 
reflectance spectra, the dielectric function of ZnO was 
calculated by a classical Lorentz-Drude model.16 To obtain 
fits to the data (dotted lines), we had to assume an 
inhomogeneous distribution of doping among the 
nanoparticles. Some nanoparticles were heavily doped (n ~ 
1019 cm-3) while others were lightly doped (n ~ 1017 cm-3). 
 
Copper-doped ZnO nanoparticles 
 
To probe the electronic transitions of Cu2+ impurities in 
ZnO nanoparticles, IR transmission spectra were taken at 
liquid-helium temperatures. Two absorption peaks were 
observed at energies of 5781 and 5821 cm-1 (Fig. 3). These 
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Fig. 2. IR reflectance spectra of ZnO nanoparticles. 
The dotted lines denote the calculated spectra. 
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Fig. 3. IR spectra of ZnO:Cu 
nanoparticles (this work) and bulk 
crystal (Ref. 24). 
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absorption peaks arise from internal transitions of Cu2+ ions between the 2T level and two 
sublevels of the 2E state. Similar absorption lines were observed in bulk ZnO.24 However, the 
width of the absorption peaks in our nanoparticles is broader than that of bulk crystals, perhaps due 
to inhomogeneous strains and/or electric fields. 
 
Future Plans 
 
• Determine the origin of the broadening of Cu2+ electronic transitions in ZnO nanoparticles and 

investigate the Cu1+ lines. 
• Investigate Cu-H complexes by hydrogenating ZnO nanoparticles. Investigate local 

vibrational modes due to O-H bonding. 
• Extend our studies to other transition-metal dopants such as Co and Mn. 
• Systematically investigate the effect of quantum confinement on doped ZnO nanoparticles. 
 
Publications of DOE-sponsored research 
 
• W.M. Hlaing Oo, M.D. McCluskey, J. Huso, and L. Bergman, “Infrared and Raman 

spectroscopy,” J. Appl. Phys. 102, 043529:1-5 (2007). 
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Program Scope and Definition:  

 
We seek to explore hybrid inorganic-organic semiconductor media with an internal organization on the nanometer 

scale, as composite material structures which physically integrate crystalline III-nitrides and II-VI compounds, 
respectively, with selected organic semiconductors. The two approaches in this proposal include (1) layer-by-layer 

synthesis of colloidal II-VI quantum dot/organic structures by wet chemistry and, (2) the conformal UHV deposition 

of conjugated organic semiconductors unto the nitride nanostructures. The application tasks include facilitating 

electrical interconnects to nanostructures, as well as modifying the coupling between electronic and electromagnetic 

states. Scientific interest and promise arises from the fact that some of the basic physical attributes of III-nitride and 

(opto)electronically important organic materials are qualitatively as well as quantitatively quite different, such as 

carrier mobility which may differ by several orders of magnitude. Yet, the III-nitrides, II-VI compounds and 

selected organic semiconductors have large optical oscillator strengths, though a fundamental difference exists 

between the physical nature of the corresponding electronic excitations (extended Wannier and molecular Frenkel 

excitons, respectively). The contrasts, attributes, as well as limitations of each material system drive our intention to 

explore the basic science and physical properties of III-nitride/organic and II-VI/organic semiconductor 
heterostructures. The key question we wish to answer in the affirmative is: does material integration of inorganic 

and organic semiconductors, on the nanoscale, yield material synergy which leads into higher (opto)electronic 

performance of the joint “intercalated” material than the simple sum of its parts?  

 

Recent Progress: 1. Highly Efficient Resonance Energy Transfer in Ultrathin Organic-

Inorganic Semiconductor Hybrid Films 
 

1(a) Introduction. The possibility to grow tailored systems incorporating both inorganic and organic materials has 

implications in manipulating excitation transfer and exchange. In the strong coupling regime, the hybridization of 
the Frenkel exciton in organic materials and the Wannier-Mott excitons in inorganic materials could lead to some 

exciting linear and nonlinear optical properties of the hybrid material [1]; In the weak coupling regime, the efficient 

incoherent energy transfer between the 

organic and inorganic materials could 

facilitate the development of new 

optoelectronic devices with improved 

performance, in application areas such 

as light emitting devices [2], solar 

cells [3] and sensors [4], etc. 

Semiconductor colloidal II-VI 

quantum dots (QDs) with superior 
photostability and wavelength 

tunability as well as J-aggregate of 

specific molecular dyes with large 

absorption oscillator strength and 

delocalized Frenkel exciton states are 

two good examples in each category. 

We report the study of efficient resonant energy transfer in organic-inorganic hybrid thin films, in which 

alternating mono layers of QDs and J-aggregate of cyanine dyes are deposited by layer-by-layer (LBL) assembly. 

(a) (b) 

Figure 1: (a) Schematics of the hybrid film layer structures (b) AFM images of a monolayer of 

 QDs, a monolayer of J-aggregate, and the hybrid film II, respectively. 
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Furthermore, by properly choosing the size of the QDs, in turn their spectral emission wavelength, the 

donor/acceptor role of each species can be practically altered. 

 

1(b) Synthesis and morphological characterization of the hybrid films. The schematics of the LBL deposited 

hybrid thin film structure used in this study is illustrated in Fig 1(a). A monolayer J-aggregate of (5,6-dichloro-2-[3-

[5,6-dichloro-1-ethyl-3-(3-sulfopropyl)-2(3H)-benzimidazolidene]-1-propenyl]-1-ethyl-3-(3-sulfopropyl) 
benzimidazolium hydroxide, inner salt, sodium salt (TDBC) was sandwiched between two layers of CdSe-ZnS 

core/shell structured QDs of the chosen emission wavelengths. Monolayers of poly-(diallyldimethylammonium 

chloride) (PDDA) were used as the polyelectrolyte adhesion layer. The hybrid film was deposited by immersing a 

glass substrate into the aqueous solutions of each species in a dip-coating fashion, monolayer at a time. Two types of 

hybrid films were synthesized, one with QD emission wavelength centered at 548nm (referred to as film I) and the 

other with QD emission wavelength at 653nm (referred to as film II), with respect to the J-aggregate emission at 

594nm. 

AFM characterization results of the completed hybrid film (e.g. film II) are shown in Fig 1(b). Two additional 

LBL films containing a monolayer of QD and J-aggregate, respectively, were also characterized. As seen in Fig1(b), 

the LBL process was optimized so that the QD and J-aggregate could form a nearly complete monolayer while 

retaining a low surface roughness. 

1(c) Optical characterization. Steady-state photoluminescence (PL) spectroscopy characterizations of film I show 

that the QD emission was significantly quenched, with a simultaneous boost of the J-aggregate emission (Fig 2a). 

Time-resolved PL study probing at the QD emission wavelength confirmed the activation of a highly efficient 

nonradiative decay channel by energy transfer from QD to J-aggregate (Fig 2b). The overall energy transfer 

efficiency was calculated to be over 90%. 
In the case of film II, QD emission was enhanced by nearly 10 times upon excitation at the peak of J-aggregate 

absorption. Further characterization was carried out by photoluminescence excitation spectroscopy (PLE), in which 

a pronounced feature resemble the J-aggregate absorption band appeared on top of the QD PLE background (Figure 

2c). Quantitative analysis on PLE and absorption data of film II yielded energy transfer efficiency from J-aggregate 

to QD to be as much as >30%, despite the short radiative lifetime of J-aggregate. 

1(d) Conclusions. Highly efficient excitation energy transfer has been observed in semiconductor organic-inorganic 

hybrid thin film, enclosing colloidal QDs and cyanine dye J-aggregates. The energy transfer mechanism was found 

to be Föster-type in nature. These findings suggested the possibility of realizing a strongly coupled organic-

inorganic hybrid material in such a film structure upon further material improvement.  
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Figure 2 (a) PL spectra of hybrid film I, QD control and J-aggregate control films when excited at 350nm (b) 

Time-resolved PL traces of QDs in hybrid film I and control film (c) PLE spectrum of the hybrid film II probing 

at the QD emission peak wavelength of 653nm. 

(b) (c) (a) 

77



 

2. Nitride /Organic Hybrid Heterostructures for Photosensor Devices 

2(a) Introduction. As part of ongoing efforts to explore novel semiconductor materials and to improve the 

performance of GaN-based optoelectronic devices, n-GaN/organic semiconductor hybrid heterojunction devices 

have been investigated [1][2][3]. For nano-structured or nano-textured heterogeneous materials, such as high density 

arrays of InGaN crystalline nanowires, one key challenge is the implementation of electrical interfaces. Soft organic 

semiconductors which can be deposited conformally onto the 

underlying structures can be useful. We have studied the 

planar heterojunction composed of n-GaN and small molecule 

organics (Fig.3) to gain insight into the charge transport across 

these hybrid “nitride/organic” junctions. 

2(b). Photovoltaic effects in n-GaN/CuPc Heterostructures.  

We employed an n-type GaN film, within which a single 
InGaN quantum well inserted as a spectroscopic marker was 

separated from the film surface by a 6nm thin GaN cap layer 

(Si doped, n~11018/cm3 grown by MOCVD). On top of the 
pristine nitride surface, small molecule organic thin films typically less than 100nm thick were deposited using UHV 

thermal evaporation. These organic materials were carefully chosen so that ideally their LUMO-HOMO bands 

should line up approximately with the conduction and valence bands of GaN (Fig.4a). For solar-cell-type of 

application, CuPc(copper phthalocyanine), a widely used donor material for organic photovoltaic devices, was used 

as the organic component in our hybrid device. Fig.4.(b) shows the I-V characteristics of a fabricated Au/CuPc/n-

GaN/Ti/Al device structure with and without laser light illumination at 390nm wavelength. We see strong 

rectification characteristics with a relatively low turn-on voltage of 0.8V. The photocurrent spectrum under various 

reverse bias is shown in Fig.4(c). The spectra show photocurrent response at 390nm which corresponds to onset of 

the InGaN QW absorption wavelength, and broad photocurrent response centered around 650nm, due to absorption 

Fig. 3 Schematic of n-InGaN/organic planar junction test 

“device” structure (typical active area : 0.4 mm
2
) 

n-GaN

Sapphire substrate

Ti/Al
Organic layer (~500 Å)

Metal contact (Al, Pd, or Au)
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[ Hybrid device test structure ]

 Active area size ~ 0.52 mm2

 Ti/Al ohmic contact to n-GaN

(-) (+)

Fig3.(a) Photocurrent spectrum of InGaN/NPD device (b) Photocurrent multiplication gain with different light intensity with laser at 
390nm (c) Illumination of hole trap mechanism and  deep energy band bending schematics. 
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band of CuPc. Robust photocurrent response implies that e-h pairs generated in InGaN QW and Frenkel excitons 

generated in CuPc are able to transport to and across the heterojunction interface effectively. Voc was measured to be 

0.93V and Isc to be 0.2 A/cm2 with 390nm laser illumination at 18mW/cm2 power density. Estimated internal 

quantum efficiency at 390nm is around 50% and is approaching 100% with increasing reverse bias.  

2(c). Photoconductivity gain in n-GaN/NPD Heterostructures In a different photodetector configuration for the 

hybrid device, CuPc was replaced by α-NPD(N,N′-diphenyl-N,N′-bis(1-naphthyl)-1,1′-biphenyl-4,4″-diamine), 

which is a common hole-transport material in OLED devices. IV characteristics show strong rectification 

characteristics and higher series resistance attributed to the lower carrier mobility in α-NPD. Strong photocurrent 

response was detected at 380nm, corresponding to the onset of the InGaN absorption and there is no observable 

contribution from the α-NPD. Particularly, photocurrent gain was observed when the device is under reverse bias, 

which is strongly dependent on the optical power density (Gain=Power-0.65). This can be explained by trap-like states 

existing at the interface, possibly originated from imperfect Van del Waals bonding, and surface defects associated 

with the GaN/-NPD interface. As a result, holes generated at InGaN QW driven toward -NPD by the external 

field are trapped at the interface, leading to reinforcement of the electric field in -NPD.  Electron tunneling from 

the HOMO band of -NPD to the conduction band of GaN is likely to occur after the band bending reached certain 
threshold. Electron current flow persists while holes are trapped at the interface, i.e. the photocarrier gain effect. A 

hole-trapping picture is further supported by the slow transient optical response time (10ms at room temperature). 

2(d). Conclusion Charge and exciton transport mechanisms in GaN/-NPD and GaN/CuPc hybrid heterojunctions 
demonstrations were studied and show useful and contrasting behavior dependency on the organic materials used. 

GaN/CuPc devices enjoy evident ease in electron and hole transport across the interface and show robust 

photovoltaic response at both InGaN and CuPc absorption wavelength. On the other hand, GaN/-NPD device 
exhibits large photocurrent gain phenomenon likely due to hole trapping at the interface, indicating that the 

nitride/organic electronic interface is very sensitive to the type of organic material in use. These results may suggest 

the utility of organic/inorganic hybrid heterojunction device in novel photosensor applications. 
 

[1] Seth Coe, Wing-Keung Woo, Moungi Bawendi and Vladimir Bulovic, “Electroluminescence from single 

monolayers of nanocrystals in molecular organic devices”, Nature 420, 800 (2002) 
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Future Plans: 
Our longer term aspirations include exploiting the hybrid properties for applications, both such established areas as 

solid state lighting and photovoltaics, but also for entirely new innovative device concepts that might arise from the 

combination of joint electronic and optoelectronic properties from such material synergy. 
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Program Scope 
 Much recent attention has been given to the physical properties of graphene for its exotic electron 
transport 1 , 2 , 3  and potential technological advantages for high-speed electronics and gas sensor 
applications. 4 , 5  Graphene is a single planar sheet of sp2-bonded carbon atoms densely packed in a 
honeycomb crystal lattice, and is the building block of graphite, carbon nanotubes, C60, and other 
mesoscopic forms of carbon.6 In order to successfully understand the fundamental properties of graphene-
based structures and potentially implement graphene for various novel device applications, significant 
efforts have been devoted for developing methods to reliably synthesize ultrathin graphene films (1-5 
ML) supported on a solid substrate.7,8,9,10 Our project addresses key fundamental questions for graphene 
films synthesized on silicon-carbide (SiC) substrates. This synthesis method is based on removing the Si 
atoms from the surface of SiC through annealing, thereby leaving behind a graphene film 
(graphitization),3,8,9,11,12 and has a potential advantage of reliably synthesizing graphene films supported 
on semiconductor substrates that are also technologically-scalable. Currently, there is much scientific 
debate on the fundamental properties of the SiC-supported graphene films: the influence of the underlying 
substrate to their electronic structure13,14,15,16,17 and the film morphology to the carrier mobility.18 Through 
a thorough understanding of the synthesis process, thin film structures as well as the defects therein, and 
the transport properties, we plan to address these fundamental questions.   
 
Past Research Results and Recent Progress 
 Our research effort has been focusing on the fundamental properties of graphene films 
synthesized on SiC, particularly the electronic band structure and the film morphology. Here we present 
some of our recent accomplishments.   
 
Layer-dependent electronic structures of single layer and multilayer graphene 
 The dispersion relation of electrons (electronic band structure) is one of the fundamental aspects 
that determine the electronic properties of a material. We have studied the electronic band structure using 
angle resolved photoemission spectroscopy (ARPES), which is a direct probe to determine the valence 
band (occupied electronic structure) by simultaneously measuring the electron energy and momentum 
excited by photoemission process, thus determining the dispersion relation. This research provides 
invaluable insights into the electronic properties of graphene films.   
 As an aromatic molecule made of sp2 hybridized carbon atoms, the electronic structure of 
graphene is comprised of σ and π bonding orbitals and σ* and π* anti-bonding orbitals. Because of the 
unique crystal structure of graphene with two equivalent sublattices, π and π* bands, the highest occupied 
and the lowest unoccupied electronic states, respectively, converge to a point (called the Dirac-point, ED) 
at K and K’ points in the Brillouin zone. The unique structure of the π bands is reflected in their 
photoemission intensity patterns as a function of k|| displayed in Fig. 1, which exhibits linear dispersion 
near ED.   
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Fig. 1 (a) Photoemission images revealing the bandstructure of single layer graphene along high symmetry directions, Г-K-M-
Г.19 The blue dashed lines are scaled DFT bandstructure of a freestanding film.20 Inset shows the 2D Brillouin zone (BZ) of 
graphene. (b) and (c) Constant energy contours of graphene’s bandstructure at ED (EF-0.45eV) and below ED (EF-2eV), 
respectively, plotted as a function of the two parallel momentum directions, kx and ky.21  π and π* bands converge to a point at the 
corner of BZ at ED (b), and have finite size away from ED (c). The replica bands are due to scattering from 6√3×6√3 periodicity 
of the interface carbon-rich layer underneath the graphene layer.   
 
 The influence of the interlayer interaction to the graphene’s band structure is manifested in π and 
π* bands near ED. A systematic increase of the graphene film thickness by controlling the annealing 
condition for the graphitization process has revealed the layer-dependent electronic structures from single 
layer to multilayer graphene (Fig. 2). The number of π bands increases with the number of layers due to 
interlayer interaction, clearly seen away from ED, where the Coulomb potential of each layer does not 
play a major role.   

 

 
Fig. 2 (a-d) The π and π* bands near EF for 1 to 4 graphene layers, respectively. k|| = -1.703 Å-1 corresponds to the K point, the 
corner of the hexagonal Brillouin zone.19 The Г point is at k|| = 0 Å-1, while the M point is at -2.555 Å-1. The dashed lines are 
from a calculated tight binding bandstructure, with band parameters adjusted to reproduce measured bands. Red and orange lines 
are for Bernal-type (ABAB and ABAC) stackings, while blue lines are for rhombohedral-type stackings. The measured π bands 
are suppressed on one side of the BZ due to interference effects between the two equivalent sublattices.22  
 
Morphology of graphene films  
 We studied the growth morphology of graphene films using low energy electron microscopy 
(LEEM). Shown in Fig. 3 (a) is the morphology of a graphene film of ~2 layer thickness. The local 
distribution of the number of graphene layers can be identified by the image contrast and the electron 
reflectivity spectra shown in (b). To date, LEEM23,24 and Raman microscopy25 are the only reliable 
techniques reported that can determine the thickness of graphene films. We also demonstrated that the 
interface carbon-layer, which turns into graphene upon further annealing (see below), can be identified 
using LEEM. LEEM studies of the growth morphology of the graphene film and the interface carbon-
layer are expected to play key role in our future research on understanding of the graphitization process.   
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Fig. 3 (a) LEEM image of a graphene film on SiC(0001), recorded with the electron energy of Evac +4.88 eV and 8 μm field of 
view. (b) Image intensity as a function of electron energy (electron reflectivity spectra) for a section along the white dashed line 
in (a) is represented on a grey-scale, revealing features associated with areas of different reflectivity (brightness) in the image (a). 
The electron energy of (a) is indicated as the white dash-dot-dash line.  The numbers superimposed in (a) and (b) correspond to 
the number of graphene layers.  (c) Electron reflectivity spectra of five representative regions with corresponding number of 
layers, where 0ML denotes the interface carbon-layer.23  
 
Future Plans 
 Building upon our previous graphene materials research experiences, we plan to develop a 
synergistic experimental/theory graphene research effort at Sandia National Labs focusing on the 
fundamental questions for the synthesis process, thin film structures as well as the defects therein, and the 
transport properties. The formation of graphene films on SiC is illustrated in Fig. 4. Prior to graphene 
formation, a SiC surface is initially covered with an interface carbon-layer through annealing as shown in 
the first step. By further annealing, this interface carbon layer is converted to graphene by forming a new 
interface carbon-layer underneath. It was recently shown that the surface roughening during the formation 
of the interface carbon-layer is responsible for the resulting morphology of graphene films.26 Furthermore, 
a transport study of graphene films synthesized by the graphitization process attributed the limited 
mobility to their rough morphology.18 A detailed understanding of the graphitization process including 
nucleation and growth of the interface carbon-layer is needed for synthesizing the large-area graphene 
films. The availability of improved ultrathin graphene films and graphene nanostructures, such as 
nanoribbons, will help Sandia further the understanding of graphene’s fundamental electronic properties 
based upon the Dirac formulation of quantum mechanics, rather than the more typical Schrodinger 
formulation useful for understanding other semiconductor materials systems.  These efforts will also help 
provide a better understanding for understanding graphene’s potentially high mobility (~200,000 cm2/Vs), 
its relatively temperature insensitive Quantum Hall Effect characteristics, the controllable manipulation of 
the band structure of more complex graphene-based systems, and the potential exploitation of graphene as 
a useful condensed matter testing ground for interesting aspects of QED. 

 

 
Fig. 4 Schematic illustrations of the sequence of graphene formation on SiC(0001) (Si-face).   
 
Upon successful development of the synthesis of graphene films, we plan to explore fundamental 
properties of graphene films on SiC, specifically atomic and electronic structures at point defects, edges, 
and molecular adsorption sites. We will investigate the feasibility of novel hybrid characterization 
approaches vital for supporting fundamental studies of the graphene system, as well as other electronic 
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nanomaterials. A unique nature of graphene’s defects has been predicted and explored.27 Exploiting the 
microfabrication capabilities at Sandia Labs, the influence of defects and molecular adsorption on the 
electron transport of nanostructured graphene films will be studied.  The fundamental understanding of 
the defects and molecular adsorption will provide important insights towards the development of 
graphene-based, high-speed electronics and gas sensors applications.  
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Program Scope 

Hetero-junctions of boron nitride nanotubes (BNNTs) and carbon nanotubes (CNTs) are 
expected to have appealing properties that are not available from pure BNNTs and CNTs. The 
growth of BNNT/CNT junctions was hindered by the absent of a common growth technique for 
both types of nanotubes. Recently, we have succeeded for the first time to grow pure BNNTs 
directly on substrates by plasma-enhance pulsed-laser deposition (PE-PLD) and thermal 
chemical vapor deposition (CVD). Since we have previously reported on the growth of CNTs by 
these techniques, a common route for growing BNNTs and CNTs on substrates is thus obtained. 
Based on this unique capability, a thorough research plan is proposed here for exploring the basic 
growth mechanism and fundamental physical properties of BNNT/CNT junctions. 
 

We aim to establish basic knowledge for growing these hetero-junctions with desired 
segments of BNNTs and CNTs and thus tunable band structures and properties. Their structural, 
compositional, electronic, photonic/optical, magnetic, and spintronic properties will be 
characterized. Isolated and superlattices of these BNNT/CNT junctions are expected to have 
multiple functions, which is important for energy efficient device fabrications and applications. 
Every device fabricated from these junctions will be potentially useful for more than one type of 
application at a nanoscale. This project will also strengthen our collaboration with DOE 
Nanoscale Science Research Centers including the Center for Nanophase Materials Sciences 
(CNMS) at Oak Ridge National Laboratory, and the Center for Integrated Nanotechnologies 
(CINT) at Sandia National Laboratories and Los Alamos National Laboratory. 
 
Motivation 

Theoretical studies indicate that BNNTs/CNTs junctions [1, 2] and h-BN/graphite sheets 
[3, 4] are energetically stable. Calculation shown that energy required for an N atom (or B atom) 
to exchange with a C atom at a BNNT/CNT junction is rather large (2.1 and 2.0 eV, 
respectively). Such a large “inter-diffusion” energy indicates that abrupt interfaces are 
energetically favored. Various configurations of such BNNT/CNT nanotubular junctions have 
been evaluated. Some of the conclusions are summarized as follows: 
 

1. BNNT/CNT junctions are energetically stable either in the armchair or the zigzag 
configurations as shown in Figure 1. 

 
2. Zigzag BNNT/CNT junctions (Figure 1a) are junctions of insulators/semiconductors. 

They posses flat band structures and tunable direct band gaps (~0.5 to 2.0 eV). Thus these 
BNNT/CNT junctions can be used as nanoferromagnetic materials, spintronic and 
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tunable photonic/optical devices etc.. This is applicable only for single wall BNNT/CNT 
junctions since multiwalled CNTs is not semiconductors. 

 
3. Armchair BNNT/CNT junctions (Figure 1b) are insulator/semimetal junctions with direct 

band gap and can form Schottky barrier devices, diodes, and quantum dots etc. [1]. This 
will be applicable for both single and multiwalled BNNT/CNT junctions that have the 
semimetallic CNT segments. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic representations of (a) Zigzag (10, 0) and (b) armchair (6,6) BNNT/CNT 
junctions (modified from reference 1). The zigzag and armchair patterns are schematically 
drawn at the junctions in red. Carbon atoms are in gray circles (bottom sections). Large white 
and small black circles are, respectively, B and N atoms (top sections). 
 
Recent Progress 
 We have established the capability in controlling the number of graphene shells on CNTs 
by thermal CVD. These CNTs can be grown vertically aligned with multiwalled [5, 6], single- 
and double- walled [7] structures as shown in Figure 2. This capability will enable our attempts 
in growing single wall BNNT/CNT junctions. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. (a) Vertical arrays of carbon nanotubes can be grown as (b) singe-, (c) double-, and (d) 
multi- walled structures at MTU. 
 
 We have previously succeeded for the first time in growing BNNTs on substrates at 
desired locations and orientations by PE-PLD at significantly low temperatures (600 °C) [8]. We 
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have also achieved effective growth of BNNTs by thermal CVD [9]. As shown in Figure 3a, 
clean and long BNNTs with diameters 20-100 nm can be obtained. Raman spectra (Figure 3b) 
and electron energy loss spectroscopy (EELS, not shown) indicate that these are pure BNNTs 
with high structural order as confirmed by transmission electron microscopy (Figure 3c).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. (a) SEM images, (b) Raman spectra, and (c and d) TEM images of BNNTs grown by 
Thermal CVD at MTU. 
  

By combining our capabilities in growth both CNTs and BNNTs, we have succeeded for 
the first time in growing BNNT/CNT junctions as shown in Figure 4. This was achieved during 
the first year of the project. As shown, two types of BNNT/CNT junctions were obtained, i) 
branching junctions (Figure 4a), and ii) co-axial junctions (Figure 4b). For the branching 
structures, CNTs are branching out from a BNNT. On the other hand, the junctions of the co-
axial structures are highlighted in circles. This is the first success on the growth of these novel 
BNNT/CNT junctions. All these junctions are having multiwalled structures. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. SEM images of (a) branching, and (b) co-axial BNNT/CNT junctions grown at 
Michigan Tech.  
 
Summary and Future Plans 
 Promising preliminary data were obtained on the growth of novel BNNT/CNT junctions 
during the first year of the project. We will continue to understand the growth mechanism of 
these BNNT/CNT junctions. We are currently exploring the growth of BNNT/CNT junctions 
with controllable diameters, which will lead toward the formation of single wall junctions. The 
structural and electronic properties of these junctions are currently under investigation. 
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Program Scope 
This program strives to create, characterize, and understand 
thin film oxide heterostructures that exhibit novel ionic, 
electronic, or mixed conduction properties. By exploiting 
proximity effects induced by heterointerfaces through space 
charge, elastic strain, and interfacial atomic structure, we 
are creating new materials with properties currently 
unattainable in bulk structures. These proximity effects are 
systematically varied by judiciously selecting cation 
species with desired size and valence for each atomic 
plane, and are amplified in heterostructures when, as 
shown in Fig. 1, layer spacings are reduced below distances 
where electronic charges strongly interact or strain-fields 
overlap. 

Our emphasis is on two-phase nanocomposite 
heterostructures that phase-separate during growth to form 
single-crystal epitaxially-strained nanolamellae, 
nanopillars, or nanodots. These nanostructures, which have 
specific size distributions, dimensionalities, and 
morphologies, are embedded in single-crystal thin film 
matrices. The complex oxide materials that form the 
building blocks of these heterostructures include 
combinations of fast ion conductors such as fluorite-
structured oxides (e.g., cubic-ZrO2) and pyrochlores (e.g., 

Nd2Zr2O7), good electronic conductors, including ZnO and 
bixbyite-structured oxides (e.g., Sn-doped In2O3), and bulk 
insulators such as MgO and oxide spinels (e.g., MgAl2O4). 
We will also investigate layered oxide systems, such as 
Ca3Co4O9, that are comprised of naturally formed 
nanoblocks, each with their own unique conduction 
properties. 

We employ in-situ x-ray scattering and spectroscopy 
during oxide heterostructure synthesis to improve 
deposition control and better understand the growth 
process. Our synthetically engineered heterostructures are 
assembled by atomic layer deposition (ALD), metal-
organic chemical vapor deposition (MOCVD), sputter 
deposition, and molecular beam epitaxy (MBE), all 
techniques with the potential to provide precise control of 
each atomic plane in a growing heterostructure. We are 
exploiting the unique capability of in-situ synchrotron x-
ray techniques to determine depth-resolved atomic-level 
structure and film composition in real-time, in the near-
atmospheric pressure, elevated temperature environments 
that are integral to growth and transport behavior.  

The experimental studies are closely coupled with 
simulation and theory efforts. Multi-scale simulations 
provide insight into the factors that control strain, 
composition, and structure during growth, and are playing a 
key role in identifying and elucidating charge transport 
mechanisms. This approach combining experimental 
results with theory facilitates the development of predictive 
models for the design of oxide heterostructures with 
emergent properties. 

Recent Progress 
Self-assembled ZrO2/In2O3 heterostructures 
We recently initiated studies of the synthesis and properties 
of ZrO2/In2O3 heterostructures and have demonstrated that 
this is a promising materials system for observing 
proximity-induced conduction behavior. Since ZrO2 is 
known to exhibit high ionic conductivity (fast oxygen 
diffusion) but is an electronic insulator, while doped In2O3 
is a good electronic conductor but a poor ionic conductor, 
our expectation is that the interfaces between these 
materials will exhibit novel mixed conduction behavior. 
Initial samples have been grown by sputter deposition onto 
yttria-stabilized zirconia (YSZ) (001) substrates at 700°C. 
As seen in Fig. 2(a), we have succeeded in creating thin 
film heterostructures consisting of In2O3 lamellae dispersed 
in a YSZ matrix. Synchrotron x-ray observations of these 
samples indicate that the In2O3 lamellae extend through the 

 
Fig. 1 Schematic representation of conductivity (or other 
properties) vs. distance in a two-phase oxide heterostructure 
for different interfacial spacings, d. Emergent behavior 
occurs when d approaches a characteristic length, λ, which, 
e.g., could be the width of a space charge region or the 
extent of an interfacial strain field. As shown, the 
conductivity near the interface can differ substantially from 
the bulk properties of the two materials. 
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entire film thickness and are fully lattice-matched, 
producing both in- and out-of-plane misfit strain. To our 
knowledge, this is the first experimental demonstration of 
3D misfit strain in an oxide nanocomposite film. The 
unusual strain state and close proximity of interfaces in 
such heterostructures is expected to affect the 
concentrations and mobilities of both ionic and electronic 
charge carriers. We are currently correlating in-film and 
through-film transport properties with the interface 

spacing, strain state, and dopant distribution in both the 
ZrO2 and In2O3 phases. Figure 2(b) shows a conductive-
AFM image taken by our collaborator, S. Hong, from a 
YSZ-In2O3 nanocomposite film grown on YSZ (001) with 
a bottom Sn-doped In2O3 electrode. As seen, the film 
contains regions of both high and low electrical 
conductivity, the high conductivity regions being only ~10 
nm wide. The correlation between conductivity and oxide 
phase/structure is now under investigation.  
Growth and characterization of multilayer films helps to 
elucidate the mechanisms governing interfacial proximity 
effects. We have recently performed first-principles 
simulations to characterize the structure and conduction 
behavior of ZrO2/In2O3 (001) multilayers (Fig. 2(c) and are 
also synthesizing and creating similar multilayers 
experimentally. The (001) planes of both ZrO2 and In2O3 
are polar, consisting of alternating oxygen and cation 
planes. To maintain overall charge neutrality the interfacial 
oxygen planes in a heterostructure must have occupancy 
intermediate between that of the oxygen planes in either 
bulk material. This in turn results in non-bulk coordination 
of the cations on either side of the interface. Our 
calculations indicate that this structure results in significant 
changes in the heterostructure density of states (and hence 
also changes in electrical conductivity), as seen in Fig. 
2(d). These preliminary studies illustrate the potential for 
creating improved transparent conducting oxides through 
heterostructure design. 

In-situ observations of oxide ALD 
Optimal control over conduction behavior in oxide 
heterostructures requires full understanding of the growth 
process, a requirement that necessitates in-situ studies that 
can provide insight into the many phenomena that control 
the structure and chemistry of heterostructure interfaces. 
Atomic layer deposition has well-recognized potential for 
independently controlling the growth of each monolayer of 
material in a heterostructure. However, in part due to the 
lack of previous in-situ studies, many important questions 
remain unanswered regarding the atomic scale mechanisms 
that control morphology, strain development, and phase 
stability during ALD. We recently initiated the first in-situ 
synchrotron x-ray studies of ZnO and ZrO2 ALD, two 
materials that are of great scientific and technological 
interest. 

Our in-situ x-ray observations have begun to elucidate the 
effects of substrate temperature, substrate material and 
surface orientation, and the characteristics of various 
precursor chemicals on ALD growth behavior. For 
example, x-ray fluorescence observations reveal that ZrO2 
ALD onto YSZ (001) substrates under conditions typically 
used by others is not self-limiting; rather the film thickness 
depends on ZTB exposure time. In the case of ZnO ALD, 
however, we find that the growth behavior depends 
strongly on the choice of substrate. Growth onto α-Al2O3 
(0001) substrates (Fig. 3(a)) results in particle formation 
rather than growth of a coalesced film. In contrast, ZnO 

 
(a) 

 
 (c)  

 
(b) 

 
 (d) 

Fig. 2: Epitaxially-strained YSZ/In2O3 films have been 
grown by simultaneously sputter-depositing In2O3 and 
YSZ. Phase contrast AFM images (a) show that, for one 
particular choice of growth conditions, the resulting 
heterostructure consists of lighter contrast In2O3 lamellae 
randomly distributed in a YSZ matrix. The lateral spacing 
between the lamella is approximately 10 nm. 
Topographical images (not shown) indicate that films such 
as this are extremely smooth, with height variations of less 
than 0.4 nm across the field of view. (b) Conductive AFM 
image from an epitaxially-strained YSZ/In2O3 film on a 
YSZ (001) substrate with a Sn-doped In2O3 bottom 
electrode. Dark colors indicate regions of higher 
conductivity. (c) DFT energy minimization of a 
heterostructure consisting of two-layers of cubic (100) 
ZrO2 lattice-matched to four layers of (100) In2O3 resulted 
in significant buckling of the initially flat ZrO2 oxygen 
planes due to the symmetry reduction caused by the 
interface. (d) The calculated density of states (DOS) for 
this heterostructure shows significant differences compared 
with the DOS of ZrO2 and In2O3 alone. In particular, the 
heterostructure is predicted to have a smaller band gap and 
hence be more conductive than either In2O3 or ZrO2 alone, 
while still exhibiting optical transparency. 
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growth onto Si (001) substrates under identical deposition 
conditions is self-limiting and shows a constant increase in 
film thickness with each diethyl zinc (DEZ) exposure after 
the first few growth cycles (Fig. 3(b))). The reasons for this 
substrate-dependent behavior are not yet understood. 
Future theoretical and experimental studies will examine 
the effects of substrate polarity and surface chemistry on 
initial growth characteristics. 

The in-situ fluorescence measurements are complemented 
with in-situ x-ray reflectivity to study the evolution of film 
thickness, density, and surface and buried interface 

roughness during ALD. During the ZnO on Si (001) 
deposition described above, we find that the increase in 
film thickness with each DEZ exposure becomes constant 
after the second growth cycle (Fig. 3(c)). In contrast, the 
film surface roughness continues to increase for several 
more growth cycles, but then stabilizes. 

Future Directions 
Interfacially-dominated heterostructures 
We will continue to design and create oxide 
heterostructures that exhibit controllable proximity-
enhanced conduction behavior, using the concepts of space 
charge, strain, and interfacial structure as guiding 
principles. Simulations will play a leading role in guiding 
the choice of materials systems for experimental study, in 
modeling their assembly during synthesis, and in providing 
the needed understanding of the interplay between 
interfacial structure, chemistry, and properties. 

We will extend our initial studies from mixed conduction 
systems such as ZrO2/In2O3 to other systems where both 
materials are insulators, but where conduction may still be 
induced due to the effects of charge discontinuities at polar 
interfaces. This possibility has attracted much attention 
recently because such charge discontinuities have been 
reported to give rise to so-called 2D electron gas (2DEG) 
behavior in perovskite heterostructures, particularly 
SrTiO3/LaAlO3

1. However, the formation of a thin 
interfacial reaction layer of La1-xSrxTiO3, which is a bulk 
metal, has been reported recently2 to be the origin of 2DEG 
behavior in that system. Since this calls into question 
whether 2DEG interfacial conduction in oxide 
heterostructures exists in the absence of a bulk-conducting 
phase, it is important to synthesize and characterize other 
materials combinations where polar discontinuities exist 
but possible artifacts due to interfacial reactions are 
avoided. One such materials system we will investigate is 
MgO/MgAl2O4, a system in which phase separation is 
expected, lattice mismatch is small (enabling epitaxial 
growth), and, perhaps most importantly, no known bulk 
conducting phases exist that involve only combinations of 
the constituents in these materials. Both conductive-AFM 
(in collaboration with S. Hong) and transmission electron 
holography (in collaboration with A. Petford-Long and N. 
Zaluzec) studies are being undertaken to elucidate 
interfacial conduction behavior. 

Oxide heterostructure growth science and interfacial 
characterization 
We will continue to tune proximity effects through 
manipulation of the interfacial spacing and secondary 
phase morphology in oxide nanocomposites and 
multilayers. State-of-the-art in-situ monitoring techniques 
will be used to enable the construction of specially 
designed interfaces.  
                                                             
1 A. Ohtomo and H.Y. Hwang, Nature, 427, 423 (2004) 
2 P.R. Wilmott et al., Phys. Rev. Lett., 99, 155502 (2007) 

 
(a) 

 
(b) 

 
(c) 

 
Fig. 3: ALD growth of ZnO on α-Al2O3 (0001) and Si (001) 
substrates. (a) Evolution of the Zn Kα integrated intensity 
with time for ZnO growth on α-Al2O3 (0001). The moment 
of each 10-second DEZ injection is shown by the vertical 
lines (purges and H2O injection times are not indicated). (b) 
Evolution of the Zn K α integrated intensity with time for 
ZnO growth on Si (001). (c) Film thickness (left axis, red 
symbols) and surface roughness (right axis, blue symbols) as 
measured by in-situ x-ray reflectivity.  
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Since interfacial composition can have profound effects on 
oxide heterostructure conduction behavior, it is important 
to fully understand how cation segregation and space 
charge behavior at both surfaces and buried interfaces 
depends on conditions such as temperature, oxygen partial 
pressure, polarity, and strain state. As a first step in this 
process, we have recently initiated studies of yttria 
segregation behavior in YSZ. Interestingly, we observe that 
the polar (001) surface is unsegregated (i.e., has the bulk 
composition) when heated to 800°C in oxygen, while 
significant yttria-depletion is observed when samples with 
the neutral (111) surface are exposed to the same 
conditions. DFT calculations of surface and interface 
structures coupled with ab initio thermodynamics will help 
to understand segregation phenomena. In the future we will 
extend these studies to investigate segregation behavior in 
other polar and non-polar materials and to determine 
segregation profiles at buried interfaces in oxide 
heterostructures. 

While we have previously had much success in using in-
situ x-ray techniques to provide insight into oxide film 
growth by MOCVD (and have recently initiated in-situ 
studies of oxide ALD), in-situ x-ray techniques have not 
yet been used during oxide MBE. We are very interested in 
pursuing such studies since in-situ x-ray scattering and 
spectroscopy techniques have great potential to provide 
valuable real-time information on composition and 
structure (including strain state) during growth. While a 
technique such as high-pressure RHEED helps in 
determining surface symmetry and relative surface 
roughness during growth, it does not provide the 
quantitative information on surface structure and 
composition that can be obtained with x-ray scattering and 
spectroscopy. The large penetration depth of high-energy 
x-rays also allows structure determination throughout the 
film thickness, including that of the buried interface.  
 
Studies on the layered cobaltite, Ca3Co4O9, will emphasize 
both the interesting growth science involved in depositing 

hexagonal CoO2 nanoblocks onto cubic Ca2CoO3 layers by 
oxide MBE, as well as the effects of elastic strain and the 
substrate interface (α-Al2O3 or rutile-TiO2) on in-plane 
electrical and thermal transport. As the CoO2 nanoblocks 
are excellent electrical conductors and the Ca2CoO3 planes 
have poor thermal conductivity, these layered oxides have 
considerable potential as high temperature thermoelectrics. 
Epitaxial nanocomposites of Ca3Co4O9 with α-Al2O3 and 
rutile-TiO2 will also be synthesized, leading to studies of 
heterophase boundaries on thermoelectric behavior. 

Proximity-enhanced conduction behavior 
We will investigate the effects of space charge, strain, and 
interfacial structure on ionic and electronic conduction. A 
key experimental and theoretical focus will be 
determination of the relevant characteristic length(s). In-
situ and ex-situ transport measurements, the former 
utilizing x-ray, electron, and substrate curvature 
techniques, will be complemented with DFT calculations of 
electronic properties and ion transport barriers to provide 
insight into how interfacial proximity can affect carrier 
concentrations and mobilities. As indicated previously, 
many proximity effects are expected; some magnified by 
nanoscale interfacial spacing and quantum confinement 
effects. The coupling between conduction and other 
proximity-influenced properties will also be investigated, 
emphasizing studies of optical transparency and 
thermoelectric properties. Ionic and electronic transport 
properties will be characterized both ex-situ and during in-
situ measurements of structure, stress, and chemistry under 
elevated temperature, controlled pO2 conditions. In-situ 
characterization of samples will provide direct observations 
of defect evolution under applied electric fields. 
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Adhesion and Wetting 
 
PI: J. E. Houston 
jehoust@sandia.gov 
Dept. 1114, Sandia National Laboratories, PO Box 5800-1415 Albuquerque, NM 87185 
 
This subtask exploits the unique capabilities of the Interfacial Force Microscope (IFM).  
The IFM was developed at Sandia under DOE/BES support to exploit its unique 
capabilities in applications to important problems in adhesion and wetting.  Since both of 
these phenomena are so closely tied to interfacial mechanical properties, the technique 
has also found broad applications dealing with the nanomechanical properties of 
interfacial materials.  The instrumentation, which is now commercially available on a 
small scale, has been adopted by several universities in the US and Canada. Sandia’s 
original instrument is ten years old and suffers from antiquated electronics and computer-
control instrumentation.  In spite of its age, it is still able to produce data not obtainable 
by any other instrument and has received the Material Science Award for significant 
implications for DOE related technologies in Metallurgy and Ceramics and an R&D100 
award. In addition, its scientific impact has ranged over a very broad spectrum of material 
science, which include the first measurements of the initial nucleation of dislocations in 
single-crystal Au showing theoretical strength and the first demonstration of a 
quantitative relaxation analysis for an extreme viscoelastic material (sometimes referred 
to as a solid liquid). We have recently designed and prototyped a significantly improved 
system based upon a dual, laser-interferometer controlled sensor (US Patent No. 
6,627,048). The sensor represents the first self-calibrating force-probe technique capable 
of the independent measurement of both normal and lateral interfacial forces and 
promises even greater sensitivity, stability, ease of operation and breadth of application.   
 
Recent Progress: 
 
Interfacial water: Recent IFM studies include a continuation of work dealing with a 
fascinating phenomenon that we first observed in a study of the interaction of alkanethiol 
molecules on a Au sample and tip terminated by five oligoethylene glycol units in water 
Kim. The original motivation was to determine why these surfaces were so lyophobic for 
many protein molecules.  However, it was discovered in “draining” experiments, i.e., the 
force of interaction as the tip approached the surface at various speeds, that the force 
increased with tip speed at interfacial separations of a few nm.  This phenomenon was 
interpreted as being due to the viscosity of interfacial-water layers on both the tip and 
sample.  Surprisingly, the values obtained from a draining analysis indicated a viscosity 
for this interfacial water 106 larger than that of bulk water.  In an attempt to verify these 
surprising results, we have continued the investigation with variations of the chemical 
nature of the surfaces, as well as their environment, including both bulk water and high 
humidity.  The results, which have required the development of a specific set of 
characterization tools by P. J. Feibelman, were consistent in findings of the viscous 
interfacial water layer and the viscosity values were always in the range from 1 to 20 
million times that of bulk water. The one common factor required was that both surfaces 
must be  very hydrophilic and that the interfacial water must be confined between the tip 
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Figure 1,  The normal (filled squares) and 
friction (open circles) forces plotted 
against the tip displacement for a Si(001) 
terminated by hydrophylic –OH groups 
interacting with a W tip in bulk water. 
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Fig. 2, The normal force vs. tip displacement for 
ice at various temperatures.  The LL-layer is 
indicated by the meniscus behavior of the 
attractive forces (negative values). 

and sample surfaces to within a couple of 
nm. This work was done in collaboration 
with Professor X.-Y. Zhu , PostDoc R. C. 
Major and grad student M. Goertz in the 
Chemistry Department at the University of 
Minnesota.  An example, involving a W 
tip and a Si(001) surface terminated by –
OH groups, both of which were highly 
hydrophilic, is shown in Fig 1.  Here, the 
friction force can be seen to begin to rise 
at about a nm before the nominal surface 
contact point, indicated by the onset of 

significant repulsive normal-force values.  
The Feibelman analysis of the initial 
friction rise yielded an interfacial-water 
viscosity value of 2.4 KPa-sec, compared 
to the value of bulk water (0.89 mPa-sec), 
again revealing a ratio of more than 
million. 
 In our most recent studies, we have turned to one of the more fascinating 
examples of interfacial water, i.e., the “liquid-like layer” at the surface of bulk ice.  The 
debate concerning the question as to just why ice is so slippery has been ongoing for 
more than a century and a half and, while a considerable amount is now known, the 
question remains largely 
unanswered and hotly debated.  
Although the behavior of the layer 
thickness with temperature has 
been measured by a broad range of 
experimental techniques, the 
results have shown a considerable 
range of thickness values.  We 
have used the IFM to investigate 
not only the thickness of this layer, 
but also its viscoelastic behavior as 
a function of temperature.  The 
data consists of measurements of 
both the normal force and lateral 
“friction” force as a function of 
temperature, a compilation of the 
former is illustrated in Fig. 2.  The 
negative force values indicate a 
liquid-like behavior creating an 
attractive force on the tip due to the 
meniscus formed between the tip 
and the ice surface by the LL-like 
water layer.  Contact with the more 
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Fig. 3, A comparison of the 
LL-layer thickness vs. T with 
a model of the expected 
behavior. 

solid-like ice substrate is indicated by the normal 
forces turn toward repulsive at the bottom of the 
attractive well.  Plotting the nominal thickness of 
the meniscus versus temperature, compared to 
the predicted theoretical behavior is shown in 
Fig. 3, indicating a reasonable agreement.  
 Results for the nominal modulus for the 
solid-ice substrate and lateral-force “friction” 
data have also been obtained, but as yet have not 
been fully analyzed.  However, we can say that 
the modulus values are all smaller than those 
tabulated for bulk ice.  In addition, there is clear 
evidence of a viscous LL-like layer near the solid 
surface.  However, the details of the implications 
of this data have not yet been fully appreciated. 
 
Instrument development:   
 The Interfacial Force Microscope is, at present, 
the only experimental technique available for stable 
and quantitative measurements of adhesive and 
mechanical properties at the micro- and nano-scales.  However, the current IFM is 
strictly a “research instrument” neither widely available nor “user friendly”.  In addition, 
the sensors are difficult to fabricate and assemble and often fail due to particulate 
incursion.  We are presently in the final stages of the development of a laser-
interferometer version of the IFM.  Both the 1D retrofit and the full 2D systems have 
been fully prototyped and the electronics and software packages are presently in the final 
stages of being assembled. The heart of the new system is a unique laser-interferometer 
IFM sensor (U.S. Patent No. 6,627,048).  In this system, the capacitor gaps are used as 
two independent interferometer cavities and each capacitor gap is locked at a certain 
interferometer position by independent feedback loops, which apply the necessary 
voltages to the capacitor pads in order to balance forces (both normal and lateral) applied 
to the tip.  Normal forces are proportional to the sum of the two applied voltages, while 
lateral forces are proportional to the voltage difference.  In addition to producing the first 
scanning force-probe technique capable of independent normal and lateral-force sensing, 
this scheme dramatically increases the sensitivity, stability and ease of operation of the 
IFM system.  In addition, the sensor configuration has been simplified to include a fixed 
substrate and removable top plate, which is magnetically held in place. Thus, the top 
plate is easily removed for tip replacement and overall sensor cleaning.  This scheme 
dramatically reduces the cost and complexity of sensor fabrication and significantly 
increases its overall reliability. 
 
MEMS rheology demonstration: 
 
A serious problem facing all MEMS-device development is the lack of an instrument to 
accurately measure the forces and displacements for individual sub-units in actual 
operating devices.  Such forces and displacements, which are always lateral to the device 
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layout, are presently only available from device modeling, which is often inadequate 
because of the difficulty of establishing dimensions and material properties at the micro-, 
or even, nano-meter level.  The situation is made even more difficult if the device is 
mechanically unstable, for example ones that are specifically designed to be bistable.  
Such devices are the basis of many useful applications, for example the air-bag 
accelerometer, but most of these require an accurate knowledge of forces and 
displacements present at the points of instability. No instrument is presently available to 
provide such measurements. However, in concept, the IFM is ideally suited for just this 
kind of application, since analyzing the device requires a stable sensor.  In fact, we have 
recently demonstrated this capability on actual Sandia-developed MEMS devices.  These 
initial demonstration measurements already have allowed component designers to adjust 
design parameters in order compensate for differences in the measured performance and 
design predictions       
     Although the present IFM system is by no means ideal for performing such an 
analysis, coupling the new 2D laser-interferometer sensor with commercial metrology-
based xyz manipulators, along with top-down IFM head-mount, displaced optical 
microscopy and adaptive IFM imaging for fine location, will produce a totally unique 
instrument capable of the rapid characterization of MEMS-level force and displacement 
metrology.  Such a facility will not only allow rapid qualification of component design 
and fabrication, but will also provide the first instrument capable of analyzing the 
distribution of chip-generated forces throughout the string of down-stream elements in 
order to locate problem components in a failure-analysis setting. 
 
Publications (2005-2007) 
The following is a list of publications resulting from research conducted during the last 
three-year performance period of this project.   
 
“Hydrophilicity and the Vicosity of Interfacial Water,” M. P. Goertz, J. E. Houston, and 
X.-Y. Zhu, Langmuir (in press). 
 
“Bridging the Gap-Observation of Ultra Long Range Hydrophobic Interactions, S. Singh, 
J. E. Houston, J. C. Brinker, and F. B. Van Swol, Nature 442, 536 (2006). 
 
“Viscous Water Meniscus under Nanoconfinement,” R. C. Major, J. E. Houston, M. J. 
McGrath, J. I. Siepmann, and X.-Y. Zhu, Phys. Rev. Lett. 96, 177803 (2006). 
 
“Does exceptional viscous drag impede flow through a nano-sieve’s pores?” 
P. J. Feibelman and J. E. Houston, Mater. Res. Soc. Symp. Proc. 930, JJ04 (2006). 
 
“A Local-Probe Analysis of the Rheology of a "Solid Liquid," J. E. Houston, J. Poly Sci. 
B: Polymer Physics 21, 2992 (2005). 
 
“A Comparative Study of Adhesion, Friction and Mechanical Properties of CF3 and CH3-
Terminated Alkanethiol Monolayers,” J. E. Houston, C. Doelling, T. K. Vanderlick, Y. 
Hu, G. Scoles, I. Wenzl. And T. R.  Lee, Langmuir, 21, 3926 (2005). 
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Atomic Scale Surface Phenomena 
 
Program Coordinator:   
Gary L. Kellogg 
Mail Stop 1415  
Sandia National laboratories 
Albuquerque, NM 87185 
Email:  glkello@sandia.gov 
 
Program Scope  
 
The purpose of this program is to develop an atomic-scale understanding of 
technologically important processes occurring at solid surfaces, material interfaces and 
solid-liquid interfaces. The program has three major thrust areas (subtasks): (1) adhesion 
and wetting (2) localized corrosion, and (3) surface nanostructure formation. The 
adhesion and wetting subtask exploits the unique capabilities of the Interfacial Force 
Microscope (IFM). This instrument was developed at Sandia under DOE/BES support to 
exploit its unique capabilities in applications to important problems in the general field of 
adhesion and wetting. The goal of the localized corrosion subtask is to develop a 
quantitative understanding of the mechanisms of localized corrosion initiation in passive 
metals. Here, our approach is based on the novel and unique application of 
nanofabrication techniques to produce tailored oxides and to simulate specific defect 
types on controlled substrates in well-defined locations. The goal of surface nanostructure 
formation subtask is to establish the scientific principles governing the formation and 
stability of nanostructures on surfaces. Current efforts focus on understanding how 
atomic-scale, kinetic processes control collective phenomena on surfaces such as domain 
pattern formation (self-assembly) in two-phase, two-dimensional systems and surface 
alloy formation in metal-metal and semiconductor-semiconductor epitaxy. 
 
The Subtask PIs, and their areas of expertise are as follows: 
 
Adhesion and Wetting, Jack Houston, PI – Experimental studies using the Interfacial 
Force Microscope (IFM).  The R&D 100 award-winning IFM was invented by Dr. 
Houston, who continues to lead its further development and application to interphase 
material research.  This tool is unmatched in its ability to simultaneously measure normal 
and lateral forces at well-characterized nanoscale interfaces with extraordinary 
sensitivity.  Under this project, Dr. Houston has used the IFM to study the nano-
mechanical and nano-tribological properties of solids and composite materials, self-
assembled monolayers, and confined fluids at solid interfaces.  
 
Localized Corrosion, Nancy Missert, PI – Detailed understanding of corrosion 
mechanisms through investigation of pit initiation in tailored oxides and at 
nanoengineered defects. The ability to correlate nanostructure evolution and pit initiation 
in passive metals is essential for the development of predictive aging models. Dr. Missert 
and her collaborators use well-characterized, engineered oxide/substrate systems and 
systematically separate out oxide property/response relationships in large sample 
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population sets, using state-of-the-art characterization techniques. This deterministic 
approach allows quantitative information regarding initiation mechanisms to be obtained, 
beyond the purely statistical analyses previously applied to bulk oxides and alloys. 
 
Surface Nanostructure Formation, Gary Kellogg, PI – Direct observations of collective 
surface phenomena at the nanoscale using low energy electron microscopy (LEEM). 
Success in linking atomistic processes to nanoscale structural changes requires the ability 
to observe dynamic processes at length scales where collective behavior manifests itself. 
Dr. Kellogg and his collaborators use the LEEM to investigate a wide range of surface 
phenomena including impurity induced nanostructure formation on Si, chemical etching 
of Si surfaces, surface phase transitions, surface faceting, and two-dimensional self-
assembly – at length scales from tens of nanometers to microns. 
 
Note:  There will be poster presentations and separate abstracts provided on the 
Adhesion/Wetting and Localized Corrosion Subtasks by Jack Houston and Kevin 
Zavadil, respectively.  The remainder of this abstract focuses on Subtask 3: Surface 
Nanostructure Formation. 
 
Recent Progress (Subtask 3) 
 
• The potential use of self-assembled domain patterns as templates for the fabrication of 

surface nanostuctures has generated considerable interest in understanding the physics 
that underlies two-dimensional pattern formation.  Previously, we discovered that two 
phases of lead atoms on copper surfaces spontaneously order into stable domain patters 
having dimensions of tens of nanometers. We showed that the pattern formation was 
driven by surface strain, but the large-scale motion required to achieve 
thermodynamically stable patterns was not understood.  In recent LEEM 
investigations, we identified the mechanism leading to this large-scale motion. The 
high mobility of lead-overlayer islands results from the fast transport of lead atoms 
across the surface and, surprisingly, of copper atoms through the lead overlayer. A 
high lead vacancy concentration, predicted by our first-principles calculations, 
facilitates the latter.  This new insight is important because, without the large-scale 
cooperative motion of tens of thousands of atoms, pattern formation would not take 
place on observable timescales. This study also represents one of the few examples 
where an atomistic understanding of mass transfer in complex, multi-component, 
multi-phase systems has been achieved. 

• We developed a new experimental technique (with Jim Hannon, IBM, Yorktown 
Heights and Karsten Pohl, U. New Hampshire), which allows us to obtain three-
dimensional maps of surface chemical composition with a lateral resolution of 8 nm.  
In our LEEM-IV analysis, we carry out intensity vs. electron energy (so-called 
“current-voltage” or simply IV) measurements pixel-by-pixel for an entire LEEM 
image. We then analyze the reflectivity data using multiple-scattering low energy 
electron diffraction (LEED) calculations (in analogy with conventional LEED-IV 
analysis).  

• With our new LEEM-IV procedure, we identified the atomic origins of the chemical 
heterogeneity that develops during the deposition of Pd on Cu(001). Pd is a candidate 
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metal to inhibit the detrimental effects of electromigration in copper interconnects, but 
little is known about how, and at what temperature, Pd intermixes with Cu. Based on 
the chemical information provided by LEEM-IV analysis, we showed that the 
interesting intensity variations observed in LEEM images of Pd/Cu(001) can be 
explained with a conceptually simple “step-overgrowth” model. Although the model 
was developed in relation to the specific system of Pd on Cu(001), step overgrowth 
requires only fast surface diffusion (or equivalently low growth rate) and relatively 
slow bulk diffusion. This state of affairs is quite common in growth, and the same 
mechanism should be operative generally. 

• The initial stages of Ge and Si growth on pure Si(001) are well understood. However, 
at growth conditions where devices are made, the deposition of Ge leads to the 
formation of a Ge/Si alloy in the first few atomic layers.  It is thus important to 
determine if the atomic processes active on this alloy surface differ from that on the 
pure silicon surface. Accordingly, we have used STM to study the initial growth of Ge 
on the Ge/Si(001) alloy. We measured the time constant of the evolution of precursor 
Ge chain-like structures into compact islands as a function of temperature on the 
Ge/Si(001) surface alloy. We also measured the relative configurational free energy of 
kinked versus straight segments of the chain-like structures. This energy reflects a 
second-nearest-neighbor interaction mediated by the alloy substrate. These results, 
along with those reported last year concerning the formation and migration of adatom 
pairs, show unequivocally that nucleation and diffusion processes active on the pure 
silicon surface (and the models used to describe them) are not valid on the Ge/Si alloy. 

 
Future Plans (Subtask 3) 
 
• We will measure the effect of subsurface (alloyed) Pd on the mobility of Cu adatoms 

on Cu(001). A quantitative measure of this effect is important in determining the extent 
to which Pd/Cu surface alloys can inhibit the detrimental effects of electromigration on 
Cu interconnects.  We will also examine the thermal stability of the surface alloy. 

• We will investigate the atomistic processes underlying Ge/Si surface alloying using 
our entire arsenal of experimental techniques. A main focus will be on determining the 
critical role of surface steps in the alloying of Ge into Si(001). Our novel LEEM-IV 
analysis will be used to determine the three-dimensional Ge concentration profile in 
the region around spontaneously formed steps. We will also use scanning tunneling 
spectroscopy (STS) to distinguish the atomic species in the surface alloy and the 
composition of the adsorbed species. We will measure the relative formation free 
energies of deposited Ge as a function of the underlying alloy composition. 

• Following the discovery (Michely group, Aachen, Germany) that a very regular array 
of Ir islands grows on a single graphene sheet adsorbed on Ir(111), we will study the 
energetics of this self-organizing system. Using first-principles, Density Functional 
Theory calculations, we will first investigate the breaking of pi-bonds needed for 
graphene to bind to the underlying precious metal. Then we will develop an 
understanding of the potential energy surface that biases the diffusion of Ir adatoms on 
top of the graphene layer. 
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In the longer-term we plan to initiate a theoretical and experimental effort to understand 
diffusion in “fluid-like” systems. At elevated temperatures and in multicomponent 
systems many different types of thermal defects can exist simultaneously and have been 
found to interact in complex ways. Similarly, the nature of diffusing thermal defects in 
weakly bound systems such as organic thin films is a completely open question. In these 
situations, the energies of atomic processes cannot be simply extracted from Arrhenius 
plots. While there exists extensive theoretical formalisms for understanding diffusion in 
such complex systems, there has been very little quantitative comparison with 
experiment. We will attack this problem by measuring the temperature dependence of the 
evolution of surface morphology on metals at high temperature in sufficient detail to 
characterize the expected non-Arrhenius behavior. We will then develop the theoretical 
framework needed to interpret these results in terms of the complex behavior known to 
occur on such surfaces at the atomic scale. The same procedure will then be applied to 
organic films (e. g., self-assembled monolayers on Au). 
 
References to publications of DOE sponsored research that have appeared in 2005-
2007 or that have been accepted for publication. (Subtask 3). 
 
• “How Pb-overlayer Islands Move Fast Enough to Self-Assemble on Pb-Cu Surface 

Alloys,” M.L. Anderson, N.C. Bartelt, P.J. Feibelman, and G. L. Kellogg, Phys. Rev. 
Lett. 98, 096106 (2007). 

• “Local Structural and Compositional Determination via Electron Scattering: 
Heterogeneous Cu(001)-Pd Surface Alloy,” J. Sun, J. B. Hannon, G. L. Kellogg, and 
K. Pohl, Phys. Rev. B 76, 205414 (2007).  

• “Addimer Chain Structures: Metastable Precursors to Island Formation on Ge–
Si(001)-(2xn) Alloyed Surface,” Kyle J. Solis, Lance R. Williams, B.S. 
Swartzentruber, and Sang M. Han, Surface Sci. 601, 172 (2007). 

• “Origins of Nanoscale Heterogeneity in Ultra-thin Films,” J. B. Hannon, J. Sun, K. 
Pohl, and G. L. Kellogg, Phys. Rev. Lett. 96, 246103 (2006). 

• “Two-Dimensional Ir Cluster Lattice on a Graphene Moiré on Ir(111),” Alpha T. 
N'Diaye, Sebastian Bleikamp, Peter J. Feibelman, and Thomas Michely, Phys. Rev. 
Lett. 97, 215501 (2006). 

• “Reversible Shape Transition of Pb Islands on Cu(111),” R. van Gastel, N. C. Bartelt, 
and G. L. Kellogg, Phys. Rev. Lett. 96, 36106 (2006).   

• “The Effect of Embedded Pb on Cu Diffusion on Pb/Cu(111) Surface Alloys,” M. L. 
Anderson, N. C. Bartelt, P. J. Feibelman, B. S, Swartzentruber, and G. L. Kellogg, 
Surface Sci. 600, 1901 (2006). 

• "Effects of Elastic Anisotropy on the Periodicity and Orientation of Striped Stress 
Domain Patterns at Solid Surfaces,” François Léonard, N. C. Bartelt, and G. L. 
Kellogg, Phys. Rev. B, 71, 045416 (2005). 

• “Surface-Diffusion-Limited Island Decay on Rh(001),” G. L. Kellogg and N. C. 
Bartelt, Surface Sci. 577, 151 (2005). 

• “Oscillatory Interaction between O Impurities and Al Adatoms on Al(111) and Its 
Effect on Nucleation and Growth,” C. Polop, H. Hansen, W. Langenkamp, Z. Zhong, 
C. Busse, U. Linke, M. Kotrla, P. J. Feibelman, and T. Michely, Surf. Sci. 575, 89 
(2005). 
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Fig. 1. (a) Schematics of a Ge(105) 

hut on Si(001). (b) Surface 

energies of Ge/Si(105) and 

Ge/Si(001) surfaces vs. the 

deposited Ge layers. (c) The hut 

formation energy vs. hut volume. 

The solid and dashed line shows 

respectively the results without 

and with edge stress effect. 

Towards Quantitative Understanding of Strain Induced Nano-scale Self-assembly 

from Atomic-scale Surface Energetics and Kinetics 

 

Feng Liu (fliu@eng.utah.edu) 

Department of Materials Science & Engineering 

University of Utah, Salt Lake City, UT 84112 

 

Program Scope 

Strain engineered self-assembly in heteroepitaxial growth of thin films has been 

recognized as an attractive natural route for fabrication of nanostructures [1]. The 

nanoscale thin-film structures and morphologies are fundamentally linked to the atomic-

scale surface/interface energetics and kinetics. However, the atomic-scale quantities, 

especially their dependence on strain, are generally unknown for most systems. This has 

limited our understanding to a qualitative macroscopic level. The objective of this 

program is to take a multiscale theoretical and computational approach in an effort to 

achieve quantitative microscopic understanding of strain induced nanoscale self-

assembly. We will combine several state-of-the-art techniques, including first-principles 

calculation, continuum-theory modeling, kinetic Monte Carlo simulation, and step 

dynamics simulation, to make quantitative analysis of nucleation, growth, and stability of 

quantum dots (QDs, strained islands), focusing on the growth of Ge and SiGe alloy on Si. 

The approach we develop will be generally applicable to other systems. Our studies will 

significantly further our fundamental understanding of QD growth to a quantitative 

microscopic level and provide useful guidelines for future experimental efforts in strain 

engineering of QD self-assembly. They will have a significant impact on advancing thin-

film based device technology for energy applications, to help fulfill the mission of the 

Department of Energy. 

 

Recent Progress 

Extensive experimental and theoretical 

work has been attempted in the last decade to 

stimulate, guide, and control the self-assembly 

processes to improve the uniformity of QDs by 

manipulating the thermodynamics and kinetics of 

epitaxial growth [1]. Qualitatively, it is known the 

formation of QDs, or strained islands in general, 

is driven by relaxation of strain energy at the 

expense of increase of surface energy, but the 

quantitative knowledge of these two energy terms, 

especially their dependence on strain, remains 

unknown for most systems. Recently, by 

combining first-principles calculation with 

continuum modeling, we have made an important 

breakthrough in performing, for the first time, 

quantitative theoretical analyses and predictions 

for growth of Ge and SiGe QDs on Si substrate. 

These include critical size for Ge and SiGe QD 
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Fig. 2. Semi-log plot of the 

Ge/Si surface mobility ratio as 

a function of in-plane strain on 

Si(001) or Ge(001) , at 300 K 

and 900 K.  The left panel 

shows results for a 

compressive SiGe alloy film 

on a Si substrate and the right 

panel for a tensile SiGe alloy 

film on a Ge substrate. 

nucleation/formation, stability for self-assembly, and distribution of SiGe alloy 

concentration in QDs versus in wetting layer [2-4]. 

 One special feature of QDs is that they are usually bound by faceted surfaces 

[such as (105) facets on Ge hut islands (Fig. 1a)] that are often stabilized by strain. We 

have performed extensive first-principles calculations of surface energies and their strain 

dependence of substrate, wetting layer, and QD surfaces, for the Ge hut on Si(001) (Fig. 

1b) [2,3]. The comparison of the relative stability of these surfaces under strain 

conditions have allowed us to obtain a much better understanding of the physical origin 

of QD formation [2]. Using these surface energies as input parameters for continuum 

modeling, we further obtained quantitative estimates of the “critical” size of 

nucleation/formation for both pure Ge and SiGe alloy QDs (Fig. 1c) [2], in very good 

agreement with experiments. 

We have also calculated surface stress tensors of QDs and wetting layers to assess 

the stability of QDs for self-assembly. The QD formation contains two major 

contributions: the strain relaxation energy proportional to QD volume and the cost of 

surface energy proportional to QD surface area. If only these two terms were present, 

there would be no stable QD size [5]. However, the surface stress of the QD is generally 

different from that of the substrate, which gives rise to an additional term of elastic edge 

energy. If the edge energy were large enough, it would introduce a stable QD size against 

coarsening [6]. The significance of such surface stress-

induced edge relaxation on QD stability has been a 

subject of long-standing controversy. Our calculations 

revealed that for Ge hut on Si(001), this edge term is too 

small to induce a stable size (Fig. 1c) [2]. 

In addition to thermodynamic properties of 

surface energies and surface stresses, we performed also 

quantitative studies of kinetic properties, in particular 

the surface diffusion energy barriers. A few years ago, 

we developed a generic method for predicting how an 

external strain will change surface diffusion barrier, by 

first-principles calculation of adatom induced surface 

stress along the diffusion pathways on the unstrained 

surface [7,8]. Applying this method, we recently 

showed that on a compressive Ge(001) surface, Ge 

diffuses 102-103 times faster than Si in the temperature 

range of 300 to 900 K; while on a tensile surface, the 

Ge and Si diffusivities are comparable (Fig. 2) [4]. 

Consequently, growth of a compressive SiGe film is 

kinetically different from that of a tensile film, although 

thermodynamically the two systems have the same 

strain energy. The diffusion disparity between Si and 

Ge was shown to be greatly enhanced on the strained 

Ge islands compared to that on the Ge wetting layer on 

Si(001), which explained several experimental 

observations, such as the Si enrichment in the wetting 

layer relative to that in the islands [4]. 
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 Fig. 3. Schematics of a Ge dome  bounded 
with (113) and (102) facets. 

Future Plans 

We will continue to expand our 

studies to explore the atomic-scale 

thermodynamics and kinetics that underlie 

the nanoscale self-assembly in growth of 

strained thin films, focusing on the QDs 

and quantum wires (QWs) in Ge/Si(001) 

systems. These include extension to QDs 

of difference shapes, such as Ge domes 

(Fig. 3), SiGe alloy QDs, QD molecules, 

Ge and SiGe QWs, and to the effect of strain on Ehrlich- Schwoebel (ES) step-edge 

barriers. These studies will involve first-principles calculations with much larger and 

complex supercells, so the use of DOE-NERSC supercomputers will be critically helpful. 

One interesting topic we plan to undertake is on shape transformation of QDs. It 

is known that Ge QD grows initially in the pyramidal shape of hut (Fig. 1a). It will then 

transform into either an elongated pyramidal shape (as a QW) or a shape of dome (Fig. 3) 

with steeper side facets. However, it remains unclear how would these two types of shape 

transformations compete with each other and which shape transformation has a 

thermodynamic or kinetic origin. Similar to our study of Ge hut [2], we will perform 

quantitative analysis of the elongated “hut” and dome islands, to compare their relative 

stability with the hut. These studies not only are of great scientific interests in 

understating strain induced island shape instability, but also have important technological 

implications in controlling the growth of QDs vs. QWs. 

 We plan also to extend our study of the effect of strain on adatom surface 

diffusion to adatom diffusion over a surface step, by examining how the ES step-edge 

barrier would be affected by external strain. Most importantly, we will determine whether 

the generic model we developed for adatom surface diffusion barrier [7] is applicable to 

ES barrier. The situation at step edge is much more complex than on surface, because the 

ES barrier often involves complex atomic-scale processes of concerted motion of 

multiple atoms. It is interesting as well as useful to know whether the simple linear stress-

strain relationship established for adatom jumping on the surface [7,8] is still valid for 

adatom crossing (ascending or descending) a step involving motion of multiple atoms. It 

is expected that strain will have a different effect on different diffusion pathways. This 

implies that strain may not only change diffusion or step-crossing energy barriers, but 

even change the diffusion mechanisms and pathways, converting from one scenario of 

single atom rolling to another of concerted motion of multiple atoms, and vise versa.  

 

References 
1. Feng Liu, in “Handbook of Theoretical and Computational Nanotechnology”, eds. M. Rieth 

and W. Schommers, 4, Chapter 10, 577-625(2006). 

2. G.H. Lu and Feng Liu, Phys. Rev. Lett 94, 176103 (2005). 
3. G.H. Lu, Martin Cuma, and Feng Liu, Phys. Rev. B 72, 125415 (2005). 
4. L. Huang, Feng Liu, G.H. Lu and X.G. Gong, Phys. Rev. Lett 96, 016103 (2006). 
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DOE Sponsored Publications in 2005-2007 

 
1. “Directed Self-assembly of Quantum Dots by Local-Chemical-Potential control via Strain 

Engineering on Patterned Substrates”, H. Wang, Feng Liu, and M. Lagally, in “Lateral 

Alignment of Epitaxial Quantum Dots”, Ed., O. Schmidt, Springer, Chapter 20, page 524 

(2007)  (invited book chapter). 

2. “MD simulation of structural and mechanical transformation of single-walled carbon 
nanotubes under pressure”, J. Zang, O. Aldás-Palacios and Feng Liu, Commun. Comput. Phys. 

2, 451 (2007) (invited review). 

3. “Modeling and Simulation of Strain-Mediated Nanostructure Formation on Surface”, Feng 
Liu, in “Handbook of Theoretical and Computational Nanotechnology”, eds. M. Rieth and 

W. Schommers, 4, Chapter 10, 577 (2006) (invited book chapter). 

4. “Quantitative Prediction of Critical Size for the Formation of Semiconductor Quantum Dots”, 
G.H. Lu and Feng Liu, in “J. Chinese Phys. Association”, 35, 447 (2006) (invited review). 

5. “Computational R&D for Industrial Applications”, Feng Liu, News Article of Center for 
High-Performance Computing, University of Utah, Fall issue, p. 1 (2005) (invited review). 

6. “Intrinsic current-voltage characteristics of graphene nanoribbon transistors and effect of 
edge doping”, Q. Yan, B. Huang, J. Yu, F. Zheng, J. Zang, J. Wu, B. Gu, Feng Liu, W. Duan, 

Nano Lett. 7, 1469, (2007). 

7. “Making a field effect transistor on a single graphene nanoribbon by selective doping”, Bing 
Huang, Qimin Yan, Gang Zhou, Jian Wu, Bing-Lin Gu, Wenhui Duan, and Feng Liu, Appl. 

Phys. Lett. 91, 253122 (2007). 

8. “First-Principles Study of Adsorption and Diffusion on Ge/Si(001)-(2X8) and Ge/Si(105)-
(1X2) Surfaces”, L. Huang, G.H. Lu, Feng Liu, and X. G. Gong, Surf. Sci. 601, 3067 (2007). 

9. “Impurity mediated absorption continuum in single-walled carbon nanotubes”, C. Zhang, J.C. 
Chao, X.G. Guo and Feng Liu, Appl. Phys. Lett. 90, 023106 (2007). 

10. “Nucleation-Mediated Lateral Growth on Foreign Substrate”, D.J. Shu, M. Wang, Feng Liu, 

Z. Zhang, R.W. Peng, R. Zhang, N.B. Ming, J. Phys. Chem. C, 111, 1071 (2007). 
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Program Scope

This theoretical and computational research program started on 8/1/2007. It aims at
enabling surface engineering strategies based on the fundamental understanding and predictive
modeling of the surface morphological response of solid materials subjected to the combined
action of multiple external forces. The research focuses on the surface morphological evolution
and stability of electrically conducting (metallic) and semiconducting solids under the
simultaneous application of mechanical stresses and electric fields. Special emphasis is placed on
identifying the conditions under which the multiply driven surface morphology is stable and
exploring the complexity of the corresponding various morphologically stable surface patterns.
In addition, we emphasize on the driven evolution of nanoscale features aiming at stabilizing and
controlling nanoscale patterns on surfaces by their manipulation through simultaneously applied
multiple external forces. Specifically, we address systematically the morphological response to
the combined action of electric fields and mechanical stresses of bulk solid surfaces, surfaces of
thin films grown epitaxially on thick or thin substrates, as well as nanoscale surface features such
as coherently strained islands grown heteroepitaxially on substrate surfaces. The research is
based on a modeling approach that combines theoretical analyses of surface morphological
stability with self-consistent dynamical simulations of surface evolution based on properly
parameterized continuum surface transport models and with molecular-dynamics simulations for
atomic-scale analysis of strain relaxation mechanisms.

In terms of materials chemical composition, the study focuses on Cu (primarily) and Si
systems (bulk solids or substrates on which films or small islands can be grown epitaxially). In
terms of studying surface morphological response, the scope of the program is broad and
includes the following research tasks:

∑  Continuum-scale analysis of morphological evolution and stability under surface
electromigration conditions of: (a) surfaces of stressed elastic solids; (b) surfaces of
coherently strained thin films grown heteroepitaxially on solid substrates; and (c) coherently
strained islands grown heteroepitaxially on solid substrate surfaces.

∑  Atomic-scale analysis of surface morphological evolution, focusing on the role of strain
relaxation mechanisms, such as plastic deformation dynamics, in: (a) solids stressed beyond
the linear elastic regime and up to their limit of strength; and (b) heteroepitaxial films/islands
with thicknesses/sizes greater than the critical ones for misfit dislocation generation.

∑ Systematic studies of the effects of electromechanical conditions (varied over a broad range
of material and operating parameters) on surface morphological response.

Recent Progress

During the first five months of this program, we have made substantial progress in our
studies of surface morphological response of stressed elastic solids under electromigration
conditions, as well as atomic-scale studies of strain relaxation mechanisms and plastic
deformation dynamics toward enabling rigorous studies of surface morphological response
beyond the linear elastic regime. In addition, we have made progress in (i) development of
computational models for analyzing morphological evolution of heteroepitaxially grown islands
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on substrate surfaces under surface electromigration
conditions; (ii) analysis of complex asymptotic states in
surface morphological evolution, including oscillatory
states and chaotic attractors, and (iii) extension of surface
morphological evolution modeling from 2D to 3D. Here,
we summarize some of our most important findings to
date.

Current-induced Stabilization of Surface Morphology
in Stressed Solids – We have examined the surface
morphological evolution of an electrically conducting,
single-crystalline elastic solid under the simultaneous
action of an electric field and mechanical stress based on
a fully nonlinear model and combining linear stability
theory (LST) with self-consistent dynamical simulations
[1]. We have demonstrated that electric current, through
surface electromigration, can stabilize the surface
morphology of the stressed solid against crack-like
surface instabilities. It should be mentioned that
analogous surface morphological stability analyses can be
conducted over a broad class of materials, such as
magnetic and optical materials, under various external
fields, leading to more general conclusions regarding the

stabilization of materials morphology and/or structure by simultaneous application of multiple
external forces.

Figure 1 shows the LST results for the surface morphological response as the governing
dimensionless parameter, X, increases for certain surface diffusional anisotropy parameters [1];
X expresses the relative strength of the two externally applied forces, electric field and stress,
scaled with the capillary force. The most important implication of Fig. 1 is that application of a
sufficiently strong electric field (X  > X c) stabilizes fully the surface morphological response
against any shape perturbation wavelength.  This finding implies that electric current can
stabilize surfaces of stressed solids that are otherwise vulnerable to cracking through the so-

FIG. 1. Dispersion relations for
various X  values giving the
dependence of the characteristic
dimensionless frequency, w , for the
growth (w > 0) or decay (w < 0) rate
of a shape perturbation from a planar
surface morphology on the
dimensionless wavenumber of the
perturbation for certain surface
diffusional anisotropy parameters [1].

FIG. 2. Surface morphological evolution, starting with a low-amplitude sinusoidal shape perturbation at (a) X =
0.0 and (b) X = 0.60. (c) Same shape perturbation and X value as in (b) but the electric current is turned off for
a period of time and then it is turned back on. The anisotropy parameters are the same with those that yielded
the dispersion curves of Fig. 1. The evolution sequences are from the bottom to the top, the electric field is
applied from right to left, and the stress is tensile and applied uniaxially along x [1].
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called Asaro-Tiller or Grinfeld (ATG) instability. We have confirmed the LST findings through
dynamical simulations of surface morphological response to the simultaneous action of electric
field and stress. Representative simulation results are shown in Fig. 2. Surface cracking due to an
ATG instability is shown in Fig. 2(a). The inhibition of such a stress-induced morphological
instability due to the proper action of an electric field is shown in Figs. 2(b) and 2(c).

Texture Effects on the Surface Morphological Stability of Metallic Thin Films – Using the
same model of driven surface morphological evolution and combining linear stability analysis
with self-consistent dynamical simulations, we have analyzed the effects of surface
crystallographic orientation of a metallic thin film on its surface morphological response to the
simultaneous action of an electric field and mechanical stress [2].  The analysis maps surface
morphological stability as a function of surface crystallographic orientation in stressed elastic
and electrically conducting solids under surface electromigration conditions. The results have
provided a fundamental understanding of and an interpretation for the well-known longer
electromigration lifetime of thin films of face-centered cubic (fcc) metals with {111} texture.

Atomic-Scale Analysis of Defect Dynamics
and Strain Relaxation Mechanisms in
Biaxially Strained Ultra-thin Films of FCC
Metals – We have conducted a detailed
systematic computational analysis of strain
relaxation mechanisms and the associated
defect dynamics in ultra-thin, i.e., a few
nanometers thick, Cu films subjected to biaxial
tensile strain [3]. The analysis is based on
isothermal-isostrain molecular-dynamics (MD)
simulations of the response of Cu films that are
oriented normal to the [111] crystallographic
direction using an embedded-atom-method
parameterization for Cu and multi-million-atom
slab supercells. Our analysis reveals five
regimes in the thin film’s mechanical response
with increasing strain. Within the considered
strain range, after an elastic response up to a
biaxial strain level e = 5.5%, the strain in the
metallic thin film is relaxed by plastic
deformation. At low levels of the applied
biaxial strain above the yield strain (e ~ 6%),
threading dislocation nucleation at the surface
of the thin film in conjunction with vacancy
cluster formation in the film lead eventually to
formation of voids that extend across the
thickness of the film. For 6% < e < 8%,
dislocations are emitted uniformly from the
thin-film surface, inhibiting the nucleation of
voids. For e ≥ 8%, in addition to nucleation of
dislocations from the film surface, dislocation
loops are generated in the bulk of the film and
grow to intersect the thin-film surface. For e ≥
10%, a high density of point defects in the film
leads to nucleation of Frank partial dislocations
that dissociate to form stacking fault tetrahedra.
In addition, dislocation-dislocation interactions
due to the high dislocation density lead to
formation of Lomer-Cottrell dislocation locks

t = 0.0 ps(a)

t = 6.20 ps(b)

t = 14.64 ps(c)

t = 24.39 ps(d)

FIG. 3. (a)-(d) A cross-sectional view of a
biaxially strained (to e = 12%) Cu thin film
showing the evolution of the film structure as it
undergoes structural transition from an initial
fcc lattice [(a)]; the plane shown is the (001) fcc
lattice plane.  The hcp phase nucleates at the
film’s surface [(b)] and propagates into the bulk
of the film [(c), (d)]. Dark and light blue atoms
are in perfect fcc and hcp lattice arrangements,
respectively. Maroon atoms are surface atoms
and other colored atoms are inside dislocation
cores. The three subdomains embedded in the
hcp-martensite phase in (d) are faulted hcp
(middle) and fcc regions. The corresponding
time, t, in the MD simulation is recorded starting
from the film at its unstrained state [4].

e  = 12% fcc hcp[ ]110

[ ]1 10
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and complex stable dislocation junctions that act as obstacles to dislocation glide. As a result of
these defect mechanisms, nano-scale domains are formed in the crystalline film with an average
domain size of 1.5 nm and low-angle misorientations.

We are currently conducting MD-based analyses of the structural response of ultra-thin
metallic films to biaxial straining as a function of surface crystallographic orientation. In addition
to the isothermal-isostrain simulations, we are also simulating dynamic deformation experiments
(at constant strain rate) and probing the atomic-scale mechanisms that govern the thin-film
mechanical behavior. Among our most interesting recent results is the observation of martensitic
fccÆhcp phase transformations in biaxially strained Cu films with [110] surface crystallographic
orientation [4]. We have found that martensites nucleate at the surface and grow into the bulk of
the film due to dislocation glide; in this process, the magnitudes of the relative atomic slip
displacements are identical to those proposed for Bain transformations. Mechanical stability
analysis shows that the phase transformation onset is consistent with the onset of a shearing
instability of the thin film. Figure 3 shows a cross-sectional view of the structural evolution
during strain relaxation of the thin film that has been strained biaxially to e = 12%. This
evolution sequence shows the film as it undergoes structural transition from its initial fcc lattice.

Future Plans

Our future plans address the research tasks outlined in the program scope.  Short-term
plans (substantial progress expected within the next year) include: (1) continuation of the 2D
continuum-level analysis of surface morphological stability and evolution of stressed elastic
solids under surface electromigration conditions and exploration of surface orientation and
anisotropy effects; (2) continuation of the MD simulation work toward analysis of strain
relaxation phenomena beyond elastic response; (3) analysis of complex asymptotic states
(oscillatory states including chaotic attractors) in driven surface morphological evolution; (4)
preliminary analysis of driven morphological evolution of strained islands on substrates; (5)
targeted atomistic calculations toward parameterizing surface anisotropies; (6) extension of 2D
continuum-level modeling to 3D; and (7) development of careful experimental protocols (in
collaboration with expert experimentalists) to test the modeling predictions.

Longer-term plans (substantial progress expected within the three-year period) include:
(1) completion of the 2D continuum-level analysis of surface morphological stability and
evolution of stressed elastic solids under surface electromigration conditions; (2) completion of
the MD simulations for analysis of strain relaxation phenomena and development of constitutive
equations for continuum-level modeling; (3) completion of the analysis of complex asymptotic
states toward understanding formation of patterns in the morphology of driven surfaces and
surface features; (4) 3D continuum-level modeling and analysis of surface morphological
stability and pattern formation; (5) parameterization of surface anisotropies and incorporation
into the continuum-level modeling; (6) modeling of driven morphological evolution of surfaces
of strained layers on substrates and of heteroepitaxial islands on substrates; and (7) collaborative
effort with experimental partners to establish effects on surface morphological response of the
simultaneous action of multiple external forces.
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1. Program scope  
The goal of this project is to achieve a deeper fundamental understanding of atomic structure, 
solute segregation, phase transformations, mechanical response and dynamics of interfaces in 
metallic materials. The specific phase transformations studied here include the flat-to-faceted 
transition at grain boundaries (GBs), the interface disordering transition, and the surface and GB 
melting and pre-melting transitions in pure metals and alloys. GB sliding and migration in 
response to applied shear stresses will be investigated to understand the complex relationships 
between the critical stresses of these processes, the crystal symmetry and temperature. The 
dynamics of GB motion coupled to shear deformation will be studied over a wide range of 
velocities, temperatures and stresses. As model systems we use pure metals (Cu, Ag, Ni, Al and 
Ta), binary alloys (Cu-Ag, Cu-Ta) and intermetallic compounds (Ni-Al). 
 This project employs state-of-the art atomistic simulations methods, including regular 
and accelerated molecular dynamics (MD) and Monte Carlo, as well as development of 
theoretical models of the relevant processes. It also involves the development of new 
interatomic potentials for the systems of interest, including the systems Cu-Ag and Cu-Ta. 
 
2. Recent Progress 
 
2.1 Phase transitions at interfaces 
 
Significant progress has been achieved in understanding the structural phase transitions at 
interfaces [1-4,7-9,11,12,14]: 
 
Faceting transitions at GBs [11]. Energies and atomic structures of asymmetrical Σ11 90o [110] 
tilt GBs in Cu have been studied by MD simulations. Two interesting transitions have were found: 
(1) The boundaries dissociate into a low-angle and a high-angle boundary separated by a layer of 
an FCC-based long-period structure containing intrinsic stacking faults, and (2) the high-energy 
boundary breaks into nanometer-size facets, some of which are not Σ11 and do not even belong to 
any particular coincident-site lattice (CSL). Thus, asymmetrical tilt boundaries locally deviate from 
the CSL and from the average plane imposed by the macroscopic geometry, demonstrating a 
limitation of the CSL model of GBs. The results are consistent with high-resolution transmission 
electron microscopy observations available in the literature. 
 
Order-disorder transitions at APBs [4,13]. Using semi-grand canonical Monte-Carlo 
simulations, we have shown that (111) anti-phase boundaries (APBs) in the Ni3Al-based γ’ 
phase can undergo a “pre-wetting” transition as the APB region disorders and eventually 
transforms into a metastable γ-phase layer. To understand the nature of this transition, we 
performed detailed thermodynamic, compositional, and structural analyses of the APBs for 
different bulk composition at a fixed temperature of 700 K. The “pre-wetting” composition was 
identified and the ABP thickness was shown to remain finite as the bulk composition 
approaches the γ/γ’ transition point. The latter finding is important as it indicates that the APB 
transformation at this temperature is first order, not second order as was thought before.  

                                                
∗ Email address: ymishin@gmu.edu 

109



 2 

 
Melting and pre-melting transitions [2,7,12,14]. Cu GBs were found to accumulate significant 
disorder and eventually form a liquid-like layer about 10-20 K below the bulk melting point Tm. 
In this pre-melting temperature range, the local structure factor in the GBs tends to zero while 
GB diffusion rapidly accelerates and approaches the diffusivity of bulk liquid. The GB diffusion 
mechanism involves collective displacements of atomic chains. An interesting finding is that the 
thickness of the Σ5 (210) GB rapidly increases with temperature when approaching Tm from 
below but remains finite at Tm. Furthermore, this boundary can be slightly overheated above Tm, 
suggesting that its melting is a first-order transition. Likewise, the (111) surface of Cu does not 
pre-melt and remains metastable over a certain temperature range above Tm. By contrast,  the (110) 
surface melts continuously and its thickness diverges to infinity when temperature approaches Tm 
from below. The pre-melting process is preceded by a surface order-disorder transition at about 
0.65Tm. The latter is manifested in a break in the temperature dependence of the structure factor 
and surface stress, whereas the surface free energy remains fairly smooth. These investigations 
shed light on the mechanisms and thermodynamic nature of surface pre-melting in pure metals. 
 To study pre-melting in alloys, a new embedded-atom potential has been developed for 
the Cu-Ag system, which predicts the phase diagram in good agreement with experiment [7]. 
Monte Carlo simulations of the Cu Σ5 (210) GB revealed the formation of a liquid-like GB layer 
when approaching the solidus line from below. The chemical composition of the layer approaches 
the liquidus composition at the respective temperature. The composition and thickness of the liquid 
layer are continuous functions of temperature and grain composition. The boundary can be readily 
overheated above the solidus line in agreement with the expected first order of the transition. 
 
Surface wetting and dewetting [12,14] were studied in the Cu-Ta system. The latter presents 
significant interest for microelectronics applications. First-principles calculations of 
thermodynamic and mechanical properties of interfaces between Cu thin films and a (110) 
BCC-Ta substrate predicted their high stability (low excess energy, high work of separation) 
[12]. It was also predicted that a monolayer coverage must be very stable while a multi-layer 
coverage unstable, leading to the formation of Cu islands. To test this prediction by large-scale 
MD simulations, a new angular-dependent interatomic potential was constructed for the Cu-Ta 
system by fitting to first-principles data. The MD simulations revealed that a Cu film placed on 
the Ta (110) surface indeed dewets from it, forming a Cu droplet on top of a stable monolayer. 
Furthermore, a droplet of liquid Cu placed on a clean Ta (110) surface spreads over it as a stable 
monolayer while the extra Cu atoms remain in the droplet. The close agreement between the 
first-principles and atomistic data verifies our methodology and leads to the important 
conclusion that the failure of Cu/Ta contacts must occur inside the Cu film and not along the 
interface.  
 
2.2 Interface dynamics 
 
A major area of this project is GB motion coupled to shear deformation [5,6,9,10,15]. We have 
proposed a geometric theory of the coupling effect for tilt GBs and linked the multivalued 
character of the coupling factor β to crystal symmetry. The coupled motion of [001] and [211] 
tilt GBs has been studied by MD over the entire misorientation range and a wide range of 
temperatures. The coupling factor was found to be multivalued, can be positive or negative, and 
shows abrupt switches between the branches. At high temperatures, the response of high-angle 
GBs to shear stresses changes from coupling to sliding until coupling disappears. The coupling 
factors determined by the MD simulations are in excellent agreement with our geometric model. 
The temperature–misorientation diagram of mechanical responses of GBs proposed in our work 
can be used for the interpretation of mechanical behavior of nanocrystalline materials. 
 Atomic mechanisms of coupled GB motion have been identified. This motion does not 
require atomic diffusion and is typically implemented by distortion and rotation of structural 
units forming the GB. The unit transformations occur by the nucleation and growth mechanism 
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in which the transformed GB area is bounded by a disconnection loop and grows by the loop 
extension. 
 Significant efforts were dedicated to understanding the dynamics of stress-driven GB 
motion. At low temperatures and relatively large velocities, the GB motion exhibits stick-slip 
dynamics characterized by a saw-tooth behavior of stress and stop-and-go character of the 
boundary motion. The peak stress increases with the GB velocity but decreases with 
temperature. The stress-velocity-temperature relations established by our MD simulations are 
consistent with existing theoretical models of stick-slip dynamics [15]. At high temperatures 
and/or slow velocities, the GB begins to make occasional backward jumps, the stress behavior 
becomes noisy, and the stick-slip dynamics eventually transform to driven Brownian motion. 
The latter regime is characterized by a linear stress-velocity relation known experimentally. 
 When this work started, a major problem in this field was the huge gap between the 
experimental GB velocities and the extremely high velocities implemented in MD simulations 
due to the time-scale limitation of the method. To solve this problem, we collaborated with Dr. 
A.F. Voter’s group at LANL to push the minimum accessible velocity down by means of 
accelerated MD methods. The parallel-replica MD method has allowed us to greatly expand the 
velocity range and finally approach the experimental velocities [10]. Besides closing the gap 
between simulations and experiment, this study has pointed to a close analogy between couple 
GB motion in crystals and other known cases of stick-slip dynamics, including the tip 
movements in atomic friction microscopy. 
 
 
3. Future plans 
 
We intend to continue the study of the APB “pre-wetting” transition in Ni3Al, extending it to a 
wide temperature range and constricting the transition line on the Ni-Al phase diagram. We will 
also examine other APB orientations, particularly the (100) orientation involved in the 
dislocation dissociation in this material. A phase-field model of this transition will be developed 
and compared with the atomistic simulation results. 
 The effect of the interface pre-melting transition on physical and mechanical properties 
will be examined, including interface diffusion and interface sliding. 
 In the area of interface dynamics, we are planning to extend the MD studies of the 
coupling effect to asymmetrical tilt and later general mixed GBs. We are currently working on a 
generalized geometric model of coupling that should be applicable to mixed GBs. The model 
will have the capability to predict the complete set of geometrically possible coupling modes of 
any arbitrary GB given one of its crystallographic descriptions and the point-symmetry group of 
the crystal. Preliminary results for a Σ7 GB in Al indicate that multiple symmetry-related 
geometric descriptions of the same GB do actually give rise to multiple coupling modes and that 
they can be activated by MD simulations by adjusting the direction of the applied shear. These 
finding are important for the understanding of mechanical responses of interfaces to applied loads 
during fabrication and service of materials. 
 We will continue to study the stress-velocity-temperature relations for GB migration and 
sliding using regular and accelerated MD. This work will be extended to incommensurate 
interfaces and will later include solute effects. Simultaneously, we are planning to develop 
theoretical models to explain the regime changes in interface dynamics. Presently, the stick-slip 
models treat the interface sliding as a spatially uniform process. They thus ignore its nucleation 
and growth nature and are completely decoupled from nucleation theory. We intend to examine 
this process within a simple model, probably in the spirit of the driven 2D Frenkel-Kontorova-
Tomlinson model, and connect the stick slip and other dynamic regimes with the classical and 
diffuse-interface theories of phase nucleation. 
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Program Scope 

This program combines advanced materials synthesis, complementary in situ and ex situ characterization 

and property measurement techniques with computer simulations to elucidate the interfacial contributions 

to novel phenomena exhibited by oxide thin film heterostructures. The program is structured around three 

themes: interface control through understanding growth dynamics in complex oxide films, the contribution 

of interfaces when oxide films are incorporated in heterostructures and developing an understanding of 

domain behavior in ferroic nanostructures as a function of microstructure and composition. The 

complementary strengths of simulation and experiment provide fundamental insights into the mechanisms 

and interfacial driving forces that control composition and microstructure and thus overall film properties. 

 

Recent Progress 

In situ studies of ferroelectric thin films: Research on this topic focused on in situ film synthesis 

and characterization of film growth and interface processes using two unique systems. An integrated 

sputter-deposition/ion mass spectroscopy/x-ray photoelectron spectroscopy system has been used to obtain 

initial information on the nature of the interface between novel multiferroic BiFeO3 films and the Pt 

electrode layers. In addition, an integrated MOCVD film growth, x-ray scattering and fluorescence facility 

at the Advanced Photon Source (collaboration with ANL FWP 58926) has provided the first insights into 

domain wall structure and energetics in ferroelectric thin films. This system also led to the first 

demonstration of the existence of spontaneous polarization in epitaxial three unit cell thick PbTiO3 (PTO)-

films and to results showing that interface and surface environment control domain behavior in PTO films.  

Atomistic simulation of ferroelectric perovskites: The first interatomic potentials capturing 

ferroelectricity in perovskites, including the full phase diagram, were developed and used to study solid 

solutions and heterostructures. The influence of epitaxial strain on polar properties of thin films and 

superlattices was investigated with first-principles computational techniques, showing for the first time that 

strong coupling between polarization and strain is not a universal feature of all perovskite-oxide 

ferroelectrics.   

Studies of novel complex oxide phenomena at the micro and nanoscale: In collaboration with L. 

Ocola (CNM), we are investigating photovoltaic phenomena in transparent ITO/LaNiO3/Pb(Zrx,Ti1-

x)O3/LaNiO3/ITO capacitors grown on glass. Our interest in these materials stems from the novel concept 

that high electric fields in the ferroelectric layer can provide a much more efficient separation of electron-

hole pairs generated by UV radiation than in conventional semiconductor materials like Si. First 

measurements have confirmed this effect, and have shown up to three orders of magnitude higher current 

out of the device upon sunlight illumination, with respect to the current measured without illumination. 

Integration and patterning of oxide/carbon heterostructures: We have applied our knowledge of 

the growth mechanisms and interfacial characteristics of oxide thin films to the development of novel 

layered heterostructures comprised of two dissimilar materials such as piezoelectric Pb(Zrx,Ti1-x)O3 (PZT) 

and ultrananocrystalline diamond (UNCD) integrated using a novel oxygen diffusion barrier layer (see 

cross-section TEM image in Figure 1), We demonstrated the 1
st
 piezoactuated diamond-based 

micro/nanoelectromechanical structures using the hybrid PZT/UNCD heterostructure (Fig. 1 insert), 

opening new avenues for fundamental studies of mechanical properties of hybrid MEMS. 

In situ transport studies of tunnel junction structures at the nanoscale: We have developed a 

unique system for making nanoscale transport measurements on cross-section samples whilst 

simultaneously imaging the same region in-situ in the TEM. Using this integrated imaging/transport 

measurement approach we have been able to determine the structural and chemical origins of local changes 

to the transport properties in magnetic tunnel junctions (Fig. 2). 
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Figure 1. Cross-section TEM showing integrated 

PZT/UNCD layers enabled by a new TiAl or TiAlOx 

diffusion barrier layer; Insert: first demonstration of low 

power piezoelectrically actuated diamond MEMS 

resonator based on a hybrid PZT/UNCD cantilever. 
 

Figure 2. Cross-section TEM sample of a magnetic 

tunnel junction. Local I-V curves taken from the 

region immediately under the Au tip can be 

correlated with the local microstructure. The MgO 

tunnel barrier is the line of pale contrast between the 

two crystalline CoFe electrodes. The Au tip 

(diameter ~40 nm) can be moved in 3-D with nm 

accuracy to pinpoint specific regions for making 

transport measurements. 

 

Future directions 
Our research efforts aimed at understanding growth dynamics and domain formation in ferroic 

complex oxide films continue. As an example, we intend to undertake a comprehensive study of 

polarization stability and dynamics under conditions where the environmental charge balance is disturbed, 

in order to gain quantitative insight into the timescales and processes by which a ferroelectric surface can 

interact with external species. Our experimental efforts will be coupled with theory/simulation aimed at 

creating atomistic models of ferroelectric surfaces and examining their polar properties with a particular 

emphasis on elucidating the nature of the depolarizing-field compensation mechanism in such systems. 
 

 

 

Figure 3. (a) A Sr5Ti4O13 layered perovskite, which can be 

grown using molecular-beam epitaxy but does not possess 

any ferroelectric properties. 

   (b) An X3Sr2Ti4O13 layered-perovskite superlattice based 

on Sr5Ti4O13, with X (atoms shown in pink) being, e.g., either 

Ba or Pb. Depending on the atomic species involved, the 

material could exhibit ferroelectric or antiferroelectric 

structural instabilities. 

We also have a strong effort devoted to understanding the way in which interfacial effects control 

electronic phenomena in laterally confined nanostructures. We intend to examine a number of novel 

layered-perovskite-superlattice heterostructures (See Fig. 3.) based on homologous series (e.g. Ruddlesden-

Popper series) for various “classical” perovskite ferroelectrics. The properties of such structures are 

strongly dependent on choice of superlattice components as well as the thickness of the perovskite-type 

layers. We will use first-principles-based computer modeling to identify systems with the most interesting 
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electroactive properties, which will then be synthesized and characterized experimentally. Our studies of 

dissimilar material heterostructures will continue, and we intend to incorporate materials such as Bi-based 

ferrite into these structures.  

We are extending our studies of the nanoscale features that control transport phenomona in 

heterostructures, to include transparent ferroelectric/conductive oxide heterostructures and multiferroic 

tunnel junction structures comprising ferromagnetic and ferroelectric layers. We are doing this via a 

combination of local transport measurements at the nanometer scale, high spatial resolution structural and 

chemical analysis and band structure calculations. The ferroelectric effect in thin films is strongly 

dependent on layer thickness as well as on the specific electrostatic interactions at the ferroelectric layer/ 

electrodes/substrate interfaces. A further layer of complexity is introduced when the ferroelectric structure 

is patterned laterally at the nanoscale. We plan to combine first-principles-based computer modeling and 

experimental characterization to investigate the polar properties of ultra-thin ferroelectric films grown on 

various substrates (to control the structure’s stress state) and interfaced with various electrode materials (to 

control the electrostatics). The behavior of such confined nanostructures is currently poorly understood and 

we believe that we are in a strong position to make a major contribution in this area. We are utilizing our 

unique combination of experimental and theoretical tools to focus on oxide thin films that exhibit electrical 

resistance change triggered by collective electronic processes. For example: local measurements to 

determine the nature of transport such as the quantity and polarity of majority carriers when resistive 

switching takes place, and to pinpoint the exact location where the nanoscale conduction channel changes 

its nature by electric pulses. This will provide a global picture regarding the resistive switching mechanism 

and contribute to the device design and enhancement of its reliability. 

 The grand challenge in ferroic nanostructures is to develop an understanding of their domain 

behavior and we are actively pursuing this for thin films and nanopatterned structures. Figure 4 shows 

preliminary AFM and piezo force microscopy (PFM) images of a 36 nm thick BiFeO3 film grown by rf 

magnetron sputtering on SrRuO3-coated (001) single crystal SrTiO3 (SRO/STO). We were able to polarize 

domains in both positive and negative directions without affecting the topography. The next step will be to 

use the tip as the moving top electrode to characterize the size and shape dependence of the switching and 

piezoelectric properties of patterned nanostructures.   
 

 

Figure 4. Topography (left) and PFM 

phase (right) image of the same BFO 

layer on SRO/STO showing 

artificially poled regions. The 1 μm  

1 μm center region was polarized with 

top-to-bottom orientation, whereas the 

2 μm  2 μm peripheral region was 

polarized in the bottom-to-top 

direction. 
 

Imaging domain wall motion as a function of applied field, in a configuration in which we can also image 

the microstructure of the film, will allow us to measure domain wall velocities and to visualize effects such 

as pining at defects. Our studies of the nanomagnetic behavior of arrays of patterned thin film oxide 

heterostructures is continuing and is being extended to artificial multiferroic heterostructures, including 

investigation of the effect of the ferroelectric field on magnetic phenomena and vice versa.  
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Program Scope:  
Organic electronic materials are of great intrinsic scientific interest because strong 
competing interactions produce a rich spectrum of tunable ground and excited states that 
make them an ideal vehicle for the study of flexible strongly correlated material systems.  
These materials are also technologically important for a broad class of applications 
because of the tunability of their electronic properties, facile thin film and heterostructure 
fabrication, and the possibility of creating nanoscale structures and devices through 
molecular assembly techniques. Because of the very large material and device structure 
phase space, there is a critical need for basic scientific research on the fundamental 
physical properties of organic electronic materials.  The goal of this project is to provide 
an understanding of the fundamental physical processes that are important in determining 
the electrical and optical properties of organic electronic materials.  We are focusing on 
representative materials, including both conjugated polymers and small molecules, which 
serve as model systems to understand these fundamental physical processes.  We are 
using a closely coupled theory/fabrication/measurement approach. The project consists of 
four basic classes of tasks: 1) electronic structure of condensed phases of organic 
electronic materials and its effect on electrical and optical properties; 2) spin dependent 
optical properties of organic semiconductors containing metal atoms and the use of 
magnetic fields to probe these properties; 3) spin dependent electrical transport and spin 
injection from ferromagnetic metals into organic semiconductors; and 4) modeling of 
novel electrical and opto-electronic devices based on these organic semiconductors. 
 
Recent Progress: 
Organic Semiconductor Electronic Structure Calculations: We established a new 

theoretical tool for studying 
disordered organic 
semiconductors based on a 
combination of classical 
molecular dynamics, to 
determine probable 
molecular geometries, and 
first-principle density 
functional theory (DFT) 
calculations, to determine 
the electronic structure for 
that geometry.  Our initial 
studies focused on the role 

 

Fig. 1) Top: molecular 
structure of a five ring 
oligomer of PPV. 
Middle: left; crystal 
structure and right; 
disordered structure of 
PPV oligomers.  Bottom: 
calculated density of 
states for: A), crystal; B), 
disordered cluster; C), 
isolated ordered 
oligomer; and D) 
ensemble of isolated 
disordered oligomers. 
From Ref. 1)  
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of intra-molecular conformational disorder and inter-molecular electronic interactions on 
the electronic structure of disordered clusters of PPV [1] oligomers.  We found that in 
PPV electron trap states are induced primarily by intra molecular configuration disorder, 
while the hole trap states are generated primarily from inter molecular electronic 
interactions. The PPV calculations considered clusters of five-ring PPV oligomers, in 
order to isolate the effect of configurational disorder. The unit cell used for the MD 
simulations and DFT calculations consisted of 12 five-ring oligomers, a total of 816 
atoms. Figure 1) shows an example of the PPV calculations that were recently published 
in Physical Review. 
Magnetic Field Effects on the Optical Properties of Metal-Organic Compounds: We 
studied the optical properties of metal-organic compounds in strong magnetic fields to 
understand their spin dependent electronic structure [2]. We measured 
photoluminescence (PL) of dilute concentrations of Pt porphyrin (PtP) and a substituted 
Pt porphyrin (PtOEP) in strongly and weakly interacting hosts as a function of magnetic 
field and temperature.  The origin of the strong temperature and magnetic field 
dependence that we observed in the PL spectrum was found to result from a combination 
of the spin-orbit interaction and the Jahn-Teller (JT) effect. The calculated excited state 
potential surface for PtP has four equivalent energy minima for distortions that are linear 
combinations of b1g and b2g vibrational modes. In the lower symmetry PtOEP the energy 
minima are distorted from the symmetric positions in PtP.  Traversal about the energy 
surface is accompanied by a Berry phase that introduces a new selection rule for the 
optical transitions. Because of the symmetry differences, there are qualitatively behaviors 
in PtP and PtOEP.  These results show that the spin-orbit interaction can determine 
optical selection rules in these metal-organic compounds and show much promise for 
establishing optical spin generation/detection approaches in organic semiconductors. 
Device Considerations for Spin Based Organic Devices: Electron spin based devices 
often use a ferromagnetic (FM) metal as an electrode since they are capable of spin 
polarized electrical injection and detection.  Recently there has been major progress in 
understanding electron spin transport at ferromagnetic metal/inorganic semiconductor 
interfaces.  There is strong synergy between research into the spin dependent properties 
of organic and inorganic semiconductors and we are exploring these two areas in parallel.  
We completed a first principles electronic structure calculation of spin dependent 
tunneling in inorganic systems that explained a major experimental mystery [3] involving 
a sign change of the spin polarization of the tunneling current at Fe/GaAs contacts. We 
have also completed a theoretical study of the effect of the voltage bias dependence of 
tunnel barrier shape at a Schottky contact on spin injection properties of ferromagnetic 
metal/inorganic semiconductor interfaces [4]. We experimentally investigated 
ferromagnetic metal/polymer Schottky energy barriers and hole injection from these 
contacts [5].  These results will form the basis of future spin injection studies at 
ferromagnetic metal/organic semiconductor contacts.  We studied device structures, both 
theoretically and experimentally, fabricated from organic semiconductors [6,7,8] 
comparing charge and spin transport properties. 
Device Model of Light Emitting Field Effect Transistors: Recent experiments at UC Santa 
Barbara and Cambridge demonstrated ambipolar channel conduction and light emission 
in conjugated polymer field effect transistors (FETs).  Electrons are injected from a low 
work-function metal contact and holes from a high work-function contact.  The injected 
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charge carriers propagate along the FET channel and recombine in regions where both 
types of carriers are present.  We established a device model for these ambipolar organic 
field effect transistors based on the gradual channel approximation [9,10,11].  The model 
includes the effect of charge carrier trapping at the gate insulator/organic semiconductor 
interface through density dependent mobilities.  In collaboration with the experimental 
group at Cambridge, we made detailed comparisons between the predictions of the device 
model and experimental observations [12]. 
 
Future Plans:   
We will extend our studies of the effects of disorder on organic semiconductor electronic 
structure to the following:  1) Oligomer length. In amorphous systems the oligomers do 
not remain planar.  Effective conjugation lengths governed by kinks and twists in the 
oligomer associated with intra-molecular disorder may override the tendency to close the 
energy gap with increasing length.  These issues are important to understand in order to 
develop realistic hopping models of charge mobility. 2) Intra-molecular conformational 
constraints. A combination of intra-molecular torsional motion in the vinylene unit, 
coupled with bond length alternation, is a dominant mechanism for introducing trap states 
and electron-hole asymmetry in PPV. We will study PFO and other organic 
semiconductors with specific bonding patterns chosen to enhance or constrain important 
internal motions and contrast the results with those for PPV.  3) Influence of side chains 
on inter-molecular interactions.  Many organic semiconductor devices rely on derivative 
materials in which a side chain is introduced to improve solubility.  These side chains 
typically involve saturated hydrocarbon units and are therefore not expected to directly 
introduce electronic states near the energy gap, but they can affect the electronic structure 
indirectly through steric interactions. We will study these steric effects as a function of 
the length of the side chain using models based on PPV. 
 Organic semiconductors are of interest for the active layer in spintronic devices 
because they are composed of light elements with weak spin-orbit interactions and thus 
have long spin lifetimes. Recently there has been dramatic progress in exploiting spin-
based phenomena in inorganic semiconductors.  Due to the spin-orbit interaction inherent 
in these materials, right- and left-circularly polarized light couples differently to spin-up 
or spin-down electrons. As a result, spin-polarized electrons can be generated and 
detected using circularly polarized optical probes. In organic materials the corresponding 
optical selection rules do not apply. It is, however, possible to introduce heavy elements 
into organic semiconductors and thereby locally introduce a spin-orbit interaction using 
metal-organic (MO) compounds. The ability to spatially pattern the strength of spin-orbit 
coupling in a structure is unique to organic semiconductors. The wide range of organic 
semiconductors and MO compounds available permits us to combine them in ways to 
allow either optical spin injection, by absorbing on a MO molecule and transferring spin 
polarized carriers to an organic semiconductor, or optical spin detection by transferring 
spin polarized carriers from an organic semiconductor to a MO molecule. We will use a 
combined experimental and theoretical approach, building upon our work with PtP and 
PtOEP, to find and understand metal-organic molecules suitable for injection and 
detection of spin polarized electrons in organic semiconductors. 

Electrical spin injection from ferromagnetic contacts has been demonstrated in 
inorganic semiconductors.  We have developed a model for electrical spin injection in 
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organic semiconductors. The essential feature of this theory is that electrical spin 
injection from a magnetic contact into a nonmagnetic semiconductor requires that the two 
are not in quasi-equilibrium. This can be accomplished by introducing Schottky barriers 
or tunnel barriers. Schottky barrier formation on conjugated organic semiconductors 
differs from that on inorganic semiconductors inasmuch as contacts made to organic 
semiconductors often follow near-ideal Schottky behavior, thus permitting the energy 
barrier to electrical injection to be varied over a wide range by using metals with different 
work functions. In addition, insulating tunnel barriers to organic semiconductors based on 
organic molecules can be conveniently fabricated using self-assembly techniques. Our 
measurements of the effective work functions of a variety of FM metals on organics show 
that suitably processed FM metals can have appropriate Schottky barriers for spin 
polarized hole injection into most organic semiconductors.     
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Program Scope: 
This subtask research effort seeks to provide a detailed understanding of corrosion 
mechanisms in passive metals and alloys through the investigation of passivity 
breakdown and pit initiation in tailored oxides and at nanoengineered defects. The ability 
to correlate nanostructure evolution and pit initiation in passive metals is essential for the 
development of predictive aging models for materials and device reliability science and 
engineering. Aluminum and its alloys are of particular focus because of their widespread 
use throughout the DOE complex ranging from microelectronic interconnects to 
transportation applications. The objective of this research is to gain new insight into the 
initiation stage of localized corrosion. Our approach is to precisely create and control 
defects and nanoscale structures, such as model passive oxides, so as to isolate, identify, 
and elucidate their role in corrosion initiation.  
 
Recent Progress: 

Recent work has focused on establishing causal links between discovered 
nanoscale phenomena and pit initiation. We have documented the formation of interfacial 
voids at the aluminum:passive oxide interface (1). These structures could represent early 
precursors to eventual pit nucleation events given the fact that these voids grow to 
eventually form nanoscopic pores (2). Our work in this specific area of this subtask is to 
map accessible regions of a pitting reaction coordinate that describes the nanoscopic 
evolution of the passive oxide toward a progressively less stable barrier layer as the 
native environment becomes more electrochemically aggressive. Figure 1 provides a 
general view of structures that we believe contribute to this overall trend toward 

instability. The specific work described in this abstract highlights our attempt to clarify 
causal relationships and mechanisms and provide relevant input to computational efforts 
in reliability assessments and life extension efforts. 
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Figure 1. Generalized scheme for a pitting reaction coordinate 
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Electrolyte and Ion Effects on the Formation of Nanoscale Structure in Aluminum’s 
Passive Oxide Prior to Pit Initiation 

The impact of pH, chloride concentration, and the presence of an alternate, 
adsorbing anion on interfacial void formation in the passive oxide of aluminum have 
been explored (3). Constant current, anodic polarization of a model passive oxide on 
Al(111) oriented thin films exhibits a characteristic signature involving a local maxima in 
the potential as a function of time (Fig. 2a). We have shown that this maxima 
corresponds to a threshold for interfacial void formation and the corresponding charge 
density is a measure of the efficiency for void nucleation and growth. Efficiency is found 

to be sensitive to primarily pH (Fig. 2b) and the presence of alternate anions. The pH 
sensitivity can be understood in terms of the competition between a vacancy pairing 
reaction that forms voids and a vacancy filling reaction that leads to oxide growth. Proton 
concentration enters into the vacancy pairing reaction through the generation of excess 
oxygen vacancies, according to: 

pH 7.0

pH 6.4

pH 5.9

a b

pH 5.9

pH 6.4

pH 7.0

pH 7.0

pH 6.4

pH 5.9

a pH 7.0

pH 6.4

pH 5.9

a b

pH 5.9

pH 6.4

pH 7.0

b

pH 5.9

pH 6.4

pH 7.0

 
Figure 2. a) Variation in the chronopotentiometric response for a 0.7 µA·cm-2 
anodic step in 50 mM NaCl as a function of pH. b) Dependence of the charge 
density required to produce a potential maximum as a function of pH and applied 
anodic current density (▲pH 5.9, ■ pH 6.4, ♦ pH 7.0). 

VO.. + H2O   OO + 2H+

where OO represents an O anion on the conceptual oxygen sub-lattice of the passive 
oxide. This excess concentration leads to vacancy saturation within the inner anhydrous 
barrier oxide layer (primarily responsible for passivity), followed by void formation from 
the pairing reaction with cation vacancies. Equally interesting is the fact that chloride 
concentration variation at low to moderate levels exhibits minimal impact on void 
formation, arguing for a concerted proton-chloride interaction where a critical chloride 
concentration (estimated to be 3x1019 cm-3 based on competitive borate anion adsorption 
measurements) is sufficient to drive void formation. 
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Inducing and Imaging Localized Passivity Breakdown in Aluminum Using an AFM 
Approach 

A
B

CD

a b

A
B

CD

a b

A
B

CD

a b

Figure 3. a) in situ AM-AFM image of an Al:0.5 wt% Cu film surface prior 
to localized polarization in 50 mM NaCl – arrow designates site of possible 
hard tapping by tip, and b) in situ image after applying a 0 mV, 1 ms pulse at 
a tip-film distance of 400 nm - highlighted square corresponds to the region 
of letter designated grains in panel a. The inset shows site detail.

The physical and chemical scales of and spatial relationships for  pit nucleation 
and latter stage metastable pitting events are of particular interest in establishing structure 
– activity correlations. Where these events can be detected through electrochemical 
means, a description of scale and location is generally not possible because no a priori 
knowledge exists for where to look for such an event. We have combined electrochemical 
atomic force microscopy and the concept of electrochemical machining to determine 
whether local polarization can be used as probe for local sensitivity to pit initiation (4). 
Localized polarization is produced using fast potential pulses between a conductive 
nanoelectrode (i.e. an AFM tip) and the surface at time scales required for interfacial 
charging. Our initial attempts are not particularly fast (millisecond), but do show promise 
in constraining the location of pitting to the proximity of the AFM tip (see Fig. 3). 
Additionally, this approach has proven to provide high resolution imaging of 

transformational changes in the passive oxide not previously reported for aluminum. 
These directly imaged changes include the transition of oxide platelets on the surface to 
oxide nodules as well as the formation nanopores. High fidelity imaging and localized 
polarization can be combined with a variety of other preconditioning techniques, 
including void nucleation and growth, to directly image the sensitivity of a known 
nanostructure population to a local stimulant for passivity breakdown. Causal 
relationships between nanostructure and passivity loss could be established using this 
stimulus – response mapping approach. 
 
Future Plans: 

Our plans include the further development of the fast pulse AFM experiment to 
operate in a more realistic time frame for interfacial charging (10 to 100 nanosecond). 
Experiments will be extended to include both large grained Al, Al-xCu and other solid 
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solution systems where the added constitute is believed to facilitate transition from pit 
nucleation to propagation. We will incorporate analytical TEM measurements to 
understand the role that solute additives play in local oxide stability. Specifically, we are 
interested in the probability that segregated solute may serve as void nucleation sites 
within the passive oxide. 

We seek to better understand the role that metal:oxide interfacial structure plays 
in passivity. First principles calculations are employed to discover structural motifs that 
correspond to weak oxide – metal bonding. Experimental exploration of such structures is 
planned through the use of single crystal substrates, vacuum processing techniques, and 
vacuum AFM to create interfaces of known step density. Electrochemical measurements 
followed by analytical electron microscopy will be used to determine relationships 
between the initial interfacial structure, the extent to which nanostructure evolves, and the 
overall activity. Control of pH is a particularly potent tool in these studies as 
computationally-derived models that predict weak Al – O bonding argue for defect sites 
that may exhibit strong affinity for H. Recall that these model anhydrous oxides show a 
strong sensitivity toward pH, possibly indicating a chemical path for probing the role of 
atomic scale defects.  

Our direct imaging will be complimented by conducting microcapillary-based 
statistical studies. Preliminary work has shown that pit nucleation event frequencies could 
be related to electrochemical preconditioning (5). The possibility exists for statistically 
linking the characteristics of programmed void populations with pit nucleation frequency. 
We have developed a microcapillary capability based on 20 µm diameter electrochemical 
cells. Event transients in the 100 femtoamp range (pit radii of < 7 nm) can be detected by 
operating in this cell size regime. Plans exist for the acquisition of a 300 attoamp noise 
limit potentiostat to improve sensitivity. We have established a collaboration with D. 
Krouse (Industrial Research Ltd, NZ) and J. Soltis (Quest Reliability, NZ) to conduct 
automated data analysis for large data sets. 
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ABSTRACT 

 
SCOPE AND OBJECTIVES 
This research is to define more exactly the state of water in proton conducting 
membranes.  The objective is to establish the relationship between the state of water and 
proton conductivity, and to understand more completely the mechanism of proton 
conduction.  Once the role of water in proton conduction has been elucidated, we will 
develop methods and protocols for controlling the membrane structures at the molecular 
level to optimize their properties for use in advanced Proton Exchange Membrane Fuel 
Cells (PEMFCs).  In particular, we seek to extend the maximum operating temperature of 
PEMF's to values well above 100oC in non-pressurized systems.  Higher operating 
temperatures give rise to higher conductivities and hence to reduced IR potential drop 
across the membrane, thereby enhancing the power density of the cell.  Higher 
temperatures also lead to faster reaction rates, which implies lower catalyst loading, 
particularly at the air electrode, and significantly reduced catalyst poisoning by carbon 
monoxide at the anode.  A closely related goal is to develop membrane and electrode 
systems that will enhance low humidity operation.  This can be accomplished by utilizing 
knowledge of the state of water and the mechanism of proton conduction to design 
membranes with chemical and structural features that mimic the behavior of water. Our 
work will employ Nafion® and polyphosphazene membranes; the former to ensure 
continuity with our previous work on this subject, and the latter because, in our opinion, 
they offer the greatest possibilities of achieving our goals. A wide range of skills are 
being focused on this challenge including membrane design and synthesis, NMR 
techniques, dielectric relaxation studies, and electrochemistry (including electrochemical 
impedance spectroscopy). 

The work involves four tightly coupled tasks as follows:  Task 1. Membrane 
Design and Synthesis (Department of Chemistry); Task 2. NMR Relaxation Studies 
(Department of Chemistry); Task 3. Dielectric Relaxation Studies (Department of 
Materials Science and Engineering)); and Task 4. Electrochemical Evaluation 
(Department of Materials Science and Engineering).  The proposed work combines novel 
membrane synthesis and characterization with systematic formulation to deliberately 
reveal the effects of several synthesis variables on membrane function.  These variables 
include the impact of hydrophobic and hydrophilic moieties, ion exchange capacity, and 
membrane morphology on the state of the water in the membrane, the membrane 
conductivity, the performance at high temperature, and the operation at low humidity.  
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The working hypothesis of this study is that proton conduction occurs via the Grotthus 
chain mechanism, in which a proton is passed between adjacent water molecules through 
a cooperative rotation/proton transfer process.  Water availability for this cooperative 
rotation/proton transfer process in existing membranes is probably limited by water 
evaporation.  We are addressing this situation through altering the density of the acid 
groups, and placing them in strategic proximity to each other, thus producing membranes 
that experience the cooperative rotation/proton transfer process without encountering the 
performance reduction caused by evaporation.  Thus, this study is designed to ascertain 
the impact of the membrane composition and structure on the membrane function for 
high temperature PEMFCs.  Each group of membranes we synthesize will be 
characterized in a similar manner.  The purity of the starting materials and synthesized 
polymers will be assessed.  The total water uptake, heat of hydration and glass transition 
temperatures will be determined.  Translational diffusion coefficients and angular 
reorientation will be characterized by NMR.  The effect of hydrophobic and hydrophilic 
domain size on the state of water and conductivity will be studied by using scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM) techniques to 
probe the morphology of both dry and hydrated membranes.  The information is being 
collected and correlated with conductivity data.  The baseline temperature for all 
experiments will be 80°C.  As the most promising direction for membrane synthesis is 
revealed, the experiments will include incremental increases in operating temperature. 

 
RECENT PROGRESS 
 
 The initial experimental work has been focused on two aspects.  These are 
1) an examination of the NMR spectra of water in commercial Nafion 117 membranes, 
and 2) synthesis of new polymers that are analogues of Nafion, but are based on an 
inorganic backbone rather than the carbon backbone of conventional macromolecules. 
 NMR Spectra of Water in Nafion.   Nafion is a proton conductor 
because it contains sulfonic acid functional groups, which supply protons, and because 
the polymer is swollen by water, which provides a vehicle for proton transmission across 
the membrane.  The characteristics of Nafion are enhanced by the presence of 
hydrophobic fluorocarbon domains which provide physical and chemical stability and 
promote the segregation of the structure into hydrophobic and hydrophilic domains.  It is 
believed that two types of water exist in Nafion-type membranes - structured water that 
resembles water in ice, and non-structured water that may be the principal vehicle for 
proton transmission.  Solid-state deuterium NMR spectroscopy has been used to 
investigate this possibility. 
  At the start of this phase of the investigation a major hurdle was 
encountered.  This was the fact that commercial Nafion is contaminated by transition 
metal species, such as iron, that broaden the NMR line width, shortening the T1 
relaxation.  The use of ESR spectroscopy proved to be an inadequate measure of 
transition metal content, and elemental analysis was employed to estimate iron content.   
Literature methods to purify Nafion proved to be only partly effective to remove these 
contaminants, and alternative methods were devised.  The main modification involved 
treatment with ethanol and water followed by the use of nitric acid in place of 
hydrochloric acid.  After this purification, experiments were conducted to establish the 
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level of iron contamination below which the NMR results would not be compromised.  
This level appears to be below 1100 ppm.  After purification, our membranes showed 
only 11 ppm of iron.  Experiments were then initiated to monitor the change of proton 
conductivity as a function of water content of the membrane and to correlate these results 
with the state of the water.  Nafion was hydrated in a humidification chamber of which 
the humidity was controlled by a saturated salt solution. Dry Nafion was suspended 
above the saturated salt solution in a sealed chamber for 5 days to attain equilibrium. The 
NMR results confirm that two types of water are present in Nafion, and we attribute this 
to the presence of both structured water molecules and bulk water molecules. 
 
 Synthesis of New Proton-Conductive Polymers.  A polyphosphazene 
with the structure shown in 1 has been synthesized in a first attempt to obtain an analogue 
of Nafion, but with a more regular distribution of sulfonic acid and hydrophobic units.  
The alkyl ether sulfonic acid units are hydrophilic, while the trifluoroethoxy groups are 
highly hydrophobic and are the counterparts of the fluorocarbon component of Nafion.  
The synthesis protocol involved the polymerization of the cyclic monomer, 
hexachlorocyclotriphosphazene, to poly(dichlorophosphazene), followed by sequential 
replacement of the chlorine atoms in this polymer by trifluoroethoxy and the vinyl 
ethyleneoxy units.  The vinyl groups were then employed as reaction sites for conversion 
to sulfonic acid sites by treatment with sodium sulfite.  Two other polymers have been 
synthesized, with the structures shown in 2 and 3.  Here, the phenoxy groups in 2 and 3 
are hydrophobic components, and the aryloxy sulfonic acid or moieties are both 
hydrophilic units and proton sources.  The functional sites in 3 are both proton sources 
and amphiphilic units.  These three polymers are currently being analyzed by solid-state 
NMR methods and impedance spectroscopy. 
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FUTURE PLANS 

NMR T1 relaxation experiments will continue with Nafion with the objective of further 
defining the state of water in this material.  More data at different hydration levels are 
still required with use of the 300 MHz spectrometer. These data will be compared with 
the T1 relaxations obtained from a 500 MHz spectrometer. We expect that T1 relaxations 
will be lengthened by 5 – 10 milliseconds, which would indicate the presence of solid 
state water. 
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 The phosphazene polymers will then be subjected to the same NMR analysis as 
Nafion, and all the polymers in this project will be analyzed by impedance spectroscopy, 
and dielectric spectroscopy.  Ultimately it is anticipated that the results will point to a 
preferred polyphosphazene structure that provides the means for maximizing the solid 
state water content of a membrane and allowing proton conduction at elevated 
temperatures. 
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Program Scope

Solid oxide fuel cells (SOFCs) are an important technology for efficient
utilization of hydrogen, and the closely related technologies steam electrolysis1,2 and
ceramic membranes3 are important for efficient production of hydrogen.  Important
fundamental challenges remain in SOFCs, including reducing operating temperature and
improving the stability and fuel flexibility of the anode.  Operating temperature is
important not only for making the technology viable – reducing the cost of high-
temperature components, improving the stability of metallic interconnects, and easing
high-temperature seal issues – but for enabling new SOFC applications such as
transportation and portable generation. Anode alternatives to metallic Ni are needed to
improve stability during redox cycling and during electrolysis at high steam contents, and
for enabling highly efficient hydrogen production from natural gas.4-6

The main aim of this project is to investigate nano-scale materials with
applications for fuel-flexible low-temperature solid oxide fuel cells (SOFCs), integrating
fundamental studies done from the atomic scale (point defects) to extended defects
(interfaces, grain boundaries, and surfaces) to the morphological scale (typically 50 –
1000 nm in SOFC electrodes). New approaches are being employed to characterize and
understand transport and oxygen exchange properties of nano-scale materials needed to
make fuel cell membrane/electrolytes that can operate effectively over a wide range of
conditions. New fabrication methods have been developed to produce nano-scale
materials. Given the obvious questions regarding the stability of nano-materials, even at
reduced SOFC operating temperatures, nano-material stability is being studied both
experimentally and via modeling. Overall, this work aims to provide a scientific basis for
engineering high efficiency nano-composite materials for SOFC applications.

Recent Progress

Highlights from the three strongly inter-related research thrusts are briefly
described in the following paragraphs.
Transport properties of nano-scale ionic conductors

A “nano-Grain Composite Model” was developed and used for analyzing the
complex impedance behavior of nanocrystalline SOFC electrolyte materials. AC-
impedance spectroscopy data for nanocrystalline 8 mol% YSZ was analyzed using the
model to separate the grain-boundary and grain-core components.  The electrical
conductivity results for two grain sizes—10 nm and 41 nm—are shown in Fig. 1
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alongside data for microcrystalline YSZ of comparable composition. The grain core
conductivities of nano-YSZ are
only slightly decreased from that of
microcrystalline YSZ. In contrast,
the grain boundary conductivities
are significantly higher (by 5-10
times) than for microcrystalline
YSZ.  Thus, the slightly enhanced
ionic conductivity in grain
boundaries is mitigated by
increased grain boundary density
and also by reduced grain core
conductivit ies in nano-ionic
conductors, such that there are no
large enhancements overall. On the
other hand, large enhancements are
present in mixed conducting
materials.
Nano-electrode processes and stability

Two-phase anode nano-structures have been produced by a new method where
nano-clusters precipitate onto the surfaces of a supersaturated oxide phase. Figure 2
illustrates Ru nano-clusters < 5 nm in diameter on (La,Sr)(Cr,Ru)O3 surfaces, produced
using this method. The nano-clusters form during anode operation, avoiding the
coarsening that would normally occur during ceramic processing.  Figure 2 also shows
the substantial polarization resistance reduction that occurs when the nano-clusters
appear.  Interestingly, the Ru clusters do to coarsen substantially over 1000 h at 800oC.

The group has also employed infiltration methods to study nano-cathode
materials.  (La,Sr)(Co,Fe)O3 mixed conductor has been infiltrated into Gd-doped Ceria
porous structures.  The ability to separately control the morphology of the two phases, via
their separate processing/firing conditions, allows relatively low polarization resistances

Figure 1.  Local grain core (gc) and grain boundary
(gb) conductivities for microcrystalline (“micro”) vs.
nanocrystalline YSZ. Microcrystalline data are taken
from Ref. 7.

Figure 2. (a)  High-resolution electron microscope image showing a portion of a
La0.8Sr0.2Cr0.82Ru0.18O3 particle with Ru nano-clusters that nucleated upon reduction in H2 at
800ºC for 45 h. (b) Electrochemical impedance spectra obtained at various times from a SOFC
with LSCrRu-GDC anode at 800ºC, showing a rapid decrease in polarization resistance that
coincided with the nucleation of Ru nano-clusters.
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down to 0.27 Ω cm2 at 600oC. For
example, the lowest resistances
were obtained with a nano-scale
LSCF structure obtained by firing at
800oC (Figure 3), whereas the GDC
phase required a firing temperature
of 1000-1100oC in order to attain a
well-necked microstructure.
Novel mixed-conducting anode
materials

A new class of mixed-
conducting anode materials, based
o n  t h e  c o m p o s i t i o n
(La,Sr)(Cr,Fe)O3, was shown to
provide good stability and low
polarization resistance. In addition,
the anodes show excellent tolerance
to sulfur impurities present in real
fuels.  Figure 4 shows an example
of a sulfur tolerance test carried out
in hydrogen fuel with 150 ppm H2S.
These levels of sulfur normally
result in catastrophic failure of
conventional Ni-based SOFC
anodes.

Future Plans

Much of the work described
above will be continued in the short
term.  In the longer term, we plan to
emphasize two main directions:
effect of nano-structure on intrinsic
t r anspor t  p rope r t i e s  and
manipulation of micro/nano-
structure to improve low-
temperature electrode kinetics. The
bulk transport studies will
emphasize nano-structured mixed
conductors.  More emphasis will be
placed on 3D reconstruction of electrode structure, which will be used in finite-element
electrochemical models to correlate nano/microstructure with performance. Coarsening
models are being applied to predict the change in size and shape of nano-clusters during
SOFC operation.

Figure 3. Fracture cross-sectional SEM image of a
cathode fabricated by infiltrating LSCF (12.5 vol%
loading, fired at 800°C) into a GDC scaffold that had
been fired at 1100°C.  The LSCF particle widths
were 50-100 nm, and the infiltration decrease the
cathode area-specific resistance by more than 10
times, to 0.27 Ω cm2 at 600oC.

Figure 4.  Stability of an SOFC with the
(La,Sr)(Cr,Fe)O3 anode operated in 150 ppm H2S (top),
compared with that for a SOFC with a conventional Ni-YSZ
anode (bottom).
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Program Scope: JPL and Caltech are applying advanced NMR methods to investigate and characterize the 
structures and phase compositions of borohydrides, alanates, amides, and other novel light element hydrides 
produced by their MHCoE partners to clarify the roles that catalysts, dopants, and processing have on phase 
transformations and degradation of these materials.  These studies focus on chemical pathways that affect the 
reversible formation and decomposition of hydride phases. They also support development and validation of hydride 
destabilization strategies for light metal hydrides containing Li and Mg by characterizing all reactant and product 
phases.  This Task is supplemented with support via Caltech from the DOE/BES Project “In Situ NMR Studies of 
Hydrogen Storage Systems” awarded to Prof. Mark Conradi (Washington U., St. Louis, MO).  The objective of 
these BES-funded experiments at Caltech is to monitor for changes in hydride compositions and structures following 
the high-temperature and in situ NMR experiments of the hydrogen and metal diffusion processes to help identify 
fundamental mechanisms of the kinetics for hydrogen absorption and desorption reactions.  
 
Recent Progress:  Multinuclear nuclear magnetic resonance (NMR) spectroscopy provides novel insights on the 
compositions, chemical bonding, and structures of complex metal hydrides.  By implementing advanced solid-state 
NMR techniques such as Magic Angle Spinning (MAS), cross-polarization (CP) MAS, and multi-quantum (MQ) 
MAS; these NMR measurements give very detailed information on the complicated relationships involving these 
hydride phases. Because short-range interactions dominate NMR parameters, highly disordered as well as 
amorphous materials can be more thoroughly evaluated via solid state NMR than is typically possible with x-ray or 
neutron diffraction studies since the latter usually require good crystallinity as well as sufficiently large domain sizes. 
Taking examples from some of our recent investigations on high-capacity hydrogen storage candidates, we illustrate 
how these high-resolution NMR techniques can address and often resolve diverse issues on the phase formation and 
decomposition processes.  

The discovery that Ti and certain other metals (e.g., Sc) greatly enhanced the reversible hydrogen 
absorption rates of NaAlH4 stimulated the intense interest of complex hydrides as high performance storage 
materials.  In spite of extensive theoretical and experimental studies, the actual catalytic mechanisms in Ti-doped 
alanates still remain unresolved and very controversial. Since the 45Sc nucleus possesses excellent NMR sensitivity 
with large chemical/Knight shifts as well as being a very effective catalyst with NaAlH4, MAS-NMR studies have 
been performed on Sc-doped NaAlH4 samples when prepared by ball milling and after hydrogen 
desorption/absorption cycles. The 23Na, 27Al, and 45Sc spectra are shown in Figure 1 where different phases are 
identified. As previously seen in NaAlH4 ball milled with TiCl3; Al metal, Na3AlH6, and NaCl phases were formed 
during similar processing with ScCl3 according to the following reaction equation: 

 
NaAlH4 + 0.04ScCl3 = 0.88 NaAlH4 + 0.12 NaCl + 0.12 Al + 0.04 “Sc”   (1) 

 
Generic metallic Sc phases are denoted by “Sc”. The Na3AlH6 is present from enhancement of desorption 

by Sc-doping.  While the fate of ScCl3 after ball milling and hydrogen reactions was invisible via x-ray diffraction, 
which is similar to behavior of Ti-doped alanates, the peaks in the 45Sc MAS-NMR spectra revealed various changes 
including formation of amorphous/nanophase ScCl3, Al1-xScx alloys, ScHx, ScAl3 intermetallic, as well of one or 
more currently unidentified phases. Additional MAS-NMR studies are in progress on samples with different 
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amounts of ScCl3 as well as performing more cycling experiments to understand better the role of the Sc additive on 
the reaction paths for the sodium alanate phases. These results will be reported in the future. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 1. Multinuclear MAS NMR spectra for a) NaAlH4, b) ball milled with 4 mol% ScCl3, c) after two H2 desorb-
absorb cycles compared to pure NaAlH4 and ScCl3. Two regions for 27Al spectra are for peaks from Al metal near 
1640 ppm and NaAlH4 and Na3AlH6 phases at 92 ppm and -42 ppm, respectively. Spinning side bands (rate=14.5 
kHz) are marked with * while those of ScCl3 were left unmarked. 

 
Metal borohydrides M(BH4)n have among the highest theoretical hydrogen storage capacities when 

compared to most traditional metal hydrides and other complex hydrides such as alanates or amides. The generic 
maximum release of hydrogen from M(BH4)n during thermal desorption is thought typically to follow the reaction 
paths 

M(BH4)n → M + nB + (2n)H2    (2) 
M(BH4)n → MHx + nB + [2n-x/2]H2   (3) 

 
depending on whether a stable binary hydride (i.e., MHx) or elemental metal (M) is the final product.  In either case, 
B is presumed to be in an amorphous state since it is not detected by X-ray diffraction. The regeneration of 
borohydrides following desorption remains a challenge. Several groups have found that LiBH4 usually decomposes 
in two or more stages rather than the single transitions suggested by reactions (2) or (3). Sequential formation of 
several hypothetical phases “LiBH3”, “LiBH2”, and “LiBH” have been suggested to occur but with little or no 
experimental verification since identification of these substoichiometric borohydrides is severely hampered by the 
absence of clearly discernable X-ray or neutron diffraction peaks from reacted (or dehydrogenated) samples.  In our 
studies, solid state NMR methods are employed to characterize/identify the amorphous intermediates formed during 
decomposition reactions of various metal borohydride M(BH4)n systems. The most probable intermediate candidates 
contain the [B12H12]2- anion, which is a hydrolytically stable polyhedral borane complex with the closo-structure 
shown in Figure 2. Its structure is a regular icosahedron of boron atoms with terminal B-H bonds. Considering the 
fact that some of elemental boron polymorphs (which should be the final product of the decomposition reaction from 
reactions 2 and 3) also contain icosahedral boron frameworks, the formation of [B12H12]2- anions seems as likely 
choice as an intermediate during the decomposition to elemental boron. Our high resolution MAS NMR methods 
have provided clear evidence that a [B12H12]2- species is a major intermediate when LiBH4 is dehydrogenated. The 
stable nature of the closo-borane compound (BnHn) in an aqueous environment allowed us to further confirm its 
structural identity by use of solution phase NMR. Formation of the same intermediate was observed for several 
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borohydride phases based on Li, Mg, and Sc, highlighting the universality of reaction pathway regardless of the 
accompanying metal element. These results shed new insight into the hydrogen storage behavior and reversibility 
potential for borohydrides. Volumetric measurements provided the composition changes during the absorption and 
desorption reactions where MAS-NMR spectra give clear indications of the phases formed that are independent of 
their crystalline or amorphous structures. In particular, 11B MQ-MAS and CPMAS measurements established the 
creation of highly stable intermediate polyboranes (i.e., B12H12 anionic species) in the amorphous decomposition 
products that severely impact the ability of most borohydrides to reform the initial phases following hydrogen 
desorption. Correlations between the volumetric and NMR results suggest these polyborane species will limit 
reversibility for most borohydrides unless alternative means can be developed to enhance their reactivity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Solid state 11B NMR studies identify the formation of M2/nB12H12 phases as major intermediate species in 
hydrogen desorption reaction of various M(BH4)n systems before further conversion to either MBn or B+MHn. Solid-
state 11B NMR characteristics of M2/nB12H12 in the amorphous phase of these reactions are consistent with the model 
compound K2B12H12. Formation of M2/nB12H12 complexes is observed in the decomposition of M(BH4)n with various 
metals including Li, Mg, Sc, in addition to a coupled system involving Ca(AlH4)2+LiBH4. 

 
Future Plans: 

Within the MHCoE and Washington U. Projects, we are continuing our systematic studies on the behavior 
of the following metal hydrides systems: 

• Complete work on the destabilization behavior of the Ca(AlH4)2/LiBH4 and LiBH4/MgH2 using volumetric 
and NMR measurements. 

• Perform MAS-NMR measurements on Mg(BH4)2(NH3)2, Zn(BH4)2(NH3)2 and Zr(BH4)4(NH3)4 to assess 
structures and decomposition products to go beyond recent work on the Mg(BH4)2 phases. 

• Continue NMR and volumetric characterization studies of desorption and reversibility of Ca(BH4)2. 
• Complete evaluations of the phase compositions of LiBH4/MgH2/TiCl3 mixtures with ball milling and 

temperature cycling in collaboration with our MHCoE partners U. Hawaii and HRL.   
• Continue collaborative NMR measurements with Washington U. of Sc and Ti doped alanates from U. 

Hawaii and IFE (Norway) to assess catalytic effects, etc. 
• In collaboration with Washington U,  continue to characterize the local structure, chemical bonding, and 

hydrogen diffusion parameters of NaMgH3 samples prepared at SRNL for comparison with the binary 
hydrides MgH2 and NaH. 

• Continue 1H, 6Li, 15N, and 27Al MAS-NMR measurements of the Li-Mg-Al-N-H phases to assess their 
destabilization and reversibility behavior.  

• Assess the phase compositions, local chemical bonding parameters, desorption properties of the various 
AlH3/AlD3 phases using MAS-NMR on samples being provided by various MHCoE partners and IFE 
(Norway). 
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Lithium imide (Li2NH), a potentially important material for hydrogen storage, has 

presented researchers with a challenging problem in structural determination.  Early x-ray 

diffraction studies suggested that the structure of lithium imide was antifluorite, with a 

simple cubic sublattice of tetrahedral lithium cations and an FCC sublattice of octahedral 

nitrogen anions.  The position of the hydrogen nuclei was not determined, but in recent 

years several studies have presented evidence that the hydrogen is tightly bound to the 

nitrogen, forming imide groups.  Despite extensive recent investigation of the structure of 

lithium imide, there is no consensus on the locations of the lithium nuclei or the 

orientations of the imide groups below approximately 360 K.  Computational and 

experimental analyses have arrived at no fewer than six different proposed crystal 

structures.  In this work, we have used ab-initio calculations along with analysis of 

previously reported experimental results to propose a structural model for lithium imide 

that is consistent with both experiments and calculated energies, and significantly more 

complicated than initially thought.  Our result points at a unique and unexpected 

structural prototype for Li2NH that may be of importance for other materials containing 

NH groups or other heteronuclear diatomic ions.  We find that well ordered vacancies on 

1/6 of the tetrahedral sites are part of the structure, which may be relevant for the kinetics 

of dehydrogenation of this material. 
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NMR of Hydrogen Motion in Ionic Hydrides

Mark S. Conradi

Program Title: In situ NMR studies of hydrogen storage systems

P.I.: Mark S. Conradi
Washington University, Dept. of Physics–1105
One Brookings Drive

St. Louis, MO 63130
msc@wuphys.wustl.edu

Program scope: The goal of the project is to characterize and understand the mobility of hydrogen

and metal atoms in ionic and complex hydrides, and to improve our knowledge of their dehydriding
and rehydriding reactions.

Recent progress: MgH2: The H kinetics (diffusion) in MgH2 are notoriously slow in the absence

of ball-milling or additives like Nb2O5. We find that the rate ωH of hydrogen hopping in MgH2 re-
mains too slow to narrow the hydrogen NMR line (ωH<105 s−1) up to 400C. Such slow motion rates
are also too slow for measurement by quasielastic neutron scattering. Going to higher temperature

is not practical, because of the excessive H2 equilibrium pressure (20 bar already at 400C). Thus, we
turned to NMR slow-motion methods.

In the slow-motion technique, one prepares dipolar spin order, allows this to decay during a variable
waiting time τ , and then inspects the amount of remaining dipole order. Dipole order describes a state

in which nuclear spins are preferentially aligned along their local fields (from neighboring nuclear spins),
and thus represents a correlation between the orientations of the spins and the local fields they see.

The correlation of spin and local field directions is essentially destroyed by a single jump. Hence, the
time constant T1D is, to within a factor of 2, the mean time for the typical atom in the solid to jump

once; equivalently, the rate T1D
−1 is nearly equal to the rate of atomic jumps, ωH .

The decay rate T1D
−1 is presented in Fig-

Figure 1:

ure 1 as a function of reciprocal temperature

for MgH2. The data at higher temperatures
and decay rates represent the first direct mea-

surements of H hopping in MgH2. The line
through this data corresponds to an activation

energy of 1.86eV. We note this region of rates
T1D

−1 or ωH extends from a high of 400s−1

down to one per 10 seconds, slow hopping
indeed. The lower temperature T1D

−1 data

have a weaker temperature dependence. We
believe that quadrupolar relaxation of the low-
gamma and low abundance 25Mg provides a

parallel route for decay of the dipolar order.
This route becomes dominant at low temper-

atures, where the contribution to T1D
−1 from

atomic jumps becomes small.

Also presented in Figure 1 are T1D
−1 data from NaAlH4 samples, undoped and with 4 mol%

Ti and Sc added catalyst. The thermally activated region is fit well by the line corresponding to an

1
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activation energy of 1.0 eV. The data in this region are independant of the catalyst, in accord with
our identification of the relevant motion as jump reorientations of the tetrahedral AlH4

− anions (but

also in accord with the view that the catalysts do not enter the alanate lattice). Our activation energy
is about 20% higher than a previous estimate by Tarasov from the temperature dependence of the

deuterium quadrupole frequency in NaAlD4. We note that his measurement estimates the potential
barrier from the curvature of the bottom of the well, based on the simplest form of potential (e.g.

sin2θ) commensurate with the tetrahedral symmetry. At low temperatures, the contribution to T1D
−1

in NaAlH4 is greater than in MgH2 (see Figure 1), because of the 100% abundance of 23Na and 27Al.
NaMgH3: This material is made by ball-milling

Figure 2:

equal molar quantities of NaH and MgH2. It decom-
poses in two steps, NaMgH3−→NaH+Mg +H2 and

2NaH−→2Na+H2. The first step has an equilibrium
pressure of about 1.8 bar at 400C, so NaMgH3 is

somewhat more stable than MgH2 (20 bar at 400C).
We obtained NaMgH3 through our collaborator Ra-

gaiy Zidan at Savannah River National Laboratory;
x-ray diffraction found only NaMgH3 with no residual

crystalline NaH or MgH2 evident.
Hydrogen NMR lineshapes are presented in Fig-

ure 2. The unexpected features are (i) some line

narrowing appears already at 126C, and (ii) the nar-
rowing is inhomogeneous. That is, at any temper-

ature a fraction f of the spins are mobile and gives
rise to a narrowed resonance and fraction 1-f remains

immobile and yields the broad line. The fraction f increases smoothly with temperature, from ∼20% at
125C to essentially 100% at 275C. Thus, one can not identify the mobile spins with the two different

sites of hydrogen (1/3 and 2/3 of all H) in the Perovskite structure. We note that the onset of line
narrowing requires ωH to be greater than 105 s−1, so the motions in NaMgH3 are much faster than

in MgH2, as shown in Figure 1.
Our measurements of T1 in NaMgH3 find the same relaxation rates for both components, narrow

and broad. Thus the mobile and immobile spins are either physically close enough (∼50nm) so that

spin diffusion can equalize their spin temperatures, or the mobile and immobile regions are dynamic
and can exchange with each other. In either case, the mobile and immobile spins are physically close

together.
We have performed similar measurements on NaMgH3 intentionally doped by ball-milling with

(separately) NaOH and Mg(OH)2, because we regard hydroxides/oxides as the likeliest impurities
(hydroxide yields oxide if water is driven off). These samples behave similarly to the undoped material.

In fact the changes upon hydroxide doping at the 5 mol% level are no larger than the batch-batch
variation between undoped samples.

To try to understand the H motion in MgH2 and NaMgH3, and especially why they are so different,
we have examined NaH by hydrogen NMR. Ball-milled (bm) NaH from Savannah River (the same
material used to prepare NaMgH3) and coarse-grained NaH from Aldrich Chemical were compared.

We note that the ionic hydrides (NaH, MgH2, LiH) are generally available only in low purity, with
unreacted metal and oxide/ hydroxide impurities. The spectra are presented in Figure 3 at

several temperatures. Both materials exhibit substantial line narrowing by 300C. We note that the

2
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ball-milled NaH behaves much like the ball-milled NaMgH3 in Figure 2, with coexistence of broad
and narrow resonance components. The coarse-grained Aldrich material, on the other hand, shows a

homogeneous line narrowing in which essentially only a single component appears, as expected for a
nominally uniform material.

A more quan-

Figure 3:

titative measure of

the rate ωH of H
hopping can be ob-
tained from T1ρ mea-

surements. In par-
ticular, T1ρ passes

through a minimum
when ωH is approx-

imately 2ω1, or 3x105

s−1 in the present

experiments. Data
from ball-milled sam-

ples of NaMgH3 and
NaH are displayed
in Figure 4. The

data are remark-
ably similar and hint at a common mechanism in the two materials. We note the comparatively

weak temperature dependences of the T1ρ values, suggesting that these systems may have broad
distributions of H hopping rates.

Future plans:We will focus on the ionic hy-

Figure 4:

drides MgH2, NaMgH3, and NaH. In MgH2 with
no additives, the H motion is extremely slow
(Figure 1) while the motions are much faster in

NaH and NaMgH3. Much of our research will
use hydrogen NMR to determine the rate ωH of

H hopping, using line narrowing, T1ρ, and T1D

measurements. We plan systematic investiga-

tions into the effects on atomic mobility of ball
milling, additives like Nb205, chemical defects

like oxide ions, and the effects of hydrogen de-
pletion and overpressure.

Despite years of intensive study, the mecha-
nism by which spent Na3AlH6 and NaAlH4 with
titanium catalyst are rehydrided remains unclear.

Clearly, to reverse either reaction requires trans-
port of Al and/or Na atoms during the rehydriding. There is a growing opinion that some Al-bearing

species which is mobile on the surface of aluminum must be involved. Molecular AlH3 and/or polymers
thereof have been specifically mentioned in this regard.

We propose to detect the mobile Al-bearing species, whatever it is, by in-situ NMR. That is, we will
acquire 27Al NMR signals from a sample during rehydriding. Thus, we will start with spent titanium

3
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or scandium catalyzed NaAlH4 (NaH plus Al metal) and apply 100 bar of H2 gas, at the typical
rehydriding temperature of 100-120C.

1. “Rotation and Diffusion of H2 in Hydrogen-Ice Clathrate by NMR”, L. Senadheera and M.S.
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Nanocomposite proton conductors 
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The program designs, synthesizes and tests rare earth phosphate materials for proton conducting 
applications in the temperature region of 300-450 degrees Celsius.  The program relies on three major 
approaches: a theoretical understanding of proton conduction in Rare Earth-Phosphates (REPs) 
employing quantum computation and molecular simulation; the chemical design, synthesis, and proton 
conductivity measurement of nanocomposite materials; and the structural and dynamical characterization 
of the nanocomposite materials using a range of advanced characterization methods including nuclear 
magnetic resonance (NMR), high resolution TEM, vibrational spectroscopy, as well as computational 
methods.  Aliovalently-substituted REPs, rare earth phosphate glasses and nanocomposites derived from 
these are synthesized, and evaluated for proton conduction.  A comparison of theoretical predictions and 
observed conductivities provides an insight into the microscopic nature of conduction and directs the 
synthesis of novel nanocomposite rare earth phosphates. Basic processes and materials compatibilities of 
novel anodes and cathode composite electrodes are studied.   
 
Progress 

Computational Efforts. 
 
Based on the density functional calculations, the proton transfer mechanism in LaPO4 has been 

investigated at the atomic scale within the transition state theory. Using the nudged elastic band method, 
the minimum energy paths of typical proton transfer processes were computed, including intra-tetrahedral 
transfer, inter-tetrahedral transfer, proton rotation around PO4 tetrahedra, and the oscillatory transfer 
between adjacent tetrahedra. Because the PO4 tetrahedra in LaPO4 are separated, proton transfer between 
different tetrahedra is required for continuous proton conduction. The energy barriers for these processes 
are shown to be around 0.8 eV, very close to experimentally measured activation energies. The intra-
tetrahedral transfer on the phosphate groups presents a high energy barrier, and is very unlikely to occur. 
Proton conductivity of LaPO4 was also calculated by considering the vibration frequencies of the system 
within the harmonic approximation. 

 

CeO2/CePO4 Composites. 

Cerium phosphate nanoparticles with diameters of 10-180nm were synthesized by a variety of 
solution techniques.  X-Ray Diffraction (XRD) determined the crystalline phase(s) present in each sample.  
Population, shift, and spin-lattice relaxation 31P solid state Nuclear Magnetic Resonance (NMR) 
measurements accounted for all the 31P nuclei expected in each sample, and were able to distinguish 
between phosphorous nuclei in different environments and phases. Transmission Electron Microscopy 
(TEM) characterized the morphology and crystallinity of the powder samples as well as of the sintered 
compacts of the powders.  In conjunction with TEM, Energy-Dispersive Spectroscopy (EDS) provided a 
measure of the composition of the bulk intergranular regions within each CePO4 sample.  The presence of 
an amorphous, phosphate-rich intergranular phase was found in those samples prepared by dissolution of 
ceria in H3PO4 under various conditions.  
 

Lanthanum Phosphates with Highly Conductive Grain Boundary Phase  
 
Previously unrecognized amorphous grain boundary films are shown to provide rapid proton conduction 
paths in polycrystalline lanthanum phosphates. Experiments reveal the amorphous phosphorus-rich grain 
boundary films to be stable in air at 773 K, with conductivity upwards of 2.5x10-3 S/cm at 773 K, many 
orders of magnitude higher than in the crystalline bulk. The results indicate the possibility of forming 
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stable, high proton-conductivity nano-composites of RE-phosphate glasses and crystalline ceramics for 
intermediate temperature (573 K to 773 K) fuel cells.  
 
 Variable temperature 1H MAS NMR in these lanthanum phosphates revealed the impact of 
microscopic structure control on proton dynamics.  The formation of the hygroscopic P-rich boundary 
facilitates H2O-assisted dynamics at temperatures below 150oC, as manifested in the narrowing of 1H 
spectra.  The computed activation energy of proton dynamics at these lower temperatures, 0.134 eV, 
confirms the assisted nature of proton transport and is consistent with previous first-principles calculations 
that show the energy barrier to oscillatory proton transfer between PO4 tetrahedra to be ~0.15eV.  Proton 
transport may be enhanced by the presence of mobile water and/or a network of P-OH groups, which 
facilitate low temperature dynamics along the intergranular boundaries of the crystalline LaPO4 grains. 
 
These results have prompted us to focus on  RE- phosphate glass and RE-phosphate glass ceramic 
nanocomposites. 
 
 Lanthanum-Calcium Phosphate Glass -Ceramic 
  
A dual phase glass-ceramic composite is produced by heating a CaLa(PO3)5 glass at 800 °C for 20 h. The 
glass-ceramic consists of intertwined crystalline La(PO3)3 and amorphous Ca(PO3)2 with an overall 
conductivity around 1.52×10-5 S/cm-1 at 550 °C in humidified air. For the water vapor treated glass-
ceramic, the vibration modes of the incorporated water as well as of P-OH groups are detected by infrared 
spectroscopy in the range 3440-1660 cm-1, suggesting that glass-ceramic La(PO3)3-Ca(PO3)2 is a proton 
conductor. As expected from infrared spectroscopy, the conductivity of the glass-ceramic is higher in 
humidified air than in dry air, consistent with proton conduction.  
 
The 31P NMR MAS spectra revealed the various chemical environments for phosphorus in the La2O3-
2CaO-5P2O5  composite. As a result of the heat treatment, the otherwise disordered glass separates into 
regions of lanthanum phosphate and calcium phosphate rich phases, where the chemical shift values of the 
heat-treated composite   match well with the individual heat treated lanthanum phosphate and calcium 
phosphate components  from the literature. 
 

 Modified La- metaphosphate Glasses 
 
The structure of La based metaphosphate glasses modified with aliovalent alkaline earth elements (Ba, Ca, 
Sr) so that the P:(M+La) ratio of 3 is constant were analyzed using optical techniques.  Increasing the 
M2+:La ratio smoothly decreased the density and glass transition temperature, and shifted the vibrational 
modes by as much as 40 wavenumbers.  The ionic radii of the alkaline earth minimally affected the P-O-P 
and P=O vibrations, though significantly affected the symmetric PO2 vibration.  The average cation-oxygen 
coordination number remained near ~7 except for Ca where it became closer to 6.  The POP:PO2 ratio 
increased with increasing alkaline earth additions, though the addition of divalent elements into a trivalent 
metaphosphate structure is partially accommodated by incorporation of protons as charge compensating 
defects.   Protons incorporated are found on phosphate tetrahedra in direct relationship to the divalent 
cation. 

 
 
La-Sr-Al Ultraphosphates 

  
 Recent results on La-Sr- ultraphosphates have shown quite intriguing results. Glasses of these 
compositions were prepared, quenched, and thermally treated to effect glass-ceramic transformations. The 
resulting samples showed phase separation at the nanoscale, as well as remarkable conductivity increases 
upon transformation. Preliminary results on Al-doped La-Sr ultraphosphate glasses indicated the stability of 
the resulting glasses could be increased by the presence of Al, suppressing the microstructural 
transformations.  
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Fuel cell concepts 
 
We have recently developed the capability to produce uniform thin films of our most conductive phosphate 
glasses.  An example of a ~2μ -thick free-standing glass film are shown. It will be attempted to apply such 
films to supporting metallic anodes, to produce novel fuel cell architectures. Methods will be developed to 
assure chemical compatibility of the REPs with the substrate anodes, and with low-temperature perovskite 
cathodes such as Sr-doped PrMnO3.  
 
Future work 
 The objective of the work is to generate novel proton conductors, based on Rare Earth Phosphates 
(REPs) that can serve reliably as hydrogen fuel cell membranes in the temperature range between 300 and 
500oC. The target proton conductivities at ~ 450oC are put at 5*10-3 (Ωcm)-1, sufficient to this purpose 
when used as supported thin films less than about 10 micrometers thick. The work is expected to develop 
an understanding of the fundamental aspects of proton conduction mechanisms in such systems, and how 
these are affected by structure and composition. Such understanding can guide the syntheses, and is 
expected to be of significance to proton conduction not only in REPs, but also in other inorganic polymer 
systems.  
 
 Work performed in the past program period has demonstrated that aliovalent cation-substituted 
REPs can be promising proton conductors below 500oC. High-conductivity grain boundary phosphate 
phases were produced in polycrystalline Lanthanum phosphates synthesized by powder methods. However, 
true nanocomposites could not be produced by these routes, due the unavoidable grain growth that 
accompanies the necessary densification of powder compacts, and made grain sizes below 1 micrometer 
unattainable at full density.  Glass drawing methods and glass transformation synthesis routes proved far 
more productive, and are therefore pursued. Present work found that stability of doped (La,Sr)- phosphates 
in humid environments could be significantly enhanced by the addition of Al. Further modifications and 
particularly the formation of nanocomposites resulting from controlled transformation of REP glasses can 
be expected to lead to conductivity enhancements, as would follow from the known theories of conduction 
in dual-phase nano-ionics.  The generation of controlled nanostructures by glass- ceramic processing routes 
is particularly attractive, not only because they are technologically advantageous, but also because they 
allow for the rapid preparation of thin, dense membranes in which the desired nanostructures can be 
manipulated through thermal treatments that control nucleation and growth of dispersed nanophases. The 
syntheses of REPs by melt processing and glass-ceramic transformation will therefore be further exploited.  
 
  While the syntheses efforts have yielded encouraging conductivity results, the fundamental 
processes that produced these results are not sufficiently understood. Conductivity measurements and IR 
spectroscopy carried out in  the previous program period have, for the first time,  given strong indications 
that  proton trapping at aliovalent doping sites may play an important role in doped RE-glasses and their 
crystalline counterparts.  This will be examined by detailed vibrational spectroscopy and particularly by the 
application of heteronuclear correlation NMR. These and other NMR methods, including pulsed gradient 
NMR, coupled with first principle calculations, are expected to provide the necessary clarification of the 
fundamental aspects of proton transport in the modified REPs, and establish the principles by which stable, 
highly conductive REP proton conductors are to be developed.   
 
 It is only through the close integration of the interdisciplinary approach incorporated in this 
project that the complex REPs can be understood and developed, to yield useful proton conductors for the 
intended operation below 500oC. 
 

Proton Diffusometry: STRAFI 
Quantitative determination of diffusive motion of protons in the membrane materials, including 

their motion under driving forces in an actual electro-active device, is an important goal of the present work 
and will be established in this program period.  Field-gradient NMR, being one of the few methods that 
provide a measurement of the local diffusivities of multiple types of protons present in a single material, 
will yield insight into this protonic motion.  In the materials under investigation, the characteristic spin-spin 
relaxation time is so short that an enormous field gradient is required.  The proposed strategy, therefore, is 
to design an apparatus that uses the stray field of a superconducting magnet to create magnetic field 
gradients on the order of tens of tesla-per-meter to make diffusometry measurements (i.e., Stray Field NMR 
or STRAFI).  The construction of a high temperature 1H NMR probe will be completed in the next few 
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months. This will provide, both one-dimensional 1H NMR spectra and proton diffusivity measurements at 
elevated temperatures (300-500°C), bringing our proton NMR studies into the same temperature range as 
the AC impedance methods. Should the relative time scales of signal attenuation due to T2 relaxation and 
diffusion prove to be more favorable than anticipated, the probe may be altered to include anti-parallel 
Helmholtz coils to perform pulsed field-gradient (PFG) NMR, which would likely provide improved proton 
peak resolution during diffusion measurements.  In addition to characterizing bulk diffusion, our first 
efforts will spectroscopically assess the extent to which all proton bonding environments are participating 
in bulk diffusion; while we expect the proton lineshape to be a motionally-averaged single peak, we are 
fully capable of spectroscopic resolution of the protons in STRAFI for thin samples, or via pulsed field-
gradients which will be amenable given higher diffusivities at temperatures above 300°C. 

The most significant conclusion from these measurements will be the ability to correlate 
microscopic proton dynamics with structural regions of the phosphate material and, and by comparison 
with AC impedance spectroscopy measurements, provide insight into the mechanism of protonic transport 
through these materials.  Such information will provide guidance in the design of new materials that exhibit 
higher proton conductivity. 

Publications 
 
L. Karpowich, S. Wilcke, Rong Yu, G. Harley, J.A. Reimer, and L. C. De Jonghe, "Synthesis and 
characterization of mixed-morphology CePO4 nanoparticles", Journal of Solid State Chemistry, 180 (2007) 
840–846 
Gabriel Harley, Rong Yu, and Lutgard C. De Jonghe, "Proton Transport Paths in Lanthanum Phosphate 
Electrolytes", Solid State Ionics 178 (2007) 769–773 
R. Yu,Q. Zhan, L.C. De Jonghe," Crystal structures and displacive transition in noble metal nitrides", 
Angew. Chem. Int., 46, (2007)1136 –1140 
Rong Yu and Lutgard C. De Jonghe, "Proton-Transfer Mechanism in LaPO4", J. Phys. Chem. C, 111(2007) 
11003-11007. 
Guojing Zhang, Rong Yu, Shashi Vyas, Joel Stettler, Jeffrey A. Reimer, Gabriel Harley, and Lutgard C. De 
Jonghe , "Proton conduction and characterization of an La(PO3)3-Ca(PO3)2 glass-ceramic,"  LBNL-
63603(2007) in press, Solid State Ionics 2008. 
Theses:Lindsey Karpowich, Synthesis and Conductivity of cerium Phosphates, M.S. Thesis, U.C. Berkeley, 
2007. L. De Jonghe, Advisor. 
Gabriel Harley, Synthesis and Proton conduction in Lanthanum Phosphates, M.S. Thesis, UC. Berkeley, 
2006, L. De Jonghe, Advisor. 
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Program Scope 
This program is focused on the understanding and development of materials relevant to the future 
hydrogen economy utilizing a surface stress paradigm.  This BES program is the first time that 
surface stress measurements have been used to look at phenomena such as oxygen reduction, 
catalyst poisoning, and hydrogen-storage.  In this context, these measurements have proven to be a 
powerful tool for studying catalysts and hydrogen storage materials in both vacuum and 
electrochemical environments.   
 
The adsorption of species and the associated interaction always leads to a modification of the 
thermodynamic surface stress.  This fact can be exploited as a spectroscopic method for studying 
existing and potential catalysts and hydrogen storage materials.   Prior to obtaining the first round of 
funding on this program, we showed how in-situ, real-time stress measurements were used to 
directly measure the elastic component of adatom-surface interaction during homoepitaxial growth 
of several transition-metals in an ultra-high vacuum (UHV) environment (this work resulted in two 
Physical Review Letters and a publication in the Journal of Applied Physics).  That work was made 
possible through the development of an ultra-high sensitivity cantilever-based stress monitor that to 
our knowledge is the most sensitive in existence.  The temporal and surface stress resolution of the 
device coupled with our parallel understanding of the electronic structure details associated with 
transition-metal catalysts and hydrogen storage materials suggested an exciting new approach 
focused on measuring, understanding, and augmenting properties via the nanomechanical response 
of surfaces to catalytic and storage processes.  
 
We are examining, in the UHV environment, the adsorbate-surface interaction, interaction between 
like and unlike adsorbates, reaction thermodynamics, and reaction kinetics for both single-
component and bi-functional catalysts; all obtained through surface stress measurements and 
supporting electronic structure calculations.  We are also looking at poison tolerance and electro-
oxidation at alloy catalyst electrodes in electrochemical environments.  As a minor component of the 
work, the efficacy and mechanical degradation of H-storage materials studied during electrochemical 
loading/unloading cycles are being studied.  Finally, we have made substantial progress in 
understanding the constitutive connection between surface stress, d-band depth, and catalytic 
activity.  This constitutive relation may extend to variations in Eigenstrain; developing our 
understanding of this connection may lead to a new direction for the development of catalysts.   
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In the “Recent Progress” section two main efforts are highlighted: Surface stress measurements of 
CO adsorption on Pt surfaces and a theoretical/experimental examination of the connection between 
transition-metal intrinsic surface stress and catalytic activity. 
 
Recent Progress 
Surface Stress Changes during Carbon Monoxide Adsorption and Oxidative Stripping on Pt {111} 
 Before low-temperature hydrogen fuel cells become a viable energy solution numerous hurdles 
must be overcome.  One of the hurdles is to prevent or limit the poisoning of the anode catalyst.  
Fuel cell anodes are poisoned by carbon monoxide (CO) impurities in the fuel which adsorb onto the 
catalyst, blocking catalytically active sites.  The adsorption of CO is a displacive, non-Faradaic 
reaction.  It is displacive in that the double layer is displaced (i.e. adsorbed water molecules, cations 
and/or anions are displaced from the electrode/electrolyte interface as CO is adsorbed) and non-
Faradaic in that no free charge is transferred from the CO molecule to electrode.  Charge transients 
measured during the adsorption of CO are due to the removal of the double layer, allowing for 
accurate measurements of the potential of zero total charge.  CO can be stripped from the electrode 
by oxidizing it to CO2.  The charge associated with the oxidation of CO and the concomitant 
reformation of the double layer allows for calculation of CO coverage.  Previous work on CO 
displacement experiments at Pt surfaces has resulted in accurate measurements of both the pztc and 
CO coverage.   
 
Our in-situ, ultra-high resolution surface stress measurements during both adsorption and 
electrochemical stripping of CO have been compared to UHV results as a function of coverage and 
structure.  Our work in UHV has shown that in-situ surface-stress measurements during CO 
adsorption can resolve structural changes in the adsorbate layer.  The difference between the UHV 
adsorption of CO and its adsorption in an electrolyte is predominantly associated with double layer 
effects.  By measuring the surface stress of CO adsorption at the pzc it is possible to quantitatively 
compare the UHV work with the electrochemical work.  The kinetics of both the adsorption (which 
are extremely fast in UHV and much slower in an electrolyte) and stripping of CO have also been 
examined in detail.   
 
The Surface Stress of fcc Transition-Metals and the Connection to Catalytic Activity 
The surface free energy and surface stress of sp-metals are both determined by a single parameter: 
the bulk charge density.  The surface represents the truncation of the electronic structure, an 
associated electrostatic dipole, and the resulting Friedel oscillations that decay monotonically into 
the bulk over distances of order ~10 monolayers.  Both the surface free energy and surface stress of 
all simple metals are in the range of 0.075 to 1.5 J/m2.  However, in transition-metals surface 
energies can exceed 3 J/m2 and the surface stress can exceed 4 J/m2.  Additionally, there is no 
correlation between the surface stress of transition-metals and bulk charge density.  It has previously 
been observed that the presence of d-electrons tend to screen the Friedel oscillations resulting in a 
significantly shorter decay distance.  Another interesting observation is that the most catalytically 
active metals are also those with the largest surface stresses. 
 
This work has centered on an ab-initio investigation of the origins of surface stress in transition-
metals.  Specifically, we set out to find a single parameter, like bulk charge density for sp-metals, 
that correlates to the surface stress of transition-metals.  We examined a number of features related 
to the characteristics of the d-electrons in this study.  We have found strong correlation between the 
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surface stress and the difference in d-band depth going from an infinite solid to one with (111) 
surfaces across all fcc transition-metals (Rh, Ir, Ni, Pd, Pt, Cu, Ag, and Au).  Explicitly, we 
examined the up-shift in d-band position at the Γ-point, where the eg and t2g bands are exact and no 
s-d interaction occurs.  The strength of the correlation is shown to depend on both element group and 
row. 
 
Where these findings become particularly interesting from an electrochemical standpoint is in the 
context of catalytic activity.  There has been a recent surge in interest in tuning catalytic activity by 
applying strain to transition-metal catalysts.  The phenomenon follows from the fact that the d-bands 
in late-stage transition-metals are up(down)-shifted by a tensile (compressive) strain, which 
enhances (diminishes) the hybridization of the d-states and the electronic states of adsorbed species.  
Since surface stress is constitutively related to strain, it is not surprising that metals with the largest 
surface stress are also those that are naturally more catalytically active.  The preceding two points 
also imply a constitutive relation between catalytic activity and surface stress; suggesting a new 
direction for the design of catalysts.  Our experimental work using surface stress changes to study 
catalysts is highlighted to show how the above concepts are being studied in the laboratory frame.   
 
 
Future Plans 
 
-We’ve solved a substantial issue associated with our high-resolution stress measurements of species 
adsorption in the ultra-high vacuum environment.  We are now confirming our results for the system 
CO/Pt{111} and will be submitting that for publication soon. 
 
-The CO/Pt{111} work that we’ve performed in electrochemical environments is now being 
extended to Pt/Ru alloy surfaces.  We showed with the CO/Pt{111} system that surface stress 
measurements allow for the observation of details of non-faradaic processes that otherwise are not-
experimentally observable.   
 
-We are continuing to build our understanding of the constitutive connection between d-band depth -
- intrinsic surface stress – catalytic activity.  We are also in the process of developing a system in 
which this connection can be shown experimentally.   
 
 
Publications and Talks Attributable to this Program 
 
-Th. Heaton and C. Friesen, “Pt{111} and Au{111} Electrocapillarity: Interphase Structure, the pzc, 
and Oxygen Reduction”, J. Phys. Chem. C. 111, 14433 (2007). 
 
-C. Friesen, “Thermodynamic Separability of Ultra-Thin Film Surfaces and Interfaces” Surf. Sci.  
600, 1012 (2006). 
 
-L. Mickelson, Th. Heaton, C. Friesen, “Surface Stress Observations during the Adsorption and 
Electrochemical Oxidation of CO on Pt{111}”, J. Phys. Chem. C, In Press. 
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-T. Heaton, R. Zeller, E. Engstrom, J.R. Hayes, C. Friesen, “Hydrogen UPD and Uptake in Pd{111}: 
a Gravimetric and Stress Evolution Study”, In Preparation. 
 
 
-J.K. Kennedy, T. Trimble, C. Friesen, “Surface Stress and Direct Elastic Observations of Structural 
Change in the Adsorption System CO/Pt{111}”, In Preparation. 
 
Talks 
 
“The Surface Stress of fcc Transition-Metals and the Connection to Catalytic Activity” C. Friesen, 
Electrochemical Society, Washington DC. October, 2007. (Invited)  
 
L. Mickelson, Th. Heaton, and C. Friesen, “Surface Stress Changes during Carbon Monoxide 
Adsorption and Oxidative Stripping on Pt {111}” Electrochemical Society Meeting, Washington 
DC, October, 2007. 
 
Th. Heaton and C. Friesen, “A Surface Stress Study of the Metal Electrode-Electrolyte Interphase 
Region” Electrochemical Society Meeting, Washington DC, October, 2007. 
 
“Pt{111} Electrocapillarity: A Direct Measure of the pzc and its Application to Oxygen Reduction” 
C. Friesen and T. Heaton, Electrochemical Society Meeting, Cancun Mexico, October, 2006. 
 
 
 
 
 
 
 
 
 
 
 
 

149



 1 

Issues and Challenges in Hydrogen Storage 
 

P. Jena 
Physics Department, Virginia Commonwealth University 

Richmond, VA 23284-2000 
 

 
The success of a hydrogen economy depends critically on our ability to find materials that 

can store hydrogen with large gravimetric (9 wt %) and volumetric (0.081 kg/L) density and 
operate under ambient thermodynamic conditions.  The conventional storage of hydrogen in the 
form of liquids and compressed gas does not meet industry requirements not only because the 
energy density of stored hydrogen is substantially lower than that in gasoline, but there are 
significant costs in compressing or liquefying at cryogenic temperatures. Thus, storage of 
hydrogen in solid materials is the only option.  However, materials that can store hydrogen with 
high gravimetric densities have to be lighter than aluminum.  Unfortunately in these materials 
hydrogen is either bonded weakly as in graphite and carbon nanotubes or strongly as in light 
metal hydrides and organic molecules. Thus, hydrogen either desorbs at very low temperatures 
or very high temperatures.  Ideal bonding of hydrogen suitable for room temperature has to be 
intermediate between physisorption and chemisorption. This can be achieved by fundamentally 
altering the chemistry of hydrogen bonding in light materials either through the use of catalysts 
or through nano-structuring. 

This talk deals with theoretical calculations aimed at a fundamental understanding of how 
hydrogen interacts with light elements and how the use of catalysts and/or nanostructured 
materials can alter these interactions.  The motivation for these calculations is not only to 
understand existing experiments, but also guide experimentalists in the search and discovery of 
new hydrogen storage materials.  I will concentrate both role of catalysts  in hydrogen desorption 
in sodium alanate and MgH2 as well as storage of hydrogen in nanostructured materials such as 
metal doped carbon fullerenes, nanotubes, and organic complexes.  The calculations are done 
using density functional theory with generalized gradient approximation for exchange and 
correlation. A multi-scale approach involving atomic orbital theory and supercell band structure 
techniques is used for studying systems ranging from clusters to crystal. Effect of temperature is 
studied using molecular dynamics simulation. In the following, I outline briefly these two 
separate approaches. 
 
Role of Catalysts: In light metal hydrides such as NaAlH4 and MgH2, hydrogen is bonded 
covalently and its desorption requires high temperatures. An understanding of the electronic 
structure of these hydrides can be achieved even at the level of clusters.  For example, earlier 
studies by us had shown that in AlHn clusters, the binding energy steadily increases from n=1 to 
3 and reaches a peak at n=3.  For n=4, the cluster is unstable and dissociates into AlH2 + H2. The 
situation is completely different when one considers the stability of its anion counterpart, i.e. 
AlHn

−. Here the binding energy continues to increase until n=4 and indeed is the highest at n=4.  
The clearly illustrates why NaAlH4 is so stable and it can be thought of as Na+AlH4

−.  It is the 
charge transfer from Na to AlH4 that stabilizes the system.  Thus, any catalysts that can reduce 
this charge transfer will weaken the Al-H bond strength and hence lower the hydrogen 
desorption temperature. This is accomplished by Ti and other transition metal atoms.  A 
systematic study of the role of 3d transition metal atoms in the hydrogen bonding in sodium 
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alanate will be presented.  The above analysis also suggests that vacancies created at the Al 
and/or Na sites can also lower the hydrogen desorption temperature and demonstrates the 
importance of studying the role of defects. These results are consistent with experiments where 
ball milling of the samples with out the addition of catalysts lead to improved thermodynamic 
behavior. Since it is experimentally difficult to quantify the defects produced in ball milled 
samples, a proper understanding of the role of catalysts by synergy between theory and 
experiment has been difficult. 

This difficulty can be alleviated by focusing on the interaction of NaAlH4 with carbon 
nanotubes, fullerenes, and graphite surface where novel experimental techniques have been used 
without using ball milling.  We have carried out a systematic study of the interaction of a single 
NaAlH4 cluster with a graphene layer, fullerene, and carbon nanotubes of varying diameters (see 
Fig. 1).   
 

 
Fig. 1:  Carbon based structures: (a) a graphene layer, (b) zero-dimensional carbon fullerene, and (c) one-
dimensional carbon nanotube. 
 
Note that in these systems, the curvature can be varied and one can study how this curvature 
affects the nature of bonding between H and Al.  We show that this bonding becomes weaker as 
the curvature of the carbon frame increases and a carbon nanotube with large curvature can be as 
effective in desorbing hydrogen at lower temperatures and TiCl3. We also show that this 
lowering is directly related to the electron affinity of these systems which increases as curvature 
increases.  This is consistent with the above picture that the charge transfer of Na to the AlH4 
unit becomes less with the curvature of the supporting carbon nanotube simple because the Na 
atom now has to share its electron with the carbon nanotube and the AlH4 unit.  These results 
agree with recent experiments and provide an unambiguous understanding of the hydrogen 
desorption mechanism in light metal hydrides.  Similar studies have also been carried out using 
Fe and NbO as catalysts in the dehydrogenation of MgH2. 
 
Role of Nano-structures:  Studies have been carried out to understand the interaction of 
hydrogen with pure as well as metal coated carbon fullerenes and nanotubes and polyacetylenes. 
We demonstrated that while the bonding of hydrogen in pure carbon nanostructures is very weak, 
it can be significantly enhanced if they are decorated with metal atoms. The mechanism that is 
responsible for this binding was illustrated by Kubas and the author more than a decade ago 
where the bonding of hydrogen is intermediate between physisorption and chemisorption and the 
binding energies lie in the range of 0.5 – 0.8 eV/H2 which is ideal for room temperature 
applications. Hydrogen remains in a quasi-molecular state with its molecular bond slightly 
stretched to about 0.9 Å. It was found by earlier authors that a uniformly transition metal coated 
carbon fullerene or nanotube can store up to 8 wt % hydrogen under ambient conditions.  We, 

(a) (b) (c) 
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however, showed that transition metals cluster on a carbon fullerene (see Fig. 2) and this 
clustering severely limits the amount of hydrogen that can be stored. 

 

(a) (b)
∆Ε = +24.8 eV ∆Ε = 0.00 eV

(a) (b)(a) (b)
∆Ε = +24.8 eV ∆Ε = 0.00 eV  

Fig. 2: Two configurations of Ti12C60 where (a) Ti atoms (red) remain isolated and (b) when they cluster. The 
relative energy �E is evaluated referring to configuration (b). 

  
Clustering of metal atoms can be prevented if the metal atoms are Li instead of transition 

metals.  Unfortunately, here the binding of hydrogen is weak and cryogenic temperatures are 
needed. We also studied some novel molecular complexes such as silsesquioxanes where 
transition metal atoms can be attached to ligand sites and are naturally prohibited from clustering 
(see Fig. 3). Such systems can store hydrogen with gravimetric density approaching 5 wt % and 
with hydrogen binding energies in the range suitable for room temperatures applications. 
 

 
(a) (b) 

                                      wt% = 4.5%                                          wt %= 5.0% 
                                   E = 0.66 eV/H2                                                    E=0.64 eV/H2 

 
Fig. 3: Hydrogen adsorption in six- (a), and eight- (b) Sc-Cp-grafted structures. E is the average adsorption 
energy. 
 

These calculations were further extended to study systematically the nature of hydrogen 
bonding in metal organic complexes involving Ti supported on C4H4, C5H5, and C8H8. Hydrogen 
molecules were sequentially added to see how the binding energies vary as a function of number 
of hydrogen molecules and whether they remain molecular or dissociated. We showed that the 
maximum number of hydrogen molecules that can be attached to Ti decorated organic molecules 
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can be simply predicted by the 18-electron rule and that the hydrogen gravimetric density can 
reach as high as 9 wt % (see Fig. 4) with average bonding energy of about 0.55 eV/H2. The 
stability of multi-decker complexes of these metal organic systems has also been investigated by 
sequential addition of hydrogen molecules. Experimental studies are under way to verify some of 
our predicted results.  
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TiC4H4 (H2)5 TiC5H5 (H2)4 TiC8H8 (H2)3
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TiC4H4 (H2)5 TiC5H5 (H2)4 TiC8H8 (H2)3  
Fig. 4: Optimized geometries of TiCmHm(H2)n, (m=4,5,8, and n=3-5) along with important bond lengths (Å). 
 
Achievements: The above outline describes only a very small fraction of our accomplishments 
resulting from the Department of Energy Funding.  We received two grants-one on Coated and 
Supported Metal Clusters (2005-2008) and the other to organize the International Symposium on 
Materials Issues in a Hydrogen Economy (2007). The goal of the project funded in 2005 was to 
provide a theoretical understanding of cluster-support interaction by focusing on 3d transition 
metal atoms adsorbed on organic molecular templates such as coronene and iron and silica 
clusters coated with noble metals such as gold. We not only completed much of what was 
proposed, but also embarked on new projects motivated by exciting experiments. 

The highlights of our published research can be divided into seven different areas: (1) 
Evolution of the geometry and electronic structure of elemental clusters, (2) Gold-based hetero-
atomic clusters, (3) Transition metal clusters supported on organic molecules, (4) Novel 
chemistry of Al-H clusters, (5) Clusters for hydrogen storage, (6) Defects in semiconductors, and 
(7) Clusters as a bridge across disciplines.  We showed that properties of clusters evolve non-
monotonically and their convergence toward bulk behavior depends upon the property and 
cluster composition. Gold coating of iron and iron oxide clusters not only preserves the magnetic 
properties of core shell structures but also allow them to resist corrosion, thus making them ideal 
for biomedical applications. Fe and Co decorated coronene show very different structural 
properties although they remain ferromagnetic. We discovered that Al-H clusters exhibit novel 
chemistry analogous to boranes and prescribed rules of magicity that enabled us to search and 
discover a large class of Al-H clusters with novel bonding characteristics. We demonstrated that 
metal coated carbon nanostructures bind hydrogen in quasi-molecular form and have the 
potential as hydrogen storage materials, provided they can be prevented from clustering. We 
showed that some of the discrepancies between experiments on dilute magnetic semiconductors 
are due to clustering of transition metal atoms. We also demonstrated that clusters can be viewed 
not only as a field intermediate between atoms and bulk, but also as a bridge across disciplines 
where complex phenomena can be explained by using them as models. 
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A summary of our achievements are highlighted in the following.  
 

• 51 papers published /in press in refereed journals (including 2 in Science, 2 in Nano 
Letters, 3 in Physical Review Letters, 5 in Applied Physics Letters, 1 in Journal of the 
American Chemical Society Communication, 3 in Proceedings of the National Academy 
of Sciences, 5 in refereed conference proceedings, and the rest in journals such as Journal 
of Chemical Physics, Journal of Physical Chemistry, Physical Review, and Journal of the 
American Chemical Society). Of the above, 43 papers acknowledge support of the DOE 
grant.  

• 8 papers published jointly with experimentalists 

• Edited  two conference proceedings 

• Work featured on the cover of Proceedings of the National Academy of Sciences 

• 9 papers  reproduced in the Virtual Journal of Nanotechnology 

• One of the papers covered by 15 news organizations and reported on 91 websites.  
Another paper has also received media coverage. 

• Organized 3 International Conferences. 

• Gave 27 invited talks at national/international conferences and 18 seminars/colloquia in 
institutions around the world. 

• Graduated one student with a Ph. D. in 2006.  
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Complex hydrides – A new frontier for future energy applications 
Towards reversibility through mechanochemistry and nanostructuring 

 
V.K. Pecharsky (presenting), M. Pruski, L.S. Chumbley, V.S.-Y. Lin 

Ames Laboratory, Iowa State University, Ames, IA 50011-3020; e-mail vitkp@ameslab.gov  
and 

P. Jena, Virginia Commonwealth University, Richmond, VA  23284-2000 
Program Scope 

Every energy-related application of hydrogen requires a safe and efficient storage, especially 
in transportation where there are severe weight and volume constraints.  Even though large scale 
commercial applications of hydrogen are at least 10 to 15 years, and possibly, as far as 25 to 40 
years away, real progress in solving hydrogen storage problems is required now.  We achieve this 
through basic knowledge of transformation mechanisms in complex hydrides-hydrogen systems, 
thus precipitating discoveries needed for future transition to hydrogen – a renewable, clean, and 
safe energy carrier.  The specific objectives of the multidisciplinary team effort are to address 
issues that have the potential to advance basic science of complex hydrides and open up possibili-
ties for their future use by drawing on the experience and expertise of principal investigators in 
materials science, physics and chemistry of complex hydrides, X-ray diffraction, high resolution 
solid-state NMR, electron microscopy, catalysis, nanostructuring, and first principles theory and 
modeling.  Our goals are i) examining both thermal energy- and mechanical energy-driven phase 
transformations in selected model hydride systems at and away from thermodynamic equilibrium; 
ii) establishing the nature and structure of the products and intermediaries; ii) identifying events 
critical to achieving reversibility of hydrogen in model systems under mild conditions; iv) 
creating a knowledge base relating composition, structure and properties of model hydrides; v) 
refining and extending the current understanding of the mechanisms of solid-state transformations 
from a few known hydrides to complex hydride-hydrogen systems; vi) exploring the potential of 
nanoscale for improving behaviors of chosen complex hydride-hydrogen systems; vii) integrating 
experiment with modeling and first principles theory to provide a fundamental understanding of 
the nature of hydrogen bonding, the structure and stability of the model systems, the effects of 
mechanical energy, temperature, and pressure in altering the nature of hydrogen-metal bond, and 
the role of nanostructuring on the absorption and desorption properties of hydrogen; viii) 
developing predictive tools suitable to guide the discovery of materials at the atomic scale and 
tuning processing strategies to control the nano-, meso- and microscopic structures. 
 
Recent Progress 

We built upon our early experiments, in which we pioneered the idea that ball milling 
(mechanochemical processing) is an excellent tool to rapidly destabilize TiCl4/LiAlH4 system, 
explained the mechanism of Ti catalysis by formation of active TiAl3 species, extended the 
applicability of mechanochemical synthesis beyond that proposed by I. Zaluski et al., J Alloys Comp. 
290, 71 (1999), and suggested that mechanisms of mechanochemical transformations may be 
different from those induced by temperature.  As a result of this work, we established that 
mechanochemistry adds a new dimension to the destabilization by chemical substitutions, which is a 
well-known technique that can be traced back to the studies of J.J. Reilly and R.H. Wiswall, Inorg. 
Chem. 7, 2254 (1968).  In the realm of complex hydrides, most of the current research employs 
milling only to homogenize chemically doped system, and then equilibrium dehydrogenation-
hydrogenation events are triggered by controlling temperature and hydrogen pressure.  Our approach, 
on the other hand, benefits from a stochastic and often nonequilibrium nature of ball milling events, 
during which the supplied kinetic energy may promote nonequilibrium dehydrogenation (when 
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performed in inert or low PH2 atmosphere) and hydrogenation (in high PH2 atmosphere) 
transformations.  The power of mechanochemistry is derived from a combination of the following 
possible processes: global heating, local melting, reduction of particle size, increase in surface area, 
generation of fresh surface, formation of defects and dislocations, nonequilibrium phase changes, 
deformations and strains accompanied by local bond stretching, and mass transport. Some, but not all 
of these effects may be achieved by controlled nanostructuring, such as self assembly or supporting 
nanoparticles on rigid mesoporous structures.  Indeed, reaching our goals requires a basic 
understanding of the mechanisms of dehydrogenation-hydrogenation phase transformations 
occurring in the ball milling vial and in nanostructures, and differences between the mechanically 
and temperature induced transformations.  Alanates, amides and magnesium hydride have been 
chosen as suitable model systems. 

In order to gain insights on the mechanisms of equilibrium dehydrogenation, we led the 
theoretical effort to explain the site preference of Ti, and clarified that the improved hydrogenation 
thermodynamics of sodium alanate, which was observed experimentally, originates from the 
weakening of the Al-H bond.  We also demonstrated that defects, which are easily created in a 
milling vial, such as Na and Al vacancies, have a profound influence on the hydrogen desorption 
energies and that the vacancies lead to the formation of AlH3 clusters. We established that both the 
nature of the dopant and ball milling time are important parameters that should be optimized in order 
to achieve a nearly ideal destabilization in a particular system.  Similar studies on the 
dehydrogenation mechanism in the Nb doped MgH2 showed that the likely pathway is the 
substitution of Nb at the Mg sites and the clustering of hydrogen around Nb.  Although 
dehydrogenation from the vicinity of Mg vacancies is exothermic, vacancies are likely to play a 
lesser role in hydrogen desorption here due to their high formation energies.  Density functional 
calculations also led to the conclusion that the α-phase of Li2Mg(NH)2 detected in both X-ray and 
neutron diffraction data is the ground state.  Even though the N-H bond in Li2Mg(NH)2 is stronger 
than that in Li2NH, dehydrogenation of the Li2Mg(NH)2 – LiH system is more favorable 
thermodynamically than that of the Li2NH – LiH system.  This counterintuitive result forms a 
foundation for future discoveries of promising destabilized complex hydrides for hydrogen storage. 

Mechanochemical and thermochemical transformations of LiAlH4-LiNH2, LiAlH4-NaNH2, 
NaAlH4-LiNH2, and NaAlH4-NaNH2 have been carried out. The overall mechanochemical 
transformations proceed as follows 

MeAlH4(s) + Me’NH2(s) → MeH(s) + Me’H(s) + AlN(s) + 2H2(g)   (1) 
(Me = Li, Na) yielding 4.3 to 6.6 wt.% hydrogen, but the actual transformation mechanisms 
include multiple stages and intermediaries.  Unlike mechanochemical reactions, thermochemical 
transformations proceed differently, considering both the intermediaries and the final products of 
the reactions.  For example, when both Me and Me’are Li, the overall transformation is 

LiAlH4(s) + LiNH2(s) → ½Li3AlN2(s) + ½Al + ½LiH(s) + 2¾H2(g)   (2) 
Yielding a total of 9 wt.% hydrogen by weight. The products (Eq. 2) were partially 
rehydrogenated at PH2 = 170 bar between 230ºC and 280ºC, and the potential mechanism is 
shown in Eq. 3.  Even though the amount of reabsorbed hydrogen is small (2.6 wt.%), the 
transformation described by Eq. 3 is reversible. 

½Li3AlN2(s) + ½Al(s) + ½LiH(s) + ¾H2 ↔ AlN (s) + 2LiH(s)   (3) 
In addition to the alanate-amide systems described above, several other mixed systems containing 
Mg have been tested.  These include imides and magnesium hydride or magnesium, magnesium 
hydrides and magnesium nitride, and other. 

A recent discovery of non equilibrium synthesis of a number of Al-H clusters, which are 
analogous to boranes, and a theoretical prediction of their stability supports the idea that direct 
synthesis of alane is possible under reasonably low hydrogen pressures if a process is carried far 
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from thermodynamic equilibrium of the overall (Al+1½H2=AlH3) hydrogenation reaction.  
Mechanochemical processing is a nonequilibrium process and it was obvious that direct synthesis of 
alane in a high pressure ball milling vial needed to be attempted.  As a result, we were able to detect 
formation of as much as 2.4 % of AlH3 according to the solid-state NMR and gas volumetric 
analyses.  In addition to showing the feasibility of the direct synthesis of alane, in another 
experiment we found that mechanochemical solid-state reaction between stoichiometric amounts 
of LiAlH4 and FeCl2 (20 min at room temperature) results in the formation of LiCl, Fe, X-ray 
amorphous AlH3, and hydrogen.  In this process, AlH3 forms in a 96 % yield, which was 
confirmed by thermogravimetric and gas-volumetric analyses. 

Reducing the length scale of a material, i.e. forming a nanostructure, is of special importance 
in hydrogen research.  This occurs because first, the surface energy may become a decisive factor 
in shifting thermodynamic equilibrium, and second, lowering the size of particles to a few 
nanometers considerably reduces the distances over which the mass transport must be realized, 
thus improving the kinetics of complex hydride-hydrogen systems.  Various mesoporous carbon 
structures have been synthesized and 10 to 20% loading of mesoporous carbon with complex 
hydrides has been demonstrated.  The 1H-27Al cross polarization (CP) magic angle spinning NMR 
of a material impregnated with 10 wt.% of LiAlH4 yields a resonance around 70 ppm (99 ppm in 
a pure LiAlH4), pointing to a slow dynamics (τCP = 600 μs) and modified Al-H bonding. We 
believe that mesoporous carbons will make model templates (scaffolds) superior to carbon 
aerogels. The former have well defined structures leading to well defined and controllable 
geometry of the pores. This makes modeling effort meaningful because the size of the complex 
hydride cluster may be varied systematically in one, two, or three dimensions, thus guiding the 
selection of the most beneficial template structures. 
 
Future Plans 

We will continue to rely upon integrating innovative synthetic approaches with state-of-the-
art characterization and theoretical modeling. Whereas our general objectives and strategy will 
remain essentially the same as in the past, several new research directions will be pursued. Our 
main objectives can be summarized as follows: i) the studies of mechanochemical and 
temperature induced transformations of mixed systems containing magnesium will be completed 
by establishing relevant details of their mechanisms; ii) the effort toward direct synthesis of AlH3 
with higher yields will continue; iii) mechano- and thermo-chemical studies will be extended to 
include several new systems; iv) the effectiveness of using mechanical energy to create 
nonequilibrium rehydrogenation pathways under low hydrogen pressures and temperatures will 
be thoroughly studied; v) we will continue to employ and improve characterization methods, such 
as gas-volumetric analyses, solid-state NMR spectroscopy, x-ray diffraction, and electron 
microscopy to determine to the best extent possible the structure and properties of all materials 
developed in this project; vi) the theoretical modeling will emphasize multi-scale techniques 
based on density functional theory. 

As our knowledge advances, there will be increased emphasis on integrating experiment with 
theory.  We expect that these efforts will guide us toward the discovery of hydrogen-containing 
solids that would be unattainable using conventional synthetic methods. They will also lead to 
understanding of thermodynamics and kinetics of dehydrogenation and hydrogenation 
transformations in these materials. 

Systems, which have been studied only preliminarily, will be thoroughly examined in order to 
establish detailed mechanisms of dehydrogenation transformations and asses their potential for 
reversibility of hydrogen.  Since mechanochemical and thermochemical phase transformations in 
complex hydride systems progress differently, both will be analyzed in detail using protocols 
developed in the past.  Unlike thermally-induced transformations of pure or doped complex 
hydrides, ball milling is likely to follow nonequilibrium pathways; details of both are only known 
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for a few closely related alanate-amide systems, and for others they will be systematically studied 
experimentally in concert with relevant modeling effort.  As our understanding improves, 
additional binary and ternary model systems containing MAlH4, M3AlH6, MNH2, M2NH, MH, 
where M = Li, Na, or K, MgH2, CaH2, AlH3, and mixed ionic complex hydrides such as 
Li2Mg(NH)2 and Na3-xLixAlH6 will be selected and examined with the purpose of testing the 
validity of our conclusions and expanding their generality.  The pool of systems will be extended 
to include MMgH3 and MBH4, where M = Li and Na as our work progresses.  Of particular 
interest is the observed reversibility of chemically stable AlN in the presence of LiH.  We will, 
therefore, examine systems containing BN, AlN, GaN, LiH, and NaH in order to gain a better 
insight on the mechanisms involved. 

Although thermodynamics enables the hydrogenation of complex hydrides, this has generally 
been achieved in the past mostly via solvent-based processes at high hydrogen pressures 
(sometimes as high as 104 -105 bar).  Overcoming high hydrogenation pressures is a critical issue, 
which requires considerable basic research.  The poor kinetics of reactions in complex metal 
hydride – hydrogen systems is often another limiting step.  To overcome kinetic limitations, 
conventional wisdom calls for increasing the temperature, which, however, requires a further 
increase of hydrogenation pressure.  We will, therefore, use mechanical energy to exploit benefits 
of nonequilibrium states, facilitate improved kinetics, and provide mass transport required to 
hydrogenate either partially or fully dehydrogenated complex hydride solids.  Results of our 
research support a vision that non-thermal processing of complex hydrides is a feasible way to 
achieve acceptable parameters of the hydrogenation stage.  Dehydrogenated model systems or 
appropriate mixtures of known intermediary or final products of dehydrogenation will be 
subjected to high pressure ball milling experiments that will be carried at and below ambient 
temperature at PH2 reaching 350 bar.  Lowering the temperature should shift the equilibrium 
towards the hydrogenation transformations, and unlike in an autoclave, lowering the temperature 
in a ball mill does not lead to diminished mass transport due to a suppressed diffusion. 
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Program Scope: The principal objective of this work is to investigate thermodynamic 
and kinetic properties of complex oxides having multiple mobile species, with principal 
emphasis on high temperature proton conductors (HTPC). Typical HTPC materials are 
alkaline earth containing perovskites doped to create oxygen vacancies. When heated in 
atmospheres containing water vapor, some of the oxygen vacancies are filled up by 
absorbing water vapor and releasing mobile protons into the structure. Such materials 
thus can transport three electrically charged species; namely oxygen ions (O2-) by a 
vacancy mechanism, protons (H+) by a hopping mechanism and electron holes (h). 
Depending upon externally imposed conditions (atmospheres, electrical load), net 
transport of charged species (electrical current) as well as transport of neutral species (H2, 
O2, and H2O) can occur through such materials. The reported studies on such materials 
have usually been on bulk samples, typically several millimeters in thickness. The 
applications of these materials for such as electrochemical devices as fuel cells, hydrogen 
and oxygen separation membranes, electrolyzers, etc., however, involve the use of thin 
films (a few microns in thickness) to minimize the internal resistance. Measurements 
made on bulk samples often are not representative for applications in a thin film form 
since slow kinetics prevents the measurement of properties under thermodynamically 
equilibrated conditions on thick samples. Lack of the attainment of thermodynamic 
equilibrium can lead to large errors making it difficult to measure ‘true’ properties. For 
example, diffusion coefficients measured on bulk samples are often orders of magnitude 
different from ‘true’ values measured under thermodynamically equilibrated conditions. 
One aspect of the current work is on the measurement of properties under 
thermodynamically equilibrated conditions. This is achieved by making measurements on 
porous bodies and/or thin films. It is shown, for example, that in cases wherein the 
sample exchanges certain species with the gas phase (e.g. oxygen, water vapor, 
hydrogen), the measurement of physical properties on porous samples gives true values. 
A case in point is the thermoelectric power. Our experiments/analysis have shown that 
reliable measurements of thermoelectric power are often difficult to make on dense bulk 
samples of oxides. However, this can be readily achieved using porous samples. Since 
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many properties depend upon sample stoichiometry, this conclusion is general and 
applicable to many other properties.  
 
Measurement of transport properties and the attainment of equilibrium in thin films and 
membranes, as used for many devices, must also include the role of interfaces. 
Measurement of transport properties on bulk samples, as has been the practice, makes it 
difficult (and often impossible) to account for the role of surfaces and interfaces. A case 
in point is a thin film fuel cell in which often the performance characteristics are almost 
completely dictated by interfaces. Thus, the measurement of transport properties of 
interfaces is important. Also, what occurs at the interfaces dictates the fundamental 
stability of the membrane. Techniques such as impedance spectroscopy are insufficient to 
address many transport-related issues as they cannot resolve effects of parallel transport 
of minority defects. Thus, while many reports on the measurement of surface and 
interfacial properties have been published, often it is not possible to draw reliable 
conclusions when the same materials are used in a thin film form in electrochemical 
devices. This necessitates the development of measurement techniques and analysis 
which allow a study of thin films in actual electrochemical devices, while also addressing 
the fundamental stability of the membrane. The measurement of properties in solid state 
electrochemical devices also presents particular challenges since unlike typical electronic 
devices in which the only moving species are electrons (and/or holes), in electrochemical 
devices the principal mobile species are ionic. Associated with their movement are 
changes in volume, especially when electrochemical reactions occur. One aspect of the 
work is on the investigation of thermodynamic and kinetic properties using thin films. 
This has necessitated the development of embedded reference electrodes, which allow the 
measurement of chemical potentials of neutral species. Using this technique, it has now 
become possible to measure, for example, oxygen chemical potential in thin film solid 
oxide fuel cells.    
 
Recent Progress: Our recent progress in four areas is briefly described in what follows. 
 
a) Theoretical Analysis of A Fuel Cell Based on Mixed Proton, Oxygen Ion, and Electron 
Hole Conductors: Theoretical analysis of a fuel cell using an HTPC with three mobile 
species is underway. The analysis is based on the usual assumption of local 
thermodynamic equilibrium. It is shown that local thermodynamic equilibrium, the 
fundamental assumption made in all reported studies to date, suggests that it is more 
convenient to use internal EMFs in the representative equivalent circuit rather than 
capacitors. Using this model, an equivalent circuit is developed which includes multiple 
internal EMFs, uniquely related to the respective local thermodynamic equilibria. The 
interfacial regions are also described in terms of internal EMFs and resistances. Eventual 
experimental work will involve the use of embedded electrodes to measure chemical 
potentials of neutral species. This work is being performed by the PI, Anil Virkar.  
 
b) Measurement of Chemical Potential of Oxygen in Thin Film Solid Oxide Fuel Cells: 
Externally measured current through a fuel cell is primarily due to the ionic flux that 
occurs through the electrolyte, which is related to ionic conductivity of the electrolyte and 
gradient in oxygen ion electrochemical potential. The magnitude of the current or the 
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gradient in electrochemical potential of oxygen has no direct relationship to the stability 
of the electrolyte. Virtually all published work on fuel cells is on performance 
measurements and on degradation but only as judged on the basis of performance loss. 
Our work has shown that a fundamental source of degradation is related to local 
thermodynamic instabilities, which are actually transport-induced. These in principle can 
be investigated using embedded reference electrodes, which facilitate the measurement of 
oxygen chemical potential. We have recently developed techniques to embed references 
electrodes in electrolyte films on the order of 20 to 40 microns in thickness. Using this 
approach, actual measurements of oxygen chemical potential are made during cell 
operation. The measurements show that there are situations in which the chemical 
potential can lie outside the stability range of the membrane leading to local 
thermodynamic instability and cell degradation. This work has profound implications 
concerning degradation of fuel cell stacks. This work is being performed by Mr. Hyung-
Tae Lim, a graduate student working towards a Ph.D.  
 
c) Measurement of Stoichiometry-Thermodynamic Properties using an Electrochemical 
Technique: Most complex oxides exhibit deviation from stoichiometry, which is a 
function of temperature and oxygen partial pressure. Often the changes are minute and 
difficult to measure gravimetrically. Also, measurements on bulk samples are generally 
inaccurate due to sluggish transport kinetics. In order to circumvent these difficulties, a 
new electrochemical cell is being devised. It consists of an enclosed chamber made of an 
oxygen ion conductor such as yttria-stabilized zirconia (YSZ). The desired sample, as a 
porous body, is placed inside the chamber. Two sets of electrodes are placed on the 
chamber walls; one set for electrochemical pumping and the other set for potentiometric 
sensing. The experimental procedure consists of electrochemically pumping oxygen in or 
out, measuring the net coulombs passed through the external circuit, and measuring the 
oxygen partial pressure in the chamber. These measurements allow experimental 
determination of the relationship between oxygen non-stoichiometry and oxygen partial 
pressure (or oxygen chemical potential). Current work is on rare earth oxide-doped ceria 
and will be expanded to include perovskites. This work is being performed by Mr. James 
Wright, a graduate student working towards a Ph.D. 
 
d) Ceramic-Polymer Composite Membranes for Fuel Cells: Considerable work has been 
reported on the development of membranes for low temperature fuel cells. Nafion-based 
membranes are excellent proton conductors, but undergo dehydration above about 100oC. 
HTPC membranes are not conductive enough, and must be heated to about 500oC (or 
higher) to be effective. In the case of polymeric membranes, the challenge is to develop 
membranes that are stable at high enough temperatures (over 150oC, and preferably as 
high as 200oC) and retain moisture. In HTPC membranes, the challenge is to develop 
materials with sufficient protonic conductivity at low enough temperatures. Several 
researchers have demonstrated that the addition of inorganic fillers to Nafion (or other 
proton conducting polymeric materials) increases high temperature stability and 
performance. The inorganic fillers increase the water retention capability, while Nafion 
provides pathways for proton conduction. That is, a combination of inorganic fillers and 
Nafion leads to a synergetic effect. We are investigating the effect of nanosize oxide 
additions to Nafion and other polymeric proton conductors on transport. The focus is on 
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surface chemistry and defect chemistry of the oxides and their effect on transport. This 
work is being performed by Mr. Ravakanth Abbaraju, a graduate student working 
towards a Ph.D. 
 
Future Plans: (1) Theoretical work on mixed proton, oxygen ion, and electron hole 
conductors will be extended to general theory of multi-species transport including the 
role of interfaces. Main emphasis will be on determining the conditions of stability. (2) 
Measurement of oxygen chemical potential in anode-supported fuel cells using multi-
layer electrolytes. Extension of the work to determine the conditions of instability, and 
their implications to fuel cell stack degradation. (3) Investigation of thermodynamic and 
kinetic properties of complex oxides using porous samples. (4) Investigation of the role 
of nanosize oxides on the transport properties of composite proton conductors.   
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Our work was planned and performed to support the Hydrogen Fuel Initiative along two 
independent paths; the first was to investigate hydrogen interaction with carbon nanostructures 
and in particular metal doped carbon nanotubes, the second path was to develop a fundamental 
understanding of the mechanistic aspects of the formation and decomposition of complex 
hydrides.  
 
The research work was aimed at obtaining a fundamental understanding at the nanoscale level of 
hydrogen sorption behavior with Carbon Nanostructures.  The experimental work is closely 
linked to relevant modeling studies of these materials.  Our effort was focused on understanding 
the hydrogen interaction mechanisms such as physisorption, weak covalent bonding, and 
chemisorption in these nano-carbon systems. 
The program involved investigating the thermodynamics governing formation of complex metal 
hydrides via ball milling and molten state processing techniques.  Synthesized materials—
M(AlH4)x; MM’H3; MxM’

3-xAlH6— have been investigated by spectroscopic tools including 
nuclear magnetic resonance (NMR), neutron scattering, and X-ray diffraction.  Phonon vibrations 
and the effect of the catalyst on the local lattice structure were investigated by incoherent inelastic 
neutron scattering (IINS) spectroscopy.  Pressure effects on the structure of metal hydride 
materials were analyzed with high pressure XRD and Raman instrumentation. 
 
Although our research work was conducted as two independent efforts during our research 
activities we recognized that these nanostructure carbon systems are ideal systems for 
investigating the catalytic effect of metallic dopants on the formation and decomposition of 
complex hydride materials. Our work led to the finding that certain graphitic systems can catalyze 
the formation and decomposition of sodium aluminum hydride. We have shown that nano 
graphitic systems (e.g. C60 and carbon nanotubes) can be very efficient catalysts that cause 
NaAlH4 to be reversible even when a metal dopant was not detectable. 
 
Studying H2/CNT interactions 
 

• We hypothesized that H2/carbon nanostructures interactions are diameter 
dependent 

• Challenging to verify because CNT are synthesized with a large diameter 
dispersion 

• Collaboration with  A. Rao and Dr. J. Gaillard at Clemson University; we 
developed a method of attaching a single carbon nanotube, or a small array of 
nanotubes to act as a cantilever for harmonic detection of resonance (HDR). See 
Fig. 1. 

• This array is used to distinguish between possible interaction such as H2 , D2 and 
H-D 
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Single Carbon Nanotube (CNT) Cantilever 

Fig.1 
 

Preliminary results on catalyzing the Reversibility of NaAlH4 with Carbon 
 

• NaAlH4 is the most studied complex hydride material for vehicle applications 
• CNT were reported to improve the properties of NaAlH4  
• Details and mechanism of this improvement are not known 
• We’ve been examining various diameter CNT, graphite and C60 
• Graphite additive aids hydrogenation, but less than the curved graphitic carbon 

(e.g. C60 and  CNT) 
• Exciting results as CNT production involves nano-particles of metals, which 

could also be adding to catalyzing reaction and producing reversible complex 
hydrides– future work on this aspect is planned- See Fig.2 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 
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Developing a fundamental understanding of these catalytic effects can have a tremendous impact 
on the basic understanding of the role of catalysts in enhancing the kinetics of complex hydrides, 
the formation of intermediates and explain what facilitates their mass transport to form these 
hydrides. Based on our recent results we believe that further studies are needed to explain the 
uniqueness of hydrogen interaction with carbon nanostructures and utilize this understanding to 
explain the role of nano-catalysts in the formation and decompositions of complex hydrides. Our 
effort was also supported by atomistic modeling ab initio calculations to explain the mechanism 
of these kinetic enhancements.  
 
Mechanistic Aspects of the Formation and Decomposition of Complex Hydrides 
 
NaMgH3 was used as model compound to understand the formation of novel complex hydrides.  
IINS vibrational spectrum study at 10 K indicated new finding that two phases coexist with 
disorder and  two distinct hydrogen sites within the material see Fig 3.  NMR studies discovered a 
captivating and unexpected phenomenon where the proton motion in NaMgH3 is much faster than 
in either of the binary constituents. Structural studies of NaAlH4 have also been conducted at 
elevated pressures in collaboration with FIU a high pressure phase transition was discovered in 
unmilled NaAlH4 at 6.35 GPa followed by amorphization at 13 GPa. 
 

 
Fig. 3 

Future Work: 
 
Our future work will continue to support the Hydrogen Fuel Initiative through the development of 
a basic understanding of the formation and decomposition of complex hydride materials. The 
study will be the first comprehensive study of its kind that is aimed at understating the nature of 
hydrogen bonding with Carbon Nanostructure and their role as catalysts.  Carbon nanostructures 
(e.g. Metal Doped Carbon Nanotubes and fullerenes  will be studied to for their catalytic effect 
that we recently realized and they will be also utilized in investigating the role catalysts play in 
enhancing both hydrogenation and dehydrogenation in complex hydrides.  Our goal is to 
determine the basic mechanism of formation, phase transition and decomposition of these 
hydrides and the role of catalysts/dopant on enhancing hydrogen release and more importantly 
making it possible to reverse some of these hydrides.  
 
We expect that a steady stream of results will be generated from this work. Hydrogen storage in 
carbon system and complex hydrides offers promising materials for energy applications due to 
their high capacity, the potential of reduced heats of adsorption/desorption. 
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Extraordinary Responsive Magnetic Rare Earth Materials 
Bonding, crystallography and magnetism in complex intermetallic compounds 

 
K.A. Gschneidner, Jr. (presenting), V.K. Pecharsky, L.S. Chumbley, T.A. Lograsso, G.J. Miller, 

A.I. Goldman, B.N. Harmon, and R.J. McQueeney 
Ames Laboratory, Iowa State University, Ames, IA 50011-3020; e-mail cagey@ameslab.gov 
 
Program Scope 

A major goal of this program is to uncover the underlying electronic, atomic and microscopic 
interactions that result in an extraordinarily strong coupling between the magnetic and crystal 
lattices, and remarkable responsiveness to both strong (temperature and pressure) and weak 
(magnetic field) triggers in selected model rare earth intermetallic material systems.  We focus on 
the state-of-the-art synthesis, processing and characterization, combined with theory, modeling 
and computations gauged and refined against reliable experimental data.  The model systems 
include GdNi and other equiatomic RM compounds (R is a rare earth metal and M is a 3d 
transition metal or a main Group 14 element), RAl2, RCo2, La(Fe1-xSix)13 and its hydrides 
La(Fe1-xSix)13Hy, and R5T4 compounds (T is a main Group 14 element).  These materials exhibit a 
number of diverse and unique properties associated with magnetic ordering alone, magneto-
volume effect, itinerant electron metamagnetic, and magnetic-martensitic transformations, 
respectively, which may or may not be driven by a reversible breaking and reforming of specific 
chemical bonds.  Development and validation of phenomenological models of transformations 
that range from magneto-volume to magnetic-martensitic is another goal, thus guiding future 
discoveries of material systems exhibiting strong reactions to small changes of magnetic field, 
with temperature and pressure providing additional sources of stimulation. 
 
Recent Progress 

Composition and structure are critical factors determining the physical properties of 
intermetallic compounds, but the dominance of metallic bonding often leads to close packed or 
related structures with no directionality in the chemical bonding.  Identifying critical pair-wise 
interatomic interactions, therefore, is a major challenge and one needs sophisticated and 
computationally accurate electronic structure methods to relate structure and properties.  Despite 
crystallographic complexity, peculiar structural features of the R5T4 family have been connected 
to systematic variations of physical properties.  Once identified, structure-property relationships 
have predictive powder providing a foundation towards future discoveries in this and other model 
systems.  Below, we describe only a few examples that are related to our recent progress in 
understanding of the relationships between chemical bonding, crystallography and magnetism of 
complex intermetallic compounds. 

All R5T4 compounds are self-assembled multi-layers, formed by subnanometer-thick, 
remarkably robust two-dimensional slabs, the stacking of which varies with composition (R, T), 
temperature (T), pressure (P), and magnetic field (H), thus defining their most interesting and 
unique physics.  In the orthorhombic Gd5Si4-type, also known as O(I), the T-atoms located on the 
surfaces of the slabs form short (2.6 Å), covalent-like T2 dimers, thus enabling strong interslab 
interactions propagating along the b-axis.  The “long” T-T distances, are ~5.4 Å.  Next, is the 
monoclinic Gd5Si2Ge2-type (M), in which the interslab interactions are nonuniform.  The short T2 
dimers are only found between every other slab, and therefore, strong interactions are limited to 
pairs of neighboring slabs.  The weakly interacting pairs have better balanced T-T distances, i.e. 
~3.5 and 4.5 Å vs. ~2.6 and 5.4 Å for the short and long T-T contacts, respectively.  The third is 
the orthorhombic Sm5Ge4-type variant, also known as O(II).  The uniformity of the interslab 
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interactions is restored, but strongly bonded interslab T2 dimers are no longer present.   Finally, in 
the Tm5Si2Sb2-type – O(III) – all interslab interactions and all the T-T distances are identical. 

By coupling the electronic structure with magnetothermodynamic models for finite 
temperature we have studied the magnetostructural transition of Gd5Si2Ge2. This approach leads 
to a good agreement with already established experimental results of the magnetostructural 
transition. Our analysis shows that the electronic structure method which takes into account 
strong Coulomb correlations within the framework of scalar relativistic (no spin orbit coupling) 
band theory works reasonably well for this system. The use a of nonlocal exchange correlation 
functional with the electronic structure LSDA+U method works better as compared to the local 
exchange correlation functional, giving a better estimate of the magnetostructural transition 
temperature and other magnetic properties of Gd5Si2Ge2. Our study shows lower value of total 
energy in the O(I) phase compared to the M phase, which confirms stability of the orthorhombic 
phase at low temperature. The calculated magnetic moments of the Gd atoms in this compound 
are larger in the orthorhombic phase than in the monoclinic phase. The variability of the magnetic 
moments of different Gd atoms within same phase or different phases is mostly due to the 
changing contribution from 5d electrons of Gd atoms. The magnetic exchange coupling energy of 
the orthorhombic phase is higher than that of the monoclinic phase. 

A collaboration between Ames and Argonne National Laboratories has revealed key atomic-
level information about Gd5(SixGe4-x) materials.  In addition to the expected strong magnetization 
of gadolinium ions, a significant induced magnetization of the germanium ions has been detected 
experimentally and confirmed theoretically.  This discovery is counterintuitive, yet it explains the 
origin of the unprecedented magneto-responsiveness by (dis)appearance of magnetic Gd-Ge-Ge-
Gd bridges that cause magnetic (dis)ordering during the field induced structural transition.  It also 
opens up a range of new opportunities for the design of novel magnetic materials due to the 
potential for enhancing magnetic interactions between the rare-earth metals by employing 
nominally nonmagnetic elements.  The discovery has been made possible by using the ultra-pure 
materials prepared in Ames and high-brilliance, circularly-polarized X-rays at the Advanced 
Photon Source to probe the magnetism of gadolinium and germanium ions. 

An unexpected feature has been found in Er5Si4, where a structural transition in the true 
paramagnetic (PM) state is affected by H.  Both the heat capacity peak and the underlying 
crystallographic transformation at ~220 K between the low temperature M-Er5Si4 and high 
temperature O(I)-Er5Si4 are suppressed nearly linearly by H > 40 kOe at the rate dTM→O(I)/dH 
= -0.058 K/kOe.  To the best of our knowledge, to date there have been no reports that a 
relatively weak H is able to measurably affect the temperature of a crystallographic transition in 
the PM state, i.e. ~200 K above the spontaneous magnetic ordering temperature. 

DC magnetization studies on the Er0.75Dy0.25Al2 compound reveal a ferromagnetic ordering at 
25 K followed by a transition at 10 K, which is marked by a strong thermal hysteresis in low 
fields. In the PM state, just above the TC, a Griffiths-like phase is observed. The ac magnetic 
susceptibility and the magnetic relaxation data bear signatures of a glassy state below TC which is 
attributed to the presence of competing single ion anisotropies of Er3+ and Dy3+ randomly 
distributed in the crystalline lattice. The X-ray diffraction studies on Er0.75Dy0.25Al2 confirm that 
there is no structural transition over the temperature range 5-300 K. Thus, the peak at 10 K has no 
structural origin. This has further been ascertained by the lack of thermal hysteresis the electrical 
resistivity.  These results are consistent with the assumption that strong quadrupolar interactions 
play an important role in the formation of the first order phase transition at 10 K in Er0.75Dy0.25Al2. 
 
Future Plans 

Described above is the only study that we are aware of indicating that peculiar structural and 
bonding changes between nonmagnetic atoms may play a role in defining magnetism of the rare 
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earth sublattice by inducing measurable magnetic moments on conventionally non-magnetic sites.  
Much more experimental data need to be collected and analyzed, including other representatives 
of the R5T4 family, especially Tb5Si1.8Ge2.2, Dy5SiGe3 and Er5Ge4.  An interesting question also 
arises about the role of a single 5d electron of La in influencing magnetism of Fe12 clusters in 
La(FexSi1-x)13, which will be answered through a combined experimental and theoretical XMCD 
study.  We believe that our expertise in coupling XMCD experiments with first principles theory 
positions us well for a rapid progress in understanding the broader role, traditionally nonmagnetic 
atoms are playing in rare earth magnetism. 

At present we do not have sufficient data to fully understand the mechanism of field effect on 
the crystal structure of paramagnetic Er5Si4, yet we believe that it may be related to both the large 
magnetic moment of Er and strong spin-orbit coupling influenced by crystalline electric field 
effects.  Thermal expansion studies carried under hydrostatic pressure indicate that the structural-
only transformation has an extraordinary high pressure dependence, i.e. dTM→O(I)/dP = –30 K/kbar, 
and therefore, supports an assumption that even a minuscule field-induced strain in the 
paramagnetic state may be sufficient to measurably affect the structural-only transformation.  We 
also believe that the effect of the magnetic field on this polymorphic transformation that does not 
involve magnetic order should be highly anisotropic.  We have initiated a thorough investigation 
of recently prepared single crystals (only polycrystalline samples have been studied to date).  A 
different, yet potentially related issue is an extreme sensitivity of the Er5Si4 structures to small 
concentrations of interstitial impurities (none of the Er5Si4 compounds prepared using commercial 
grade 99.9% pure Er metal adopts the M allotrope).  Controlled impurity additions (e.g. hydrogen 
or carbon) will be initiated to determine the role of phase volume change on the stability of O(I) 
and M modifications of Er5Si4. 

Theory and modeling will be fully incorporated with experimental results employing both 
theoretical solid state physics and quantum chemistry as two essential parts.  The first part is an 
analysis of electronic structure and magnetic properties at absolute zero temperature from first 
principles theory and the second part is for analyzing the chemical bonding factors influencing 
structure-property relationships. Our experience with Gd5Si2Ge2 proves that R5T4, RM and RCo2 
systems are challenging for a standard approach such as the local spin density approximation 
(LSDA) due to the presence of highly localized 4f-electrons, and therefore, the inclusion of onsite 
Coulomb parameter, U, on R atoms is a must.  Thus, employing LSDA+U in Gd5Si2Ge2 leads to a 
remarkable improvement in the predicted electronic structure and magnetic properties.  
Simultaneous application of improved first principles methods and quantum chemical approaches 
therefore should provide consistent insights enabling basic understanding of the complex 
interplay between crystal structure, magnetic interactions, and chemical bonding in a diverse pool 
of systems. 
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Program Scope:  We are investigating some of the scientific and technically challenging 
issues in thin film magnetism focusing on epitaxially grown layers of specific L10 ordered, 
intermetallic, heterostructures with well-controlled crystallography and interface 
structure.  Specifically, we are addressing antiferromagnetic/ferromagnetic systems, 
exhibiting exchange bias (EB) in both in-plane (MnPd/Fe) and perpendicular 
(IrMn/(Co/Pt)n) geometries, and ferromagnetic/ferrimagnetic (Co/Y3Fe5O12) bilayers with 
strong interlayer exchange coupling and exhibiting spin reorientation transitions. In the 
former case, the work includes experimental and theoretical studies to gain more 
fundamental insight into the origin and magnitude of EB, as well as to address important 
aspects of EB such as the asymmetry in the magnetic reversal mechanism, the role of 
interfacial structure, including compensated or uncompensated spins, AF domains and 
competing anisotropies. Size effects, particularly in structures with lateral dimension of 
the order of their domain sizes, are studied by soft lithography/patterning, and their 
time/temperature behavior by studies of magnetic viscosity, anomalous Hall effect and 
ultra fast magnetometry. These fundamental magnetic studies also determine the 
distribution of anisotropies, long-term thermal stability, high precessional switching and 
magnetic damping. In the latter case of the metal/oxide heterostructures, the domain 
structure of the metal is carefully modulated by that of the underlying oxide, opening the 
possibility of carrying out novel experiments to study spin-dependent domain-wall 
scattering and quantify domain wall resistance in mesoscopic geometries. Ongoing 
work, utilizing state-of-the-art characterization methods to address the critical role of all 
aspects of the microstructure, at relevant length scales, in determining these specific 
magnetic properties, includes domain imaging by photoemission electron microscopy 
(PEEM), element-specific X-ray magnetic reflectivity and x-ray resonant scattering at the 
ALS and BESSE II. Collaborative work with Prof. R. Stamps (UWA) in modeling and 
analysis of slow-dynamics, using an inductive ferromagnetic resonance technique, as 
well as efforts to study spin-transfer torque in these perpendicular anisotropy systems, 
including a novel fabrication technique, has also been initiated. The ultimate goal of this 
research is to gain a deeper understanding of the range of related magnetic phenomena, 
including spin transport, and establish pathways for potential technological applications 
of these thin film and patterned heterostructures. 
 
 
Recent Results:  We have made a coordinated effort in all aspects of this program [1].  
Some of the highlights, including recent results are discussed below:  
 
Direct Imaging of the Asymmetric Magnetic Reversal Mechanism in Exchange-biased 
Heterostructures [2]:  X-ray photoemission electron microscopy at the ALS was used to 
probe the remnant magnetic domain structure in high-quality, single-crystalline, 
exchange-biased Fe/MnPd bilayers. It was found that the induced unidirectional 
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anisotropy strongly affects the overall magnetic domain structure. Real space images of 
the ferromagnetic domains provide, for the first time, direct evidence for an asymmetric 
magnetization reversal process after saturation along the ferromagnetic hard direction. 
The magnetization reversal occurs by moment rotation for decreasing fields while it 
proceeds by domain nucleation and growth for increasing fields. The observed domains 
are consistent with the crystallography of the bilayers and favor a configuration that 
minimizes the overall magnetostatic energy of the ferromagnetic layer.  This work has 
also been highlighted at the Advanced Light Source [3]. 
 
Perpendicularly Anisotropy and Exchange-bias: Competing Anisotropies and Interactions 
[4]:  Following the successful synthesis of perpendicularly exchange-biased (IrMn/ or 
FeMn/(Co/Pt)n)  heterostructures [5], we have investigated the role of competing magnetic 
interactions [6] and probed their asymmetric magnetic reversal mechanism by magnetic 
force microscopy and magnetoresistance measurements [7]. Perpendicular exchange 
bias in multilayers arise from a complex interplay between unidirectional anisotropy at the 
terminating ferromagnet(FM)/antiferromagnet(AFM) interface, the perpendicular 
anisotropy of the FM/nonmagnet(NM) multilayer stack and the overall magnetostatic 
energy of the structure. Exchange bias field (Heb) and coercivity (Hc) of [Co/Pt] y /FeMn 
with perpendicular anisotropy have been investigated by varying the thickness of top Co 
layer in direct contact with the FeMn or number of Co/Pt bilayers. An unusual dependence 
of Heb and Hc on these parameters has been observed. As the top Co layer thickness of 
[Co/Pt] y/FeMn multilayer varies, both Heb and coercivity Hc show a peak in values and 
decrease when the top Co is too thin or too thick. Heb of [Co/Pt]y/FeMn is inversely 
proportional to the number of Co/Pt bilayer, y for 2 < y < 5, while Hc increases. For y > 5, 
Heb increases and Hc decreases with y until both of them reach constant values. These 
observations have been attributed to the role of the effective perpendicular anisotropy of 
the FM multilayer, especially the FM layer adjacent to AFM layer, in maintaining the 
perpendicular exchange bias. In addition to the above, magnetoresistance (MR) and 
magnetic force microscopy (MFM) measurements were used to probe the magnetic 
reversal mechanism of perpendicular exchange bias systems since the transport 
properties of electron in FM thin films can be greatly affected by the spin structures. The 
magnetoresistance is asymmetric along the ascending and descending branches of the 
hysteresis loops, which can be explained by the difference of domain wall density in the 
two reversal branches. The latter follows from the analyses of the MFM images and 
fractal geometry of the domain walls. Both the MR and MFM data are consistent with the 
reported data on x-ray small angle scattering and time-resolved Kerr microscope data in 
that the magnetic reversal is due to domain nucleation and growth in both the descending 
and ascending braches, in contrast to most in-plane exchange bias system.  
 
Spin reorientation transitions in perpendicularly exchange-coupled, ferromagnetic, ultra-
thin films studied using element specific imaging [8]:  As part of a recent doctoral 
dissertation [9] at MSE/UW on “Domain wall stability and resistance in perpendicularly-
coupled metal/oxide bilayers", we have studied the spatial variations in the spin-
reorientation transition of an exchange-coupled Co-wedge/YIG (Y3Fe5O12) bilayer, from 
perpendicular to in-plane domain structure, using magnetic force microscopy (MFM) and 
photo-emission electron microscopy (PEEM). Even though MFM measurements of the 
YIG film showed perpendicular stripe domains, it was not possible to unambiguously 
resolve the domain structure of only the top ferromagnetic metal layer because of 
complications arising from the stray fields of the much thicker YIG underlayer. Hence, 
using element-specific, x-ray magnetic circular dichroism (XMCD) of the transition metal 
L3,2 edges (Co and Fe, respectively) for magnetic contrast, PEEM measurements were 
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carried out to resolve the domain structure of the individual Co and YIG layers. The two 
were identical up to a Co thickness of 4.5nm, confirming that the Co layer was exchange 
coupled with the YIG underlayer; however, a transition of the Co domains, from 
perpendicular to in-plane, was observed at thickness of 4.5 ~ 6nm. For thicker regions of 
the Co film (> 6nm), a sizeable portion of the Co layer showed in-plane domains; their 
spins were perpendicular to the domain walls of the stripe domains with Co XMCD values 
in the range of -5% to +5% -- a value smaller than that of the perpendicular domains. 
 
XRMR/XMCD investigations of the interface spin-lattice in epitaxially grown Fe/MnPd 
exchange bias samples:  X-ray magnetic reflectometry (XRMR) is a powerful technique 
to probe nanomagnetic structures with special sensitivity to the spin lattice at FM/AFM 
interfaces [10]. In our investigations, we focus on finding evidence for pinned moments 
in MnPd/Fe, with emphasis on the Mn sites. By using XRMR, both a-axis (spin 
uncompensated interface) and c-axis (spin compensated) MnPd were investigated with 
the ultimate goal of obtaining high-resolution magnetic depth profiles of the samples. 
From these profiles, the origin of exchange bias, namely the magnetic configuration at 
the ferromagnet/antiferromagnet interface was probed. The investigation of a- and c-axis 
MnPd is also motivated by the different amount of exchange bias found in these 
systems. The detailed analysis of the a-axis MnPd has just been completed and the 
origin of the pinned Mn moments have been identified [11].  Further, a decrease in the 
helical asymmetry with HEB for the c-axis samples has been observed.  Detailed analysis 
of the data is in progress.  
 

Work in Progress and Future Plans:  In addition to pursuing the above measurements 
to completion, the following experiments are either being planned or in progress: 
 
1.  Local effective fields created in Fe by MnPd through exchange anisotropy are studied 

using an inductive, strip-line, ferromagnetic resonance technique.  Our first set of 
measurements, in collaboration with Prof. R. Stamps on Univ. of Western Australia,  
show anomalies in the frequency as a function of field which have been interpreted as 
a distribution in unidirectional anisotropy field orientation and strengths [12]. 

 
2. We are using soft lithography methods, in general, and solvent-assisted microcontact 

molding (SAMIM), in particular, for making nano-patterned (Co/Pt)5/IrMn elements to 
investigate the size and shape effects on perpendicular exchange bias.  The aim is to 
confine the elements to the typical size of the AFM domains.  Moreover, it is known 
that such patterning results in a distribution of anisotropies and our goal is to study 
this using temperature-dependent torque magnetometry for both in-plane and 
perpendicular exchange-bias systems. 

 
3.  Measurement of the domain wall resistance in (Co/Y3Fe5O12) bilayers where the 

domains in the metallic (Co) layer can be modulated by the underlying oxide layer. 
 
4. Recent work suggests that a major contribution to the phenomena of exchange bias 

arises from a thermally activated reorientation of the antiferromagnetic layer. 
However, all this work has been done on polycrystalline samples. In collaboration with 
Prof. K. O’Grady, of the University of York, we are developing measurement protocols 
to study thermal activation process in epitaxial films with crystallographically well-
defined interfaces. 
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5.  Building on our expertise in synthesizing perpendicular exchange bias hetero-
structures, we are building spin valves with perpendicular anisotropy for spin torque 
experiments.  However, unlike traditional approaches involving complex multi-step 
lithography, we are proposing to deposit the heterostructure into a pre-fabricated via 
in an insulating support film. The fabrication will be carried out at the EMSL facilities 
at PNNL using the newly installed focused ion-beam machine followed by deposition 
and transport measurements in our laboratory. 
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Field-Structured Composites 
J. E. Martin, D. Read, G. Venturini, R. Anderson Sandia National Labs 

 
CURRENT RESEARCH 

Field-Structured Composites.  We are interested in developing particle composites structured 
by electric or magnetic fields as scientifically interesting and useful materials.  Such field-
structured composites (FSCs) are made by dispersing dielectric or magnetic particles into a pre-
polymer liquid and polymerizing while subjecting the dispersion to structuring electric or 
magnetic fields.  As discussed below, these fields can be quite complex, and can be used to 
create a wide variety of composite structures. 

The motivation for this work is that the properties of a composite depend strongly on the 
structure of the particle agglomerates. [1-3] For example, through theory, simulation, and 
experiment we have shown that the magnetic susceptibility of a composite can be significantly 
enhanced along one direction, and slightly suppressed along the other two, if the particles are 
organized into chains by a uniaxial field. [4] Likewise, we have discovered that the susceptibility 
can be significantly enhanced in two directions (and strongly suppressed in the third direction) 
by organizing the particles into sheets with a biaxial ac field. [4] More surprising is our 
discovery that triaxial ac magnetic fields can be used to organize particles into various foam-like 
structures with an enhanced susceptibility in all directions. [5, 6] These enhancements are factors 
of 2-4 for composites of multi-domain particles, [7] but we have shown through simulation and 
experiment that these can be a factor of 50 or more for nanocomposites of single-domain iron 
nanoparticles.  [8] 

Triaxial fields.  A few years ago we designed and built an ac triaxial Helmholtz coil that 
can generate magnetic fields in the frequency range of 75-2500Hz.  Each coil is in series 
resonance with fractal capacitor banks that enable us to create a resonance at essentially any 
frequency in this range.  Because the frequency and amplitude of each coil are individually 
selected, a wide variety of particle structures can be produced. This work has led to several 
patents, most significantly on the use of triaxial magnetic fields for optimizing the properties of 
particle composites. [6] Dipolar interactions in triaxial magnetic fields are a truly fascinating 
topic, because they give rise to purely many-body interactions: the pair-wise additive part of the 
dipole interaction actually vanishes in a balanced triaxial field.  Molecular-like clusterings of 
particles are stable, so in a sense we have discovered a method of creating quantum chemical 
effects with classical fields.  On a more practical note, we have discovered that heterodyned 
triaxial fields can be used to athermally attain the thermodynamic ground state in a magnetic 
field, simultaneously cheating statistical mechanics and fully optimizing the composites. [7] 

Actuators.  We have also shown theoretically that the magnetostriction of particle 
composites is quadratic in the permeability, [9] so field-structuring has a pronounced effect on 
this property.  In this case the magnetostriction is due to dipolar interactions between particles, 
not the magnetostriction of the particles themselves.  Our experimental measurements confirm 
this, showing that field-structuring can easily increase magnetostriction by 10x over unstructured 
controls. [10] In fact, we have demonstrated magnetostrictive strains as large as 10,000ppm, 
which is 5x larger than terfenol C– the next best material. 

Sensors.  The effect of field-structuring on electrical and thermal transport is extremely 
large. Field-structuring can increase the electrical conductivity of a composite by more than 12 
decades.  When such materials are cast as thin films we have found them to be excellent 
chemical sensors, with fully reversible responses as great as 10 decades, and sensitivities in the 
ppb range for volatile organic compounds.  [11, 12] Transduction is due to the change in the 
composite conductivity as the VOC swells the polymer.  We have demonstrated that the 
sensitivities of these sensors can be varied over a 100-fold range by controlling the stress in the 
polymer, and our most sensitive sensors are 100 times more sensitive than conventional carbon 
black chemiresistors. We have received two patents on our chemical sensors, and a third is 
pending.  [13-15] These materials also function as strain sensors, and have gauge factors that are 
11 decades larger than competing technologies. [11] 
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Magnetoresistance.  The large magnetostriction and strain gauge factor of FSCs combine 
to create extremely large magnetoresistance at low applied fields.  [16]  We have measured a 6 
decade resistivity change in a field of only 0.06T.  This effect, which is many orders of 
magnitude greater than observed for other magnetoresistance mechanisms, may be useful in 
tuning the response of our chemical sensors. 

 
Magnetic Mixing. During our work on synthesizing composites in triaxial magnetic fields we 
discovered that certain types of triaxial magnetic fields, which call vortex fields, create 
extremely strong mixing in suspensions of magnetic particles.  Our measurements of the mixing 
torque show a number of surprising features:  the torque is quadratic in the applied field, 
independent of the field frequency, and independent of the liquid viscosity.  [17] These effects 
are quite contrary to the behavior of a stir bar.  We believe the mixing effects are due to the 
formation of particle chains, and a theoretical development of this mechanism gives all of the 
expected behaviors.  [18] This theory also shows that the mixing torque is independent of 
particle size, which means that it can be scaled for microfluidics without a loss of efficiency.  In 
fact, we have observed mixing with Fe nanoparticles.  A patent application is being prepared on 
this new technology. 

 
Quantum Dots. In the last few years some effort has been focused on the light conversion 
approach to Solid-State Lighting.  In this approach a phosphor is used to down convert the light 
emitted by an LED.  Our interest is in the use of II-VI semiconductor quantum dots to convert 
UV LED light to visible light.  This project has centered on synthesizing CdS QDs in inverse 
micelles and measuring their optical properties.  [19] These materials have very broad emission 
and upon aging can even emit white light, even though they are uniform in size.  Our work has 
centered on understanding this emission.  We have found that the photoluminescence decay can 
be characterized as a stretched exponential, [20] with a lifetime that is proportional to the 
quantum yield. [21] We have also discovered that purifying, photolyzing, and functionalizing the 
surface with certain ligands can increase the quantum yield to nearly 40%, which is roughly four 
times better than the value reported in the literature.  [22] At this time our work is focused on 
understanding why certain samples age to give white emission, whereas others do not. 

 
FUTURE DIRECTIONS 

 
Field-Structured Composites.  To date essentially all of our experimental and theoretical work 
on field-structured composites has focused on spherical particles.  The magnetic properties of 
such composites is ultimately limited by the low effective susceptibility of the spherical shape, 
which cannot exceed 3 in the MKS system. Due to their much weaker demagnetization fields, 
highly anisotropic particles can have much larger effective susceptibilities along their long axes. 
Composites of aligned anisotropic particles will therefore exhibit significantly enhanced 
magnetic properties, and greatly improved transport properties. 

We now have available to us two sources of anisotropic particles: platelets and rods.  
Preliminary experiments show that field-structured composites of platelets have 11x greater 
susceptibility than we have ever achieved for spherical multi-domain particles.  Similar or 
greater enhancements are expected for the nanorods now available to us.  These nanorods are 
350 nm in diameter and of tailorable, and uniform, length.  They can be made of any magnetic 
element, or even of a sequence of magnetic and non-magnetic elements.  We expect composites 
made of these anisotropic particles to have much greater magnetostriction, magnetoresistance, 
and magnetochemiresistance than our previous materials, and improved performance as sensors 
and as thermally conductive composites.  Understanding the physical properties of these 
composites will require working with vector pair correlation functions that also include particle 
orientation.  This will present interesting new computational and theoretical challenges.   
 
Magnetic Mixing and Magnetohydrodynamic Instabilities.  We now wish to extend our 
magnetic mixing work to suspensions of platelets and rods.  Preliminary theoretical calculations 176



show the behavior should be quite different, due to the tendency of anisotropic particles to align 
with a long axis along the field.  We are especially interested in determining if the torque density 
is greater than that achieved with spherical particle.  This effort will also include fundamental 
studies of the magnetohydrodynamics of these suspensions in complex applied fields.  In early 
experimental work we have discovered remarkable pattern formation phenomena that are 
critically dependent on the field frequencies and phase relations.  These magnetohydrodynamic 
instabilities are exciting and we are working hard to try to understand their formation. 
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Spin-Dependent Effects in Ferromagnetic Semiconductor and 
Manganite Thin Films 

 
Jing Shi, Department of Physics and Astronomy, University of California, Riverside 
 

We have investigated spin-dependent transport effects in two types of material 
systems: ferromagnetic semiconductors, e.g. Mn-doped GaAs, and manganite thin films 
and superlattices, e.g. La1-xSrxMnO3 and La1-xBaxMnO3.  Both material systems are very 
important for potential spintronics applications. 

In the first material system, Ga1-xMnxAs as a prototypical spintronic material has been 
relatively well studied.  It is known that the holes in this p-type material experience 
strong spin-orbit interaction in addition to the strong scattering from random impurities, 
leading to a strong anomalous Hall effect. However, just as in other ferromagnets, the 
nature of the anomalous Hall effect has not been completely known and competing 
theoretical models still exist. In most previous experiments, the anomalous Hall effect 
was measured at high magnetic fields in order to fully saturate and align the in-plane 
magnetization along the out-of-plane applied magnetic field. As also found by other 
researchers, when the magnetic field is applied or varied, both ρxx and ρxy change, but the 

exponent n of the power-law ρxy~ρxx
n is found to clearly depart from 1 or 2, which was 

predicted for extrinsic or intrinsic mechanism respectively.  To address the origin of the 
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anomalous Hall effect, we have specially designed the GaMnAs thin films with 
perpendicular magnetic anisotropy so that the zero-field transport properties can be 
measured and analyzed. For this work, we have collaborated with Dr. Hideo Ohno at 
Tohoku University who pioneered this sub-field. In our laboratory, we have 
systematically conducted both electrical transport and thermoelectric transport 
measurements simultaneously on same samples.  In our work, we have found a usually 
large spontaneous or anomalous Nernst effect (~ 1µV/K) in all GaMnAs thin film 
samples. This anomalous Nernst effect scales with the anomalous Hall effect as the 
magnetic field is swept (Fig. 1). In fact, both curves are reminiscent of the magnetic 
hysteresis loop in samples with perfect perpendicular anisotropy. The spontaneous Nernst 
signal (H=0) was taken as a function of the temperature.  The anomalous Hall signal does 
not change sign over the entire temperature range, however, the anomalous Nernst signal 
does change sign at some intermediate temperature.  In ordinary transport, the 
thermoelectric transport coefficients are connected to the electrical transport coefficients 
by the well-known Mott relation.  For the intrinsic spin-orbit origin, it is not clear that the 
Mott relation still holds until it was theoretically shown recently. We have analyzed the 
temperature-dependent zero-field off-diagonal transport coefficients and found that the 
both effects are indeed related by the Mott relation.  In the meantime, by fitting our 
experimental data, we concluded that the exponent of the power-law is very close to two, 
which confirms the intrinsic nature of the observed effects.  Therefore, we have 
experimentally validated the Mott relation for the intrinsic mechanism in ferromagnetic 
semiconductors for the first time.  

In the second material system, we aimed to study the interfacial magnetism in 
manganite films and its consequence in magnetic tunneling characteristics.  The main 
attractiveness of using manganites in spintronic devices is its high spin polarization, as 
demonstrated in our previous organic spin valve devices. In addition, the interfacial 
properties are very well preserved after device fabrication.  We have grown high-quality 
thin mangnite thin films and superlattices using our new laser molecular beam epitaxy 
system. Due to the difference in layering sequence for films grown in different 
crystallographic directions, we expect different interfacial properties such as the 
magnetism (ferromagnetism vs. antiferromagnetism, or paramagnetism) and electronic 
properties (insulating vs. conducting). This is exemplified in films grown in [100] and 
[110] directions.  In the former, the sequence is LaSrO/MnO2/LaSrO/…, but in the latter, 
it is O/LaSrMnO/O/….  The double exchange strength between Mn-Mn is likely to be 
different in these two films.  We have employed both magnetic tunnel junction devices 
such as LSMO/STO/LSMO and second-harmonic generation technique to investigate the 
interfacial electronic and magnetic properties.  First of all, we have achieved very high 
Curie temperature (~ 350 C) in epitaxial LSMO films without any post-growth annealing.  
In addition, in the superlattices of [LSMO/STO]n on (110) with LSMO thickness ranging 
from 3 to 20 monolayers, we have found that the ferromagnetism exists in the thinnest 
LSMO, i.e. down to 3ML.  In addition, the interface layer of LSMO is clearly 
ferromagnetic.  This result is significantly better than what was reported earlier by 
Kawasaki et al. in their structures grown on (100).  With the second-harmonic generation 
and magneto-optics, we are able to probe the bulk and interfacial contributions 
independently (Fig. 2).  By measuring the temperature dependence of both linear and 
non-linear magneto-optic responses, we can obtain the Curie temperatures of the two 
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components.  The interfacial electronic properties are closely related to the tunneling 
characteristics such as the current-voltage characteristics and tunneling 
magnetoresistance.  We are currently fabricating magnetic tunnel junction devices using 
photo- and electron beam lithography techniques.  We are able to directly correlate the 
temperature dependence of the second-harmonic response with that of the tunneling 
magnetoresistance of the same film structures.  

 
We are currently focusing on the understanding and controlling of the interfaces in 

manganite films.  In the near future, we wish to more systematically explore the effect on 
the interfaces from other factors such as strain, doping profile, and etc. In addition, we 
also wish to study the spin polarization of manganite films and superlattices. 
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Project Title: Magnetization Dynamics and Cooperative Phenomena in 
Spin and Charge Frustrated Correlated Electron Materials 

 
Principal Investigator: Dr. Hariharan Srikanth  
University of South Florida, Department of Physics, PHY 114  
4202 East Fowler Ave, Tampa, FL 33620 
E-mail: sharihar@cas.usf.edu 
 
Project Participants (USF): Dr. M.H. Phan (Postdoctoral Associate), Ms. Natalie Frey 
(Ph.D student), Mr. James Gass (Ph.D student) 
 
Project Collaborators (ORNL): Dr. Manuel Angst, Dr. Brian Sales and Dr. David 
Mandrus (Group Leader –Correlated Electron Materials) 
 
Other Collaborators (Northeastern University): Dr. C. N. Chinnasamy, Prof. Vincent 
Harris 
 
 
Program Scope: 
 
Transition-metal and rare-earth based oxides exhibit rich complexity in their fundamental 
physical properties determined by the intricate interplay between structural, electronic and 
magnetic degrees of freedom. Of particular current interest are systems that inherently favor 
charge and spin frustration due to the arrangement of transition-metal or rare-earth atoms on 
a triangular lattice. Research on geometrically frustrated materials has continued to yield new 
surprises in terms of cooperative phenomena such as the coexistence of ferrimagnetism, 
ferroelectricity and superconductivity. This project is focused on fundamental studies of such 
phenomena through systematic experimental investigations of static and dynamic magnetic 
susceptibility along with magnetocaloric effect (MCE) in correlated oxides. Our present 
focus in the first few months of the project is on two complex oxide systems –LuFe2O4 which 
is a multiferroic material with the ground state properties still not well understood and 
GdFe3O12 garnet nanoparticles that potentially exhibit interplay of intrinsic spin frustration 
and particle blocking effects.  
 
Recent Progress: (LuFe2O4 multiferroic oxides) 
 
The family of RFe2O4 (R = Y, Er, Yb, Tm, and Lu) compounds, which exhibit charge and 
magnetic order on a geometrically frustrated lattice, have received growing attention from the 
scientific community, owing to their extraordinarily interesting physical properties [1,2]. In 
particular in LuFe2O4, the observation of an electric polarization possibly originating from 
charge order [3] and the subsequent discovery of a giant room-temperature 
magnetocapacitance [4] has created a lot of attention [5]. Multiferroic properties along with 
the intrinsic geometric spin frustration in LuFe2O4 make it a very promising candidate 
material for magnetic refrigeration and other technologies. While recent magnetization and 
neutron results suggest a three-dimensional magnetic structure with additional transitions, 
understanding the unusual magnetic properties of LuFe2O4 still remains incomplete, partially 
due to the complex phase diagram [6,7]. The very complexity makes it attractive for 
magnetocaloric applications and we propose LuFe2O4 to be a good candidate material as it 

182



can show large magnetic field-induced magnetic entropy change over a wide temperature 
range due to the occurrence of multiple successive metamagnetic transitions.  

We have completed a systematic study of the DC and AC magnetic properties and the first 
study of the magnetocaloric effect (MCE) in LuFe2O4. Correlation between the magnetism 
and MCE is established and the influence of the magnetic field on the metamagnetic 
transitions and MCE have been analyzed. We have observed striking new magnetic features 
in high quality single crystals of LuFe2O4 that appear to suggest that the magnetism at low 
temperature is due to cluster glass behavior resulting from interacting ferrimagnetic clusters. 
Our results are providing new insights into the ground state of LuFe2O4 which is a topical 
issue under intense investigation by several groups. Two manuscripts are under preparation 
based on these results and are targeted for submission in the March/April 2008 time frame to 
Physical Review Letters and Applied Physics Letters. In addition, an abstract based on this 
work has been accepted for oral presentation at the INTERMAG conference to be held in 
May 2008 in Madrid, Spain. The PI will attend the conference and present the paper. 
 We now provide a brief summary of the magnetocaloric effect (MCE) studies on 
these materials which is being reported for the first time. LuFe2O4 crystals were grown in an 
image furnace at Oak Ridge in Dr. Mandrus’ laboratory and studied using neutron 
diffraction[6,7]. DC and AC magnetization measurements were performed in the PI’s lab at 
USF using a Physical Property Measurement System from Quantum Design in the 
temperature range of 5 – 300 K at applied fields up to 70kOe. The magnetic entropy change 
(ΔSΜ) was numerically extracted using the Maxwell relation from a large family of M-H 
curves collected at different fixed temperatures.  

Our magnetization data reveal unusual magnetic behavior only in fields applied 
parallel to the c-axis of the crystal, in agreement with previous studies [1,6,7]. 
Zero-field-cooled (ZFC) magnetization curves at applied field ~100 Oe show the two 
transitions around 240K and 170K also indicated by neutron scattering [6]. Field-cooled (FC) 
magnetization curves at the same field exhibit three broad cusps, two of which coincide with 
the above transitions. The magnetic entropy changes ΔSM(T) at these features were calculated 
from a family of M-H curves at 
fixed temperatures using the 
Maxwell relation:  
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Fig. 1 shows magnetization M(T) 
curves extracted from these 
measurements with the inset 
showing the MCE. ΔSM(T) curves 
show three peaks at temperatures 
which correspond to the cusps in 
the FC magnetization. As the 
magnetic field is increased, the 
positions of MCE peaks at ~170 
and 240 K tend to remain 
unchanged, whereas the one at ~ 
65 K significantly shifts to a 
lower value. Noticeably, the MCE 
peak temperature of ~65 K for 
ΔH = 3 kOe decreases to ~55 K 
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which remains almost unchanged for ΔH ≥ 42 kOe. This is consistent with the observation 
that this low temperature metamagnetic transition in LuFe2O4 is kinetically arrested below 
~55 K [7]. The magnitude of ΔSM(T) at the peak temperatures varies differently as the applied 
magnetic field is increased (see the inset of Fig. 1). For ΔH ≤ 21 kOe, the magnitude of 
ΔSM(T) is obviously larger for the case at ~55 K than for those at ~170 and 240 K, while the 
opposite trend is observed for ΔH > 21 kOe. This suggests different mechanisms for AF-FM 
couplings/correlations for the metamagnetic transitions. An important conclusion is that 
enhanced spin entropy (at the kinetically arrested transition) yields large MCE at lower 
applied fields which is desirable for applications. From the practical magnetic cooling 
perspective, it is worth noting from the inset of Fig. 1 that the application of magnetic field 
leads to a broadening of the metamagnetic transitions and hence a broadened ΔSM(T) curve 
over very wide temperature range. As a result, the magnetic cooling power – which is 
proportional to the width of the ΔSM(T) curve – is greatly enhanced. This opens up new 
opportunities for the developments of a new class of material with multiple successive 
metamagnetic transitions for magnetic refrigeration.         
 
Nanoscale garnets (Gd3Fe5O12): 
 
Iron garnets have been studied in the bulk phase by several groups over the years and are 
known to be promising candidates for microwave device applications. Very recently, we have 
initiated a collaboration with Prof. Vince Harris at Northeastern University and obtained 
nanoscale garnets synthesized by them with mean particle size ranging from 30nm to 50nm. 
Our goal is to address a fundamental question in these systems –in the nanoscale size range 
when the particles are below the single domain limit, what happens to the spin glass nature 
associated with the intrinsic geometric frustration due to the three different interpenetrating 
sublattices (Gd ions, Fe2+ and Fe3+ ions)? Our preliminary experiments have thrown up 
important clues to 
answer this question. 
While the overall 
behavior (i.e. blocking 
temperature, 
irreversibility of ZFC 
and FC curves) looks 
similar to other ferrite 
nanoparticle systems 
we have studied, there 
are deviations at low 
temperature that 
suggests that spin 
frustration persists in 
the blocked state. Fig. 2 
shows the ZFC and FC 
magnetization at an 
applied field of 100 Oe 
for 30 nm garnet 
nanoparticles. The inset 
shows the particle size 
dependence of blocking 
and irreversibility 
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temperatures. We will present and discuss DC, AC and RF susceptibility measurements on 
garnet nanoparticles and provide evidence that clearly allows one to decouple the blocked 
state from a spin glass state at low temperatures. 
 
Overall, we present DC, AC magnetization and magnetocaloric effect studies in different 
classes of spin frustrated oxide systems. Our results reveal new phenomena and glass 
characteristics that can be correlated to the geometric frustration in these materials. Future 
work will continue to explore the ground state in these oxides through systematic magnetic 
susceptibility experiments at frequencies from DC to 20 MHz. 
 
Work at USF supported by DOE through grant number DE-FG02-07ER46438.  
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PROGRAM SCOPE 
The main research objective of the program is to develop novel complex oxide thin films and 
heterostructures that will lead to an understanding of the role of surfaces and interfaces in spin 
polarized transport. Control of interface strain, roughness, chemical mixing, and magnetism will 
not only enable control of spin transport across interfaces, but also can be used to devise entirely 
new materials with properties distinct from their bulk counterparts. In particular, complex spin 
polarized oxide materials provide a rich playground for the exploration of novel magnetic 
properties not found in the bulk constituents and enable the development of functional interfaces 
to be incorporated into energy efficient technological applications. 
 
Our current focus is on two classes of complex oxide materials where interfaces play a key role: 
(i) new interface and thin film materials whose properties are inaccessible in bulk form 
(ii) novel magnetic junction devices based on highly spin polarized complex oxide materials  that 
exploit complex oxide interfaces 
 
RECENT PROGRESS 
Highlights of recent work include (i) spin polarization at the surfaces of half metallic oxides 
La0:7Sr0:3MnO3 and Fe3O4, (ii) the development of a new type of hybrid magnetic tunnel junction/ 
spin filter devices that exploits oxide interfaces, (iii) double barrier LaAlO3/SrTiO3 junctions and 
(iv) tunable conductivity in LaTiO3 thin films.  
 
We find that spin polarization depends on the crystal orientation of the surface. When juxtaposed 
with paramagnets or ferromagnets, we are able to demonstrate strong magnetic coupling for 
isostructural and no magnetic coupling for non-isostructural interfaces. We have exploited these 
interfacial phenomena in a new type of hybrid spin filter/ magnetic tunnel junction. Our hybrid 
spin-filter/magnetic-tunnel junction devices are epitaxial oxide junctions of highly spin polarized 
La0:7Sr0:3MnO3 and Fe3O4 electrodes with magnetic NiMn2O4 insulating barrier layers. These 
devices are composed of two kinds of interfaces: a non-isostructural perovskite-spinel interface 
with very little magnetic coupling and an isostructural spinel-spinel interface with strong 
magnetic coupling. These contrasting behaviors are confirmed by surface sensitive, element 
specific X-ray magnetic circular dichroism combined with X-ray absorption spectroscopy. 
Depending on whether the barrier is in a paramagnetic or ferromagnetic state, the junction 
exhibits magnetic tunnel junction behavior where the spin polarized conduction is dominated by 
the electrode-barrier interface or spin filter behavior where conduction is dominated by barrier 
layer magnetism. 
 

186



We have also developed another type of device called the double barrier junction. It is composed 
of SrRuO3 electrodes and a double barrier layer of LaAlO3/SrTiO3 bilayers that enables us to 
probe the extent of the metallic interface between the two band insulators LaAlO3 and SrTiO3 
observed by many groups. Scanning transmission electron microscopy and electron energy loss 
spectroscopy indicate that the interdiffusion of cations at the LaAlO3/SrTiO3 interface is half a 
unit cell or less and that the oxygen content of the SrTiO3 does not differ from that of bulk 
SrTiO3 substrates. Control tunnel junctions with just a single layer of either SrTiO3 or LaAlO3 
show typical tunneling conductance curves while double barrier junctions consistently show 
ohmic behavior for total barrier thickness on the order of 5nm. These results suggest that the 
metallic reconstruction at the LaAlO3/SrTiO3 interface is at least 2.5nm thick.  

 
Figure 1. Scanning 
transmission electron 
microscopy image (left) and 
electron energy loss 
spectroscopy shows the 
atomically abrupt interface 
of a double barrier SrRuO3 
/LaAlO3/SrTiO3/ SrRuO3 
junction (right) in 
collaboration with Chi and 
Browning.  
 
 
 

Finally, strong electron-electron and electron-lattice correlations play critical roles in metal-
insulator transitions of complex oxide materials.  LaTiO3 (LTO) is a correlated Mott insulator in 
the bulk, but metallicity can be induced by alkaline earth doping of the La site, cation deficiency, 
or charge transfer from a nearby interface.  However, hydrostatic pressure has not been shown to 
induce metallicity in bulk LaTiO3.  We have recently demonstrated electrical transport 
characteristics, ranging from metallic to insulating, in LaTiO3 thin films tetragonally deformed 
by (001) SrTiO3 (STO), (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT), and LaAlO3 (LAO) substrates. 
Structural distortions are induced by epitaxial in-plane (IP) biaxial compressive strain, and the 
lower symmetry lifts the degeneracy of electronic bands, creating anisotropy that cannot be 
routinely attained in the bulk.  We have proposed a model that explains how electronic 
anisotropy, resulting from reduced lattice symmetry, plays a crucial role the in the metal-
insulator transition (MIT) in LTO thin films.  From our studies, the effects of epitaxial strain in 
LTO films must be considered in conjunction with any interfacial electronic reconstruction 
phenomena in order to explain metallicity in LTO/STO heterostructures. 
 
FUTURE PLANS 
In each highlighted area above as well as our additional projects in magnetic nanostructures and 
other complex oxide thin film materials, we plan to focus on some of the big challenges in the 
areas of oxide interfaces and spin based devices. We will tackle the role of interface electronic 
reconstruction versus defects in the observed metallicity and magnetism observed at 
SrTiO3/LaAlO3 interfaces via lateral and junction heterostructures. One of the big challenges in 
the development of spin-based devices has been to develop ferromagnetic materials as spin filter 
barrier layers and spin polarized electrodes. We will develop spinel structure thin film materials  
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to this end; oxide spinels represent a class of materials whose properties can be tuned by cation 
distribution and valence as well as oxygen content.   
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Program Scope 

Magnetic and electronic materials are deeply rooted into every aspect of modern 

technology.  Trends toward device miniaturization have generated tremendous interest in 

combining electronic and magnetic properties into multifunctional materials, so that a single 

device component can perform multiple tasks.  The magnetoelectric effect, induction of electric 

polarization by a magnetic field and conversely, of magnetization by an electric field, provides an 

interaction between magnetic and electric properties.  These so called multiferroics may be 

divided into two broad classes of materials.  In the first class, ferroelectricity is associated with a 

distortion of the crystal lattice which breaks spatial inversion symmetry at one temperature.  At a 

second temperature, usually lower, some type of simple magnetic order occurs.  Due to the 

seemingly uncoupled nature of the two transitions, the influences of applied magnetic fields on 

electrical polarization in the magnetically ordered state are usually limited.  In the second type of 

material, the ferroelectric transition occurs at a single combined transition temperature with a 

long range sinusoidal magnetic order.  These materials depend on the modulated magnetic order 

to break the spatial inversion symmetry so that ferroelectricity can exist.  Therefore, the 

spontaneous polarization is highly dependent on the exact nature of the magnetic order.  As a 

consequence, external magnetic fields control the ferroelectric polarization through their 

influences on the magnetic order.   

This program focuses on the RMn2O5 (R is a rare earth element, La, and Bi) oxide family 

which belongs to the second type.  In this family, the exact nature of the exchange interactions 

and ferroelectricity and their coupling is still open to debate.  For instance, both Mn
3+

 ionic 

displacement and spin-density waves have been offered as the primary mechanism for 

ferroelectricity.  Also, the factors influencing the strength of the magnetoelectric coupling and 

possibly defining a theoretical maximum coupling are essentially unknown in realistic systems.  

At the present time, even qualitative studies of the quite complex quantum theory of phase 

transitions to describe multiferroics have not been performed.  A quantitative study of the 

electronic structure, magnetic interactions and the way these interactions are directly or indirectly 

affected by applied electric field is required to fully understand these materials and produce a 

recipe to obtain the optimal balance of the competing interactions to define a maximum of the 

multiferroic effects.  

This program takes an integrated “materials-experiment-theory” approach to address the 

fundamental questions in the RMn2O5 family of compounds.  These complex oxides are 
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improper ferroelectrics where the symmetry breaking necessary for ferroelectricity results from 

the magnetic order.  We are studying these technologically promising compounds through 

definitive experiments supported by detailed theoretical calculations.  While there has been a 

large amount of experimental work on multiferroic materials in the recent past, there is limited 

understanding of the fundamental origins of the complex properties that are exhibited.  We are 

producing high quality single crystals and polycrystalline ceramics and perform a unique 

combination of complementary diffraction experiments with electron, x-ray, and neutron beams.  

DOE-sponsored national user facilities will be intensively utilized to carry out the critical 

diffraction studies.    

 

Recent Progress 

Our initial efforts on materials preparation have focused on YMn2O5, TbMn2O5, and 

GdMn2O5.  The complex kinetics of formation of these compounds leads to the claim by many 

authors that they cannot be prepared using solid state synthesis techniques.  However by 

manipulating the driving force for formation using oxygen partial pressure we have rapidly 

obtained phase pure powders and bulk pellets.  Furthermore, by exploring the wet chemistry 

method, we have prepared phase pure nanoparticles with controlled size. Figure 1 shows the 

transmission electron microscopy (TEM) image of the 50nm particles.  With regard to the single 

crystal growth, it should be noted that the RMn2O5 compounds form on cooling by a peritectoid 

reaction of two solid compounds.  Hence, they are never in equilibrium with a melt in their own 

system.  Previously, single crystals have been grown using a PbO-PbF2-B2O3 flux but these 

crystals were found to contain Pb.  We are pursuing several methods of crystal production and 

have produced the millimeter-sized crystals of YMn2O5 for the first time by the molten salt 

electrolysis method.  Initial x-ray diffraction of powdered samples indicates they are free of 

second phase.  

In situ TEM experiments with applied electric fields at low temperatures are critical to 

this project. We have demonstrated our ability to image ferroelectric domains under applied 

electric fields at liquid nitrogen temperature in ferroelectric ceramic samples using a specially 

Fig. 1. TEM image of YMn2O5 nanoparticles. Fig. 2. High quality YMn2O5 single crystals. 

191



 

constructed specimen holder in MEP’s newly 

acquired FEI Tecnai G2 F20 TEM.  The same 

microscope and sample holder have been used to 

image magnetic domains in a Pb(Fe2/3W1/3)O3-

based multiferroic ceramic specimens at low 

temperatures (LN2 cooling) using the Lorentz lens 

on the microscope.  TEM observation of the 

YMn2O5 ceramic specimens at 20K with a liquid 

helium cryogenic holder has been demonstrated at 

the Electron Microscopy Center at the Argonne 

National Lab, as shown in Fig. 3.  

Magnetic measurements have been 

performed on a series of YMn2O5 nanopowders 

with different sizes prepared under different 

oxygen pressures.  Fig. 4(a) shows the χ vs. T 

under zero-field-cool and field-cool (100Oe) of 

the nanopowder obtained at 1000 C under 10 bar 

oxygen pressure.  For comparison, results for 

another powder with about the same size prepared at 1000 C under 1 bar oxygen pressure are 

shown in Fig. 4(b).  Obvious differences are seen: (1) the χ at 10K is 0.017emu/Oe/mol for the 

powder calcined under 1 bar O2 pressure while 0.066emu/Oe/mol for the powder calcined under 

10 bar O2.  (2) For the powder prepared under 1 bar O2, there’s only one transition temperature at 

40~45K.  While for the powder obtained under 10 bar O2, there’s another transition occurring at 

10~15K and this transition dominates the magnetic behavior of the material.  The magnetic 

transition at 40~45K still exists but becomes very obscure because of the strong magnetization of 

the 10~15K ordering.  The significant oxygen pressure effect we observed experimentally has 

been predicted by our theoretical calculations.    

Theoretical calculations are initially being performed on the related, but simpler, 

compound YMnO3 where there are previous theoretical results for comparison.  These 

calculations will identify which computational techniques are appropriate for this class of 

materials.  The critical feature of the calculations is that they predict an energy gap for these 

insulating materials.  As with previous results in other systems, our calculations for this system 

Fig. 3. TEM bright field image of the YMn2O5 
ceramic specimen at 20K. 

Fig. 4. Magnetic susceptibility  vs. temperature T of YMn2O5 nanopowder prepared under different 
oxygen pressure: (a) 10 bar O2; and (b) 1 bar O2.  

(a) (b) 
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demonstrate that the LDA technique does not produce a gap while LDA+U and SIC techniques 

do.  The magnetic moment at Mn site was found to be 3.2 μB.  However, our most interesting 

result is a LDA calculation for a material which contain oxygen vacancies, a possibility which 

has not been previously addressed theoretically.  We performed a calculation for the structure 

with the in-plane O atom at the 2a position removed.  This resulted in the formation of a small 

gap ~0.2 eV.  Thus, both the standard Coulomb correlations and a high concentration of oxygen 

defects can produce an energy gap in these materials.  While the oxygen defect concentration 

used in the calculation is much higher than that is expected in the materials shown in Fig. 4, these 

calculations predict that oxygen defects may play a role in determining the energy gap.  

 

Future Plans 

The family of RMe2O5 compounds offers the opportunity to systematically vary both 

crystallographic and electronic properties of a class of multiferroic materials while preserving the 

same space group.  Using this generic 

family we will investigate: (i) the 

chemical substitution both on rare-earth 

and 3d-sites, (ii) the dependence on 

volume and distortion, and, as a 

consequence, the origin of striction 

mechanisms, (iii) the character of the 

various exchange mechanisms, (iv) the 

influence of 4f electrons on multiferroics 

properties and their interaction with 3d 

magnetic electrons, and (v) additional 

interactions as they are observed.  The 

planned experiments for materials 

preparation and characterization are 

summarized in Fig. 5.  

Experimental determination of systematic variations of the properties of the materials as a 

function of lattice parameter, transition element electron/atom ratios, and rare earth moment will 

provide validation for extensive first principles calculations with the goal of establishing a 

quantitative understanding of the fundamental questions in these multiferroic compounds.  The 

validated models are expected to help predict critical figure-of-merit parameters, such as 

Curie/Neel temperature, saturation magnetization, spontaneous polarization, etc. as a function of 

materials parameters.  The theoretical results will be used to guide experiment, measurement, and 

materials preparation. 

 

List of Publications 

 J. Pulikkotil and V. Antropov, “Influence of oxygen defects on the energy gap 

formation and magnetic properties of multiferroic materials,” presented at the 52nd 

Magnetism and Magnetic Materials Conference in Tampa, November 2007 and will 

be published in Journal of Applied Physics in 2008. 

 We are in the process of preparing one manuscript on YMn2O5 nanoparticles.  

Fig. 5. Schematic diagram for the proposed 
systematic trend study.  
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Title: “Structure and Magnetism in Novel Group IV Element-Based Magnetic Materials” 

Principal Investigator: Frank Tsui (ftsui@physics.unc.edu), Physics and Astronomy, 
University of North Carolina, CB#3255, Phillips Hall, Chapel Hill, NC 27599 

I. Program Scope 

The program is to investigate structure, magnetism and spin polarization of novel 
group IV element-based magnetic materials as a function of composition and epitaxial 
constraints. Systematic structural, magnetic, and electrical measurements on epitaxial 
films and heterostructures of Si/Ge-based magnetic ternary alloys containing two 
transition metal elements grown by non-equilibrium MBE techniques are carried out, 
using x-ray microbeam diffraction and spectroscopy, and x-ray magnetic circular 
dichroism, scanning probe microscopy, and tunneling spectroscopy. The work is aimed at 
elucidating the nature and interplay between structure, magnetism, and spin-polarization 
in this novel class of ternary alloys that exhibit promises for high temperature magnetic 
semiconductors and half-metallic compounds, and exploring fundamental processes that 
stabilize epitaxial growth of Si-compatible magnetic materials and control the electronic 
and magnetic properties in these complex materials. Combinatorial approach provides the 
means for the systematic studies, and the complex nature of the work necessitates this 
approach.  

The research is a collaborative team effort between researchers and students at 
universities and national labs. It is leveraged against significant advances and resources 
in MBE synthesis of novel Ge-based magnetic materials (funded by NSF).  Students are 
trained at many levels in areas of critical importance. The work promises to make 
significant impact on Si/Ge compatible spin-polarized materials by exploring and 
elucidating the fundamental processes that control structure, magnetism and spin-
polarization and by enhancing our ability to manipulate and tailor electronic and 
magnetic structures through atomic scale synthesis. 

II.  Recent Progress 

II.a. Stability of Transition Metal Dopants in a Ge Magnetic Semiconductor  

Our study on epitaxial films of Co and Mn co-doped Ge magnetic semiconductor 
(DMS) has provided the first direct evidence of enhanced transition metal dopant 
stability, and an atomistic mechanism for significantly increasing doping level in a DMS 
[manuscript submitted].  Systematic investigation of structural and chemical properties 
using x-ray microbeam techniques at the Advanced Photon Source (APS) and dynamic 
secondary ion mass-spectrometry reveals that co-doping with Co can dramatically reduce 
phase separation and diffusion of Mn within Ge lattice, and that substitutional Co with its 
strong tendency to dimerize with interstitial Mn plays a critical role in controlling the 
energetics and kinetics of the system and thus the coherent epitaxial growth process. Our 
magnetic and magnetotransport measurements further show that Co as a co-dopant 
complements Mn in Ge magnetically and electronically, such that by enhancing the total 
doping level, the magnetic properties can be significantly enhanced. The work 
demonstrates feasibility for tailored DMS materials and provides the impetus for 
developing atomistic approaches to elucidate group IV-based DMS and to realize room 
temperature ferromagnetism. 
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Tsui - 2 

As shown in Fig. 1, the 
epitaxial phase diagram of Co and 
Mn co-doped Ge (001) exhibits 4 
different regions: coherent epitaxy 
in regions I and II, where the film 
strains with respect to Ge obey the 
Vegard’s law and the film is free 
of detectible disorders, region III 
with Mn surface aggregation (blue 
contours around the binary Mn-
Ge), which is suppressed by Co 
co-doping, and in region IV rough 
epitaxial growth with stacking 
faults (green contours and gray 
area) but without detectible 
secondary phases. 

The measured film strains 
within the two regions of coherent 
epitaxy (I and II in Fig. 1) and the 
corresponding linear (planar) 
dependences on concentrations (the Vegard’s law) reveal the critical role played by 
substitutional Co with its strong tendency to dimerize with interstitial Mn in controlling 
the energetics and kinetics of the system. This mechanism and the quantitative values of 
atomic radii associated with the dimers and access monomers, obtained from fitting the 
measured strains, show excellent agreement with recent first principle calculations.  

In order to study heterostructures of DMS and undoped semiconductors, growth 
and properties of superlattices containing highly doped Ge DMS and undoped Ge have 
been investigated [preprint].  
As shown in Fig. 2, smooth 
layer-by-layer epitaxial 
growth has been observed 
during the growth of Ge 
DMS (blue) with co-dopants 
of Co and Mn at 5 at. % each 
and that of undoped Ge (red). 
In-situ real time reflection 
high energy electron 
diffraction (RHEED) 
experiments show persistent 
(atomic) bilayer oscillations 
in both intensity and width 
that are identical to the 
behavior of low temperature 
homoepitaxial growth of Ge 
(001), demonstrating the 
ability for controlled 
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synthesis on atomic scale.  Ex-situ x-ray diffraction (XRD) experiments on the completed 
superlattice show that the XRD pattern [see Fig. 2(d)] exhibits many orders of 
superlattice side bands on both sides of the Bragg reflection, indicating high crystalline 
quality with sharp interfaces between DMS and Ge.  

When optimally doped, the Ge-based DMS exhibit ferromagnetism near room 
temperature and p-type semiconductivity with high mobility. The total doping 
concentration can be increased to beyond 15 at. %, where ferromagnetism is enhanced 
correspondingly. The nature of magnetism and spin dependent states at the high doping 
levels are being examined using complementary techniques. In a recent work on a II-VI 
compound [Dietl and co-workers 2007], co-doping with N and I is shown to alter 
morphology of dopant-rich clusters, via a different mechanism, but reducing the dopant-
rich cluster is shown to suppress ferromagnetism. Evidently it is still an open question 
whether in general heterogeneous clusters are essential for ferromagnetism in DMS. 
These advances demonstrate feasibility for tailored DMS materials, and provide the 
impetus for developing atomistic approaches and analysis, in order to elucidate the nature 
of dopants and their correlations in DMS. 

II.b. Structural and Chemical Order in the Heusler Alloy Co2MnGe.  

Full spin polarization at the Fermi level has been predicted for this Heusler 
compound, but experimentally it has been proven to be extremely illusive, owing to the 
presence of a variety of potential disorders. Using microbeam anomalous diffraction (at 
APS) and combinatorial MBE techniques, we have examined and identified these 
disorders for the first time, including elemental site swapping and sublattice vacancies, 
and their composition dependence. A comprehensive model has been developed for 
quantitative analyses. Our results show that the structural and chemical ordering is very 
stable over a narrow region of composition with Co to Mn atomic ratio of 2:1, as shown 
in Fig. 3, illustrating that the structural quality of the film near the Heusler compound 
depends sensitively on composition. 

Our results show that the x-ray techniques are sufficiently sensitive and 
quantitative to probe the various amounts of disorders, including Co-Mn, Co-Ge, and 
Mn-Ge site swapping, and Co sublattice 
vacancies. The analysis thus far does not include 
solid-state effects that give rise to the fine 
structures below the elemental edge. Full 
analysis that includes these effects and the 
experiments are being developed in 
collaboration with beamline scientists at the 
APS, including x-ray absorption near edge 
structure and x-ray absorption fine structure, 
which will allow us to probe the chemical 
environment around each atom. 

Our abilities to synthesize high quality 
materials, to fine-tune epitaxial constraints using 
heteroepitaxial strained buffer layers, and to 
detect and quantify structural and chemical order 
make it possible to investigate the interplay 
between atomic scale ordering and magnetism 

Fig. 3 Crystalline quality versus 
composition for CoxMnyGe1-x-y (111) 
epitaxial film: integrated XRD 
intensity at (022) reflection. The 
dashed line indicates a constant Co to 
Mn atomic ratio of 2:1. 
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and spin dependent states as functions of composition and epitaxial constraints, and to 
probe the processes that control spin polarization in these systems, as they are outlined in 
the next section. 

III.  Future Plans 

We plan to use energy dependent x-ray microbeam techniques at the APS to 
investigate impurity states of transition metal dopants and their local environment in 
DMS, and structural and chemical ordering in epitaxial films of Heusler alloys.  We plan 
to examine local density of states and spin polarization near the Fermi level in these 
materials, using tunneling and point contact spectroscopy, and to probe the interplay 
between these and structural and chemical ordering, as a function of composition and 
epitaxial constraints. 

We plan to investigate carrier mediated ferromagnetism and active control of 
magnetization states in group IV based DMS using an insulating field effect structure. 
We also plan to use both types of coherent epitaxial films to explore spin dependent 
transport phenomena in strained SiGe structures. 

Critical complementary experiments are being developed to probe atomic scale 
local states in these materials, including impurity states, distribution and correlation, in 
collaboration with DOE funded groups and national labs. They include  

• local electrode atom probe (LEAP) tomography 
• analytical scanning transmission electron microscopy (STEM) and 

spectroscopy 
• focused ion beam (FIB) based sample preparation for LEAP and STEM 
• electron spin resonance (ESR) spectroscopy 
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Understanding the Spin-Lattice Coupling in 
Multiferroic Oxides 
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 Abstract:  Multiferroic oxides (such as RMnO3 and RMn2O5 (R=rare earth)) are a class of 
materials which are simultaneously ferroelectric and ferromagnetic.  The possibility of coupling  
the magnetic and electric properties will enable new functions. These capabilities will possibly 
lead to devices in which ferroelectric memory can be written with magnetic fields or magnetic 
bits can be written by an electric field.    However, the detailed mechanism behind the coupling of 
the spin and atomic degrees of freedom in these materials is not well understood.  In this proposal 
we will conduct structural measurements on multiple length scales in the presence of magnetic 
and electrical fields in order to ascertain the mechanism behind the spin-lattice coupling.   
Building on pilot study results, we will conduct temperature and magnetic field dependent x-ray 
absorption measurements to determine changes (with respect to the rare earth and transition metal 
sites) in atomic structure accompanying transition into the magnetic state and to explore the 
magneto-structural coupling.    Coupling of longer range local distortions will be probed by x-ray 
diffuse scattering.  The long-range structure will be examined by high resolution wide angle x-ray 
diffraction measurements.  Exploration of the effect of substrate induced strain on films of these 
materials may lead to new systems with enhanced electric polarization.  This effect will be first 
explored by hydrostatic high-pressure optical and structural measurements on bulk samples.  The 
multiple length scale synchrotron-based measurements may assist in developing more detailed 
models of these materials and possibly lead to device applications.   An important contribution of 
this work will be the training of graduate students and postdoctoral researchers in materials 
synthesis and synchrotron based spectroscopy and x-ray scattering techniques. 
 

I.  Introduction and Motivation 
 

 Magneto-electric multiferroics are a 
class of materials which are simultaneously 
ferroelectric and ferromagnetic [1, 2].  The 
possibility of coupling of the magnetic and 
electric properties will enable new 
functions. These include the ability to store 
data as both magnetic and electrical bits and 
the ability to write ferroelectric bits with  
magnetic fields.  Although broad classes of 
ferromagnetic materials and ferroelectric 
materials exist, not many multiferroelectric 
systems have been observed.   It has been 
suggested in by Spalding [1] that while the 
3d occupancy on ABO3 systems creates 
unpaired electrons needed for magnetism, it 
also stabilizes inversion center preserving 
Jahn-Teller distortions.  Magnetoelectric 
effects have also been explored in systems 
such as Ti2O3, GaFeO3, boracite, TbPO4, BiFeO3 and BiMnO3 [2].  The characteristic feature of these 
systems was the  weak coupling between the magnetic and electric components.   
    Recently, Kimura et al. [3] discovered a large magnetoelectric and magnetocapacitance effects induced 
by magnetic fields in the simple perovskite system TbMnO3. The application of a magnetic field along the 

Fig. 1.  In TbMn2O5 application of a magnetic field (at 
3 K) decreased the polarization to zero and then to a 
magnitude ~equal to the zero field value.  Reduction 
of the field to zero recovers the initial state.  H is 
parallel to a and P is parallel to b [3]. 
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b-axis suppresses the polarization along the b-axis but enhances it along the a–axis.  The low temperature 
(below 40K) spontaneous polarization approaches  ~ 80nC/cm2.  This is approximately two orders of 
magnitude lower than the room temperature polarization of BaTiO3. More recently, Hur et al. [4] 
discovered reversible switching in the system TbMn2O5 (composed of  c-axis MnO6 polyhedral chains 
cross linked by MnO5 pyramids).  By sweeping the magnetic field from zero to two Tesla  the polarization 
passes through zero and attains a value with magnitude ~equal to the zero field value (Fig. 1). Reducing the 
field to zero recovers the initial state.  The magnitude of the polarization in zero field is ~40nC/cm2.   
Measurement of the thermal expansivity (α) along the a, b and c axes reveal jump at the magnetic and 
electric ordering temperatures [5].  The change in crystal dimensions by this bulk measurement on crossing 
the transitions is ΔL/L ~ 10-6.  Indeed, anomalous changes have been found in the thermal displacement 
factors by neutron diffraction [6].  However, no significant changes in the lattice parameters have been 
found in the ReMn2O5 (Re= Rare earth ion) system by high resolution x-ray diffraction methods [7].    
       A hexagonal phase (P63cm) of AMnO3 is found for small radius ions (A=Ho, Er, Tm Yb, Lu Y and 
Sc) [1,8,9, 10],  although the orthorhombic phase can be stabilized under soft chemistry conditions [11]. 
The region of hexagonal stability can be extended or reduced by deposition of  RMnO3 films on strain 
inducing substrates [12].   The hexagonal manganites exhibit coupled ferromagnetism and ferroelectricity 
and large polarizations with high transition temperatures.  Hence these materials fall into the class of 
multiferroic systems.   Specifically, ferroelectric thin films have attracted much attention for use in 
nonvolatile random access memory (See Refs. [13] and references therein).  Ferroelectric memories which 
utilize ferroelectric gate oxides based field effect transistors (metal/ferroelectric/semiconductor field effect 
transistors, MFS-FETs) are scaleable and exhibit nondestructive readout.  In real devices problems such as 
polarization fatigue, retention and depolarization have been observed with the well known ferroelectrics 
such as lead zicronate titinate (PZT, ε = 1700).  The properties of the hexagonal manganites in relation to 
their atomic and electronic structure are not well understood.  A deep understanding is required to optimize 
these materials for data storage use.  
  In this proposal we focus on the AMnO3 and ReMn2O5 systems and extend the results to the more 
general class of multiferroic complex oxides. Building on pilot study results, we will conduct temperature 
and magnetic field dependent x-ray absorption measurements to determine changes (with respect to the rare 
earth and transition metal site) in atomic structure accompanying transition into the magnetic state and to 
explore the magneto-structural coupling.    Coupling of longer range local distortions will be probed by x-
ray diffuse scattering.  The long-range structure will be examined by high-resolution wide angle x-ray 
diffraction measurements.  Exploration of the effect of external pressure will be carried out by diamond 
anvil cell based IR and x-ray diffraction (XRD) measurement.   Substrate induced strain on films will also 
be studied.   The experiments will be complemented by first principle density functional calculations. 
 

II.  Research Team 
                
NJIT Members       
        Prof. T. A. Tyson (PI) 

Dr. Y. Qin  (Postdoctoral Researcher) 
Mr. P. Gao (Graduate Student) 
Mr. Z. Chen (Graduate Student) 

 
Collaborators 

Dr. J. Bai, University of Tennessee and Oak Ridge Nat. Lab. (NSLS X14A) – Collaboration on 
High resolution XRD 
Prof. S.-W. Cheong (Rutgers University) – Collaboration on single crystal and powder sample 
Synthesis 
Dr. C. Dubourdieu (CNRS) – Collaboration on thin film growth 
Dr. Z. Liu (Carnegie Institute, Washington, NSLS U2A) –collaboration on IR measurements 
Dr. Z. Zhong (Brookhaven National Laboratory, NSLS X17B1) – collaboration on hard x-ray 
diffuse scattering 
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III. Preliminary Results 
 
ReMn2O5 System 
   Our initial measurement of the temperature dependent  
(3 K to 500 K) local structure  of  TbMn2O5 showed that  
(1) the Tb-O bond distribution contributed significantly to 
the observed low temperature polarization and (2) that 
significant structural changes in the Tb-O distribution 
occur when the Tb ions order magnetically at low 
temperature.   We have now conducted a series of 
measurement of the local structure of DyMn2O5. These 
magnetic field dependent local structural measurements 
were conducted at 3 K in magnetic fields verifying from 0 
to 9 T.  A very weak but reproducible variation of the Dy-
O distribution with magnetic field was observed.  These 
results indicate that in this system, the Re site is central to 
the observed spin lattice coupling. The weak variation of 
the Dy-O distribution with magnetic field is consistent 
with the low polarization observed. The results indicate 
that theoretical models of these materials must properly 
treat the spin ordering on the Re sites (and not just the Mn 
sites).   
 
Hexagonal AMnO3 System 
  Detailed temperature dependent measurements were 
conducted on the hexagonal HoMnO3 system.  Previous 
heat capacity measurements revealed second order 
transitions at ~70 K,  ~33 K and ~5 K.  Neutron 
diffraction measurements associated these features with 
the Neel temperature and th spin reorientation 
temperatures of the triangular Mn lattice.  The lowest 
temperature feature corresponds to the  Ho site magnetic 
ordering temperature.  The nature of the crystal structure 
enable us to extract information on the out-of plane Mn-O 
bonds and both the in plane Mn-O and Mn-Mn  bonds.  In 
Fig. 2(a) we see that no changes are observable in the out-
of-plane (along c) Mn-O distribution.  However, the in-
plane Mn-O distribution shows second order λ-type 
features at all three magnetic ordering temperatures.  The 
in-plane Mn-Mn bond distances reveal the same effect.  
This system thus possesses very strong spin-lattice 
coupling which may be tuned by in-plane strain.  
Experiments on strained films are in progress.   
 High pressure infrared and high pressure x-ray 
diffraction measurements have been conducted on a broad 
range of hexagonal ReMnO3 systems.  We have found 
large anisotropies in the compressibility of the a and c 
lattice parameters.  The a-axis is significantly more 
compressible that the c axis.  Also, we have observed the 
creation of a new phase in the LuMnO3 system at ~10 GP  
shown in Figs. 3 and 4.  Structural refinements and the 
development of a method for measuring the polarization 
of a system at high pressures are in progress.  The 
possibility of stabilizing this phase in the form of a film is 
being explored.  Detailed first principles density 
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Fig. 2.  The (a) out-of-plane Mn-O, (b) in-plane 
Mn-O and (c) in-plane Mn-Mn bond distances 
as a function of temperature.  Note the λ-type 
(second order) anomalies occurring in the Mn-
O4 (in-plane bond distance) which coincide 
with the Neel (TN), spin rotation (TR) and Ho 
ordering (THo) temperatures. Measurements 
were conducted at NSLS beam line X23B. 
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functional (DFT) calculations are being conducted to 
determine the stable phases as a function of pressure 
and to predict the magnetic ground states. 
 

 
IV.  Challenges 

 
  Some challenges are being encountered.  (1) An 
adequate beamline for routine hard x-ray diffuse 
scattering measurements is essential.  A beamline 
which covers the energy range 60 to 100 KeV and has 
the ability to cool samples down to 3 K is being sought.  
(2) Access to a facility for conducting neutron pair 
distribution function analysis will significantly 
strengthen our local structural measurement capability 
and complement and constrain our XAFS models.  (3) 
The acquisition of a small computer cluster for DFT  
calculations will be quite helpful for predicting which systems will be most promising to study.   
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Fig. 3.  Pressure-dependent infrared spectra for 
hexagonal LuMnO3 at room temperature. The 
top curve is at 1atm while lower curve is at ~20 
GPa (~1 GPa steps).  Note the pressure 
dependent changes in the region near 300 cm-1. 
XRD scans reveal a first-order phase transition.  
The pressure dependence of the polarization in 
bulk and in strained films is being explored. 
Methods for determining the polarization of 
samples in diamond anvil cell measurements 
are being explored.  The IR spectra were 
measured at NSLS beamline U2A. . 
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Fig. 4.  Pressure-dependent x-ray diffraction 
pattern for LuMnO3. on  (a) extended  and  (b) 
limited angular rages. The peaks near 8º (in (b)) 
changes above ~10 GPa and exhibits hysteresis 
but recover the starting structure on pressure 
release. The nature of the structural transition 
and it ferroelectric properties are being 
explored. The top curve is at 1 atm and lower 
curve is at 21 GPa. The measurements were 
conducted at NSLS X17C at a wavelength of 
0.4066 Å. 
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SCOPE/DEFINITION 
 
     This project originated with the observation of a giant 
magnetocaloric effect (MCE) in the Heusler alloy Ni2Mn1-

xCuxGa.1,2  The measured entropy change for this system is about -
64 J⋅K-1⋅kg-1 (–532 mJ⋅cm-3⋅K-1) (in an applied field of 5 T) at 
room temperature, i.e., more than double the largest value reported 
at that time (Fig. 1, upper).  This material also has a significant 
MCE effect (-27 J⋅K-1⋅kg-1) in fields at or below 2 T, making it a 
strong candidate for employment in magnetocaloric refrigeration 
devices based on permanent magnets rather than on high-
maintenance superconducting magnets.   The parent alloy 
Ni2MnGa undergoes two transitions: A second order 
paramagnetic/ferromagnetic transition at 376 K (TC), and a first 
order martensitic (structural) transition at 202 K (TM).  Varying the 
stoichiometry by substitution has the effect of changing the 
transition temperatures TM and TC and, in the case where Mn is 
substituted with Cu (x = 0.25), the two transitions coincide (Fig. 2, 
lower).  It is at this “compound transition” that the large MCE is 
observed.  It is therefore of great importance to understand the 
underlying physics of these phenomena.   
     Our goal is to gain insight into the fundamental physics at the 
atomic level.  We are currently conducting a systematic study on 
the effects of atomic substitutions in Ni2MnGa-based alloys, and 
also exploring related full- and half-Heusler alloys, for example 
Ni-Mn-X (X=In, Sn, Sb), that exhibit a wide variety of interesting and potentially useful physical 
phenomena. This research includes investigating magnetocaloric effects (including inverse 
effects), bulk exchange bias properties, and large magnetoresistance phenomena in these 
materials.   The initial work involves sample preparation and conventional measurements of 
average bulk properties (magnetometry, x-ray diffraction, resistance, thermal expansion, etc.). 
Additionally, we are beginning to employ x-ray magnetic circular dichroism (XMCD), a 
synchrotron-based technique, in order to determine the element-specific magnetic moments of 
each magnetic atomic species in a given alloy.  XMCD and x-ray absorption spectroscopy (XAS) 
with be used to study the magnetic and electronic structures, respectively, with a strong emphasis 
on the temperature dependence near transition regions.   

Fig. 1. (Upper) ∆SM calculated
from magnetization isotherms.
(Lower) M vs. T for various
concentrations x. (inset) Thermal
expansion for x=0.25. 
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RECENT PROGRESS 
 
Since the onset of this project, we have systematically 
studied a variety of Ni-Mn-X full- and half-Heusler 
alloys.  In addition to magnetocaloric effects, we have 
observed many other interesting and potentially useful 
properties including: Inverse magnetocaloric effects, 
magnetocaloric effects at second order phase 
transitions, intermartensitic transitions, field-induced 
transitions, large magnetoresistance, and bulk 
exchange bias.   
     Starting with Ni2Mn1-xCuxGa as the parent material, 
we have systematically studied this system by 
substituting with Fe, Co, and Ge, i.e., Ni2Mn1-x(Cu-
Fe)xGa, Ni2Mn0.75Cu0.25-xCoxGa, and Ni2Mn1-xCuxGa1-

yGey, respectively.3,4  In all cases, we have studied the 
structural and magnetic properties, and the substitutions had the effect of changing the 
temperature of the maximum magnetic entropy change while preserving its magnitude (see Fig. 2 
for example).  In this particular case, changing the Co concentration from x = 0.0 to x = 0.05 
corresponded to a shift of 25 Co.   

Fig. 2. ∆SM as a function of temperature
and  Co concentration. 

     Second-order transitions are interesting because they do not possess some problems 
associated with first-order transitions such as hysteretic losses; this is particularly important in 
magnetocaloric applications.  We have studied the gradual overlap of the first- and second-order 
phase transitions in Ni2+xMn1-xGa alloys through magnetization and thermal expansion 
measurements.5 Similar to the behavior observed in Ni2Mn1-xCuxGa,  the overlap of the first- and 
second-order transitions resulted in a large magnetic entropy change ∆SM≈-66 J⋅K-1⋅kg-1 (x=0.19) 
for a magnetic field change of 5 T.  This compound showed significant entropy changes with 
0.16 ≤ x ≤ 0.20, and spanned a temperature range of about 325 to 365K.  We have also 
investigated the magnetic (and magnetocaloric) properties of the half-Heusler alloy Ni50Mn50-xInx 
in the vicinity of the second-order transition.6  
The maximum entropy change was significant (-
6.8 J⋅K-1⋅kg-1) for a field change of 5 T, which is 
comparable to the largest values reported near 
room temperature for second-order transitions. 
     Exchange bias behavior was observed in 
bulk Ni-Mn-Sb and Ni-Mn-Sn alloys.7,8  Shifts 
in the hysteresis loops (up to 250 Oe) were 
observed in field-cooled samples at 5 K (see 
Fig. 3).  In these systems, the exchange bias 
behavior was attributed to antiferromagnetic 
(AFM)/ferromagnetic (FM) interfaces resulting 
from the coexistence of AFM/FM exchange 
interactions within the material.  Interestingly, 
the alloy Ni50Mn37+xSb13-x (0 ≤ x ≤ 1) also 
exhibits an inverse magnetocaloric effect near 
the martensitic transition (T ≈ 297 K).9  The 

Fig. 3. Field cooled (FC) and zero field cooled
(ZFC) hysteresis loops for Ni50Mn50-xSnx at T=5
K. 
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entropy change is substantial (∆SM = +19 J⋅K-1⋅kg-1) 
for a field change of ∆H = 5 T.  We plan to explore 
these types of systems in more detail in the future. 
     Large magnetoresistance (MR) and field-induced 
structural transitions have been observed in Ni50Mn50-

xSnx alloys for concentrations 13 ≤ x ≤ 16.10 The 
effects occur at the respective martensitic transition 
temperatures (TM), which can be tuned in temperature 
by varying the Sn concentration.  The largest 
observed values of the MR (∆ρ/ρo) were –42% for x 
= 14 at T = 250K, and –23% above room temperature 
(T ≈ 320 K) for x = 13, where the magnetic field 
change was ∆H = 5 T (see Fig. 4).  The 
magnetization and x-ray diffraction measurements 
indicated that the origin of the observed 
magnetoresistance is a magnetically induced 
magnetostructural transition from a complex 10M 
modulated orthorhombic phase containing some 
antiferromagnetic coupling to a ferromagnetic cubic L21 structure. 

Fig. 4. Ni50Mn50-xSnx: (A) Resistivity (ρ) as a
function of temperature (T) in 0 and 5 T applied
magnetic fields.  (B) ∆ρ/ρo (%) as a function of
T for all samples.

     In general, it is interesting to note that many of these Heusler alloy systems possess more than 
one interesting and useful property simultaneously.  For instance, the last system we discussed 
(Ni50Mn50-xSnx) exhibits both ferromagnetic shape memory and giant magnetoresistance effects, 
it therefore should attract interest as a potential multifunctional material. 
      
 
FUTURE PLANS 

100 150 200 250 300

-0.030

-0.025

-0.020

-0.015

-0.010

-0.005

0.000

Magnetic field is aplied parallel 
to the surface of the strain gauge.

M(T) data for this alloy at H=0.1T shows 
TM=200K andTP= 255K .

Ni2MnGa0.99In0.01

 

 

St
ra

in
 [ 

(R
T-

R
30

0,
H

=0
)/R

30
0,

H
=0

 ]

Temperature [K]

 H=0
 H=5000G
 H=10000G

Fig. 5. Preliminary strain measurements in 
In-doped Ni2MnGa. 

 
There are a number of topics that we plan to add to 
the current project: 
 
I. Inverse magnetocaloric effects:  Some materials 
that we have studied exhibit these properties (e.g., 
Ni50Mn37+xSb13-x), and others exhibit both negative 
and positive (inverse) effects in the same systems but 
at different temperatures (e.g., Ni50Mn50-xInx).   
 
II. Strain measurements: We are currently 
conducting strain measurements as a function of 
magnetic field and temperature on systems that 
exhibit both ferromagnetic shape memory and 
magnetocaloric effects  (Fig. 5).   
 
III. Ni-Mn-Ga based films grown by pulsed laser deposition (PLD):  Ni2MnGa films have 
been grown on various substrates (SrTiO3, Si, GaAs, glass).  Magnetization (SQUID and 
MOKE) and AC susceptibility (MOKE method) measurements show evidence of a martensitic 
transition in these films. 
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IV. X-ray Magnetic Circular Dichroism (XMCD).  Preliminary measurements have already 
been carried out on bulk Ni2Mn1-xCuxGa in collaboration with Dr. Sujoy Roy at LBNL.  These 
measurements will help us to understand the change in electronic and magnetic structures as a 
function of temperature near various transitions.  
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Surface Wave Mediated Near-Field Heat Transfer 
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Program Scope 

Phonon-polaritons are special electromagnetic modes existing in polar materials that result 
from the hybridization of photons and transverse optical phonons.  Figure 1 shows the dispersion 
of phonon polaritons.  Inside the bulk material, two branches of phonon-polaritons exist: the 
lower branch is more phonon-like while the upper branch is more photon-like. In between the 
transverse and optical phonons, no bulk phonon-polaritons are allowed as the dielectric constant 
is negative, but a surface electromagnetic wave forms that decays exponentially on both sides of 
the surface. Based on this figure, the following observation can be made on surface phonon 
polaritons (SPPs).  

(1) The dispersion is on the right-hand side of the light line and hence light cannot escape 
the surface.  Reciprocally, light cannot be coupled from outside through the medium in the 
surface-phonon polariton resonance range. 

(2) In the large wavevector limit, the dispersion is 
flat, suggesting that a high density-of-states (DOS) exists 
near the surface phonon polaritons resonance.  This high 
DOS means that a large energy density is stored by the 
SPPs near the surface.    

This high energy density suggests interesting heat 
transfer phenomena can happen with SPPs.  Our project 
explores the energy transport mediated by SPPs.  We 
have carried out experimental and theoretical studies on 
surface wave mediated energy transport.  Major results 
obtained so far include: (1) theoretical and experimental 
studies of surface phonon polariton heat transfer along 
thin film, (2) theoretical and experimental studies of 
surface phonon polariton heat transfer across nanogaps, 
and (3) continued development of investigation of 
thermal/mechanical properties of nanowires/nanotubes.  
Here we will focus progresses on surface phonon-
polariton mediated heat transfer. 

Figure 1  Dispersion showing that surface 
phonon polaritons lie between transverse 
and longitudinal optical phonons. 
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Recent Progress 
2.1 Investigation of Phonon Polariton Heat Conduction Along Films  

We examined SPP mediated heat conduction along thin films such as amorphous SiO2 and 
found that for a 50 nm thick film of amorphous silicon dioxide, the contribution to the thermal 
conductivity due to surface polaritons can exceed that due to the bulk phonons.  We further 
identified that the source of this increase is the very long propagation length of the anti-
symmetric surface polariton mode.  These results were obtained based on a kinetic theory 
approach (P5, P11).  We have recently carried out computation starting from fluctuation-
dissipation electrodynamics, and obtained results that are consistent with the kinetic theory 
approach.  

Our modeling shows that the enhanced energy transport due to surface waves along the film 
plane direction arises mainly from the increased propagation length.  We carried out 
experimental studies to measure the propagation length of surface phonon polaritons using 
attenuated total internal reflection (P19).  In this experiment, radiation from a light source is 
launched into a ZnSe crystal that is in close proximity to the film of interests.  The wave 
propagating inside the ZnSe crystal evanescently couples to the SPP wave on SiO2 surface.  
From the attenuation of the propagating wave, the damping of the SPP wave on the SiO2 surface 
can be determined.  Our measurements are in reasonable agreement with modeling results.  

2.2  Investigation of Phonon Polariton Heat Transfer Across Nanogaps 

Originally, we anticipated that the high density-of-states of the surface waves should 
contribute to the increased heat conduction along the film.  However, our modeling and 
experiments further identified that the benefit for heat transfer along the film comes mainly from 
the long propagation length.  On the other hand, our previous modeling and other existing work 
had suggested that the high density of states can lead to near-field radiation heat transfer between 
two surfaces that is significantly higher than that between two blackbodies.  Experimental work 
in this area, however, is scarce and there is no 
experimental data regarding radiation heat 
transfer between two surfaces that both 
support phonon-polaritons.  We developed 
two experimental configurations to measure 
near-field radiation heat transfer between 
SPPs, as explained below. 

Parallel Plate Experiments.  We first 
carried out an experiment between two 
parallel plates using quartz optical flats.  
Glass spheres with a nominal diameter of 1 
µm are used as spacer.  These glass spheres 
are diluted and sparsely placed at three places 
on one optical flat, and a second flat is placed 
on top of the spheres.  We have carried out a 
calculation that shows conduction from the 
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Figure 2 Temperature dependent heat transfer coefficient 
between two parallel quartz plates.  Experimental results 
at 1.6 µm surpasses that of blackbody radiation.
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 3

spheres are not important.  Figure 2 shows the 
experimental results between the two plates are 
above that of blackbody radiation.    

Sphere-Plate Experiments.  It is difficult, 
however, to push the parallel-plate 
configuration to nanometer regime because 
submicron particulates residual on the surface 
can create thermal shorts and prevent closer 
separation. We subsequently developed a 
technique to measure near-field radiation heat 
transfer between a sphere and a flat plate (P4).  
To estimate experimental sensitivity required, 
we first carried out a full-vector wave 
fluctuation-dissipation electrodynamics 
simulation for radiation heat transfer between 
two spheres (P4).  The simulation tells us that 
we need an experimental technique that can measure thermal conductance 10-11-10-8 W/K range.  
To meet the sensitivity requirements, we adopted a unique heat flux sensing method: bi-layer 
cantilevers that are sometimes used in atomic force microscopes.  This technique is based on the 
factor that the two layers have different thermal expansion coefficient, and a temperature change 
can lead to the deflection of the cantilever (P22). This technique has a power resolution of 
around ~10 pW and a temperature sensitivity of 10-5K, while to measure a thermal conductance 
of 10-11 W/K at a temperature difference of 10 K, the power transferred is 100 pW.  Hence, this 
technique has the potential to meet our requirements.  Figure 4 shows experimental results that 
are in reasonable agreement with our theory.   

Future Plans 
We plan to continue our experimental and theoretical studies of near-field radiation heat 

transfer, building on the sphere/flat-plate experimental configuration.  Our tasks in experimental 
studies include (1) improve the experimental techniques, (2) investigate near field radiation heat 
transfer between a sphere and a flat plate, and (3) investigate near field radiation heat transfer 
between two spheres.  Concurrently, we will carry out modeling based on Rytov’s fluctuating 
electrodynamics theory, and extend this approach to match experimental configurations.  Our 
goals are to directly compare theory and experiments, and to use modeling determining 
interesting experimental configurations (materials, temperature, distance, etc.). 

Publications  
P1. G. Chen, Nanoscale Energy Transfer and Conversion, Oxford Press, ISBN 019515942X, 2005. 
P2. C. Dames and G. Chen “Thermal Conductivity of Nanostructured Thermoelectric Materials,” 

CRC Handbook, edited by M. Rowe, pp.42-1 to 42-16, 2006, Taylor and Francis, Boca Raton. 
P3. Christopher Dames, “Thermal Properties of Nanowires,” Ph.D. Thesis, Mechanical Engineering 

Department, MIT, May, 2006. 
P4. Arvind Narayanaswamy, “Investigation of Nanoscale Thermal Radiation: Theory and 

Experiments,” Ph.D. Thesis, Mechanical Engineering Department, MIT, May, 2007. 
P5. Dye-Zone A. Chen, “Energy Transmission Through and Along Thin-Films Mediated by Surface 

Phonon-Polaritons,”  Ph.D. Thesis, Mechanical Engineering Department, MIT, July, 2007. 

Figure 3 Experimental data (diamonds) from 13 heat 
transfer-distance measurements for heat transfer 
between a glass sphere and a glass flat plate.

Figure 3 Experimental data (diamonds) from 13 heat 
transfer-distance measurements for heat transfer 
between a glass sphere and a glass flat plate.
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Atomistic and Mesoscopic Study of Metallic Glasses (ERKCM40) 
 

P.I.: Takeshi Egami, Co-P.I.: Easo George and Jamie R. Morris 
Oak Ridge National Laboratory and University of Tennessee at Knoxville 

   
Scope of the Program: 

The goal of this project is to develop fundamental understanding of the structure, dynamics and 
deformation mechanisms of metallic glasses over multiple length scales, from the atomistic to the 
mesoscopic. At the atomistic level, analytical theory, molecular dynamics simulations and first-principle 
calculations are used to investigate atomic dynamics, the energy landscape crossover and mode-coupling 
behavior in the liquid state, the glass transition, atomic transport, structural relaxation and glass 
formability. We focus on the dynamic fluctuation in the local topology of the atom connectivity network, 
represented by the novel concept of atomic-level stresses. Local atomic dynamics in the liquid is studied 
by neutron inelastic scattering, while local atomic rearrangements in the glass that occur during 
deformation and annealing are probed using synchrotron x-ray and pulsed neutron scattering. At the 
mesoscopic level strain localization in nano-scale samples is investigated to determine the origins of 
brittleness. Constrained plastic deformation in multiphase glasses and their composites across multiple 
length scales are investigated with a view to understand how to prevent catastrophic shear localization. 
The eventual goal is to develop broad scientific principles for the alloy design of new materials for energy 
applications in a prescriptive manner. 

Recent Progress: 

Development of the Topological Fluctuation Theory 
 A major difficulty that have hampered the development of theories of liquids and glasses is the 
absence of the physically meaningful and yet concise description of the atomic structure.  Our novel 
approach is to use the atomic-level stresses (T. Egami, et al., Phil. Mag. A, 41, 883 (1980)) to describe the 
local topology and distortion of the atomic structure.  We developed a novel theory of glass transition 
based on the concept of topological instability and thermal fluctuations in the atomic-level stresses.  As 
shown in Fig. 1 the theory can predict the glass transition temperature virtually without an adjustable 
parameter with high accuracy.  This represents the first quantitative theory of the glass transition. 

Molecular Dynamics Simulation of Liquid Dynamics 
Using molecular dynamics (MD) simulations 

we succeeded in identifying the temperature, TCO, 
much above the glass transition temperature, at which 
the structure and dynamics of the liquid changes 
significantly.  For instance, the Stokes-Einstein 
relationship holds above TCO, but fails below.  The 
shear stress correlation function is isotropic above TCO, 
but becomes anisotropic and shows the size effect 
below.  The second peak of the atomic pair-
distribution function splits into two below TCO.  The 
bond fluctuation statistics also shows deviations below 
TCO.  These anomalies indicate that below this 
temperature atoms form local network that lives longer 
than the Debye time, the time for atomic vibration.  
We plan to calculate the dependence of these 
temperatures on the Poisson’s ratio, using the many-
body potential with variable Poisson’s ratio that we 
recently developed.  TCO corresponds to the so-called 
crossover temperature in the energy landscape theory.  

 
Fig. 1  Experimental value of kTg/2BV plotted 
against the Poisson’s ratio for a number of 
metallic glasses. The solid line is the theory [T. 
Egami, et al., Phys. Rev. B 76, 024203 (2007)]. 
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It is usually defined by the temperature dependence of the inherent structure, the structure obtained by 
rapid cooling to T = 0K. We have shown the crossover temperature can be identified in the real structure, 
without reference to the inherent structure.  This is important because the inherent structure is not unique, 
and slightly dependent on the rapid cooling process to T = 0K.  We have also shown that the equipartition 
law for the local elastic energy of the atomic-level stresses (each of the six components proportional to 
kT/4) was shown to be valid for various highly unequal potential, proving its generality.  This 
demonstration forms an important basis for general validity of our theories based on the atomic-level 
stresses. 

Experimental Works: 
Neutron and x-ray elastic scattering measurements were made on BMGs to characterize their 

changes in the structure due to mechanical deformation, for the first time on heavily deformed BMG.  The 
results suggest that at the initial stage of deformation the bond-orientational anisotropy that explained the 
uniform creep deformation occurs in heavily deformed sample, but later the structural change opposite to 
the structural relaxation takes place. Compositional inhomogeneity induced by the Soret effect was 
studied in two Zr-based bulk metallic glasses (BMGs), Zr50Cu50 and Zr50Cu40Al10, and one Cu-based 
BMG, Cu60Zr30Ti10, prepared by rapid solidification. The concentration of Cu increases from the surface 
to the interior, whereas the concentrations of Zr, Ti and Al all decrease. The magnitude of the Soret effect 
is found to be highly dependent on the sample size and interactions between the diffusing atoms in 
BMGs.  Demonstrated that there is near-surface softening in a Zr50Cu50 BMG, i.e., hardness decreases 
with increasing cooling rate. This change in mechanical behavior may be related to the Soret 
(compositional) effect seen in the same BMG. However, additional experiments are needed to determine 
the relative effects of structural and compositional changes on mechanical properties.  

Future Plans: 

The topological fluctuation theory (TFT) of the glass, expressed in terms of the atomic-level 
stresses, will be generalized for the many-body potential with variable Poisson’s ratio with MD 
simulations.  In particular, we will verify the dependence of the glass transition temperature on Poisson’s 
ratio.  TFT will be extended to account for the rapid increase in viscosity in the supercooled liquid.  
Further effort will be made to make contacts with the energy landscape theory and the mode-coupling 
theory.  TFT will also be extended to the shear deformation process.  The theory will be compared with 
the experimental observation of the bond-orientational anisotropy (BOA).  It will be applied to elucidate 
the formation of the slip band.  Further efforts to calculate the atomic level stresses from first principles to 
develop a quantum-mechanical basis for this theory. 

Neutron and x-ray scattering study of heavily deformed BMG will be continued. We will carry 
out the study of local atomic dynamics in the liquid, using inelastic neutron scattering and the method of 
dynamic PDF.  We will study of the origins of brittleness in bulk metallic glasses by investigating strain 
localization resulting from strain softening as well as the reverse process of strain hardening upon 
annealing. Plastic deformation of BMGs proceeds by the propagation of localized shear bands. In spite of 
extensive studies of the mechanical behavior of BMGs, the dynamic processes occurring during shear 
band deformation remain unclear. In this study, shear band initiation and propagation will be carefully 
monitored using a well-tuned testing machine equipped with a fast data collection system. This study is 
expected to contribute to a fundamental understanding of the deformation and fracture behavior of BMGs.  
It is known that the mechanical and physical properties of bulk metallic glasses can be substantially 
improved by precipitation of nano-sized crystalline particles in the glass matrix. Based on phase 
relationships and thermodynamics and kinetics, we intend to develop criteria and strategies to attain 
nanocrystalline composites by direct casting and subsequent heat treatments. 
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Fig. 1 Schematic illustration of the vulnerable 
window for hot tearing where a thin liquid film 
confined between misoriented dendritic grains 
persists to low temperatures when grain 
coalescence is energetically unfavorable. 
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Program Scope 
 
This project seeks to understand at a fundamental level the physics governing the 
breakdown of crystal cohesion mediated by thin liquid films confined at grain boundaries 
in stressed polycrystalline materials. It focuses on the development of quantitative multi-
order-parameter phase-field models and phase-field-crystal models to simulate the 
dynamics and coalescence of crystal melt interfaces in elemental materials and binary 
alloys at the long time scales and relatively 
low stress levels characteristic of common 
materials processing and aging conditions. 
A main goal is to combine atomistic and 
continuum scale methods to model these 
processes quantitatively building on recent 
progress to model anisotropic properties of 
isolated crystal-melt interfaces and dendritic 
solidification [3-5]. These studies are geared 
to understand thematically linked material 
failure processes relevant to the processing 
and lifetime of materials for diverse DOE-
related applications ranging from energy 
generation to stockpile stewardship, 
including hot tearing, liquation cracking, 
and liquid metal embrittlement. These 
processes involve the persistence or 
penetration of thin liquid layers at grain 
boundaries under applied stress. 

Hot tearing is characterized by the formation of stress-induced crack-like openings that 
prevent crystal cohesion at the late stage of alloy solidification. Hot cracks originate deep 
in the “mushy zone”, which is the mixed solid/liquid region that extends behind the tips 
of growing dendrites, as illustrated in Fig. 1. Thin liquid films can persist deep in this 
zone confined between misoriented dendritic grains when the grain boundary energy 
exceeds twice the crystal-melt interfacial energy, thereby rendering grain coalescence 
energetically unfavorable. The region of the mushy zone where these thin films are 
present has a low transverse shear strength and low fluid flow, which makes this region 
“vulnerable” to hot tearing. In particular, dendrites can be pulled apart if the flow rate 
cannot accommodate the large strain rates produced by thermal contraction and/or 
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Fig. 2 Comparison of x-y averaged density wave 
profile in the direction (z) normal to the crystal melt 
interface of bcc Fe at the melting point computed 
with atomistic MD simulations (solid black line) 
using the MH(SA)2 EAM interatomic potentials and 
phase-field-crystal simulations [1] (dashed line). 
Both predictions agree with Ginzburg-Landau 
theory where the order parameters are the amplitude 
of density waves corresponding to the principal 
reciprocal lattice vectors [5].   

external deformation. This phenomenon has been of long standing practical interest for 
the aerospace and automotive industries because solidified products, such as components 
of turbine blades, need to be scrapped when cracks are too large to be repaired by 
welding.  Understanding the complex and multiscale interfacial processes that promote 
the formation of hot cracks and related solidification defects is crucially important for 
industry both to cut down processing costs improve materials safety. 

Liquid metal embrittlement (LME), in turn, is a phenomenon whereby a liquid metal in 
contact with another, higher-melting-point polycrystalline metal, rapidly penetrates from 
the surface along grain boundaries.  This phenomenon is known to be greatly accelerated 
by the application of tensile stress, resulting in the rapid propagation of intergranular 
cracks in normally ductile materials. While this embrittlement phenomenon has been 
observed in many systems, the nature of the interplay between transport, surface/grain 
boundary wetting, segregation and the applied stress, leading to liquid metal penetration 
remains incompletely understood. This topic has received increased interest recently in 
the context of research programs on hybrid reactors in which liquid lead acts as a cooling 
fluid. Understanding how penetration depends on boundary type could provide a basis to 
prevent failure by grain boundary engineering of these materials. 
 
 
Recent progress 
 
Our recent studies have focused on 
obtaining  a fundamental quantitative 
understanding of the interaction between 
two misoriented crystal grains in close 
contact. The range 

! 

"  of this interaction 
is generally set by the nanometer scale 
width of the crystal melt interface. For 
many metallic systems that have low 
entropy of melting, this width is 
especially large since crystal density 
waves decay slowly into the liquid phase 
over a distance of several atomic layers 
as illustrated in the comparison of MD 
and phase-field-crystal simulation for Fe 
in Fig. 2. The interaction between crystal 
grains can be characterized by 
computing the excess free-energy 

! 

G(h)  
(per unit area) defined as the difference 
between the total free-energy of the 
bicrystal system that includes a thin liquid layer of thickness h sandwiched between two 
grains, and the total free-energy of a single crystal occupying the same volume at the 
same temperature. This excess is the sum  

! 

G(h) = "L
#T

T
M

h + $(h)                                               (1) 
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of a bulk excess free-energy proportional to h, corresponding to the first term on the 
right-hand-side of Eq. (1), where 

! 

L  is the latent heat of melting and 

! 

"T = T #T
M

, and an 
interfacial excess free-energy 

! 

"(h) . The latter must approach 

! 

2"
sl

 when the crystal-melt 
interfaces are well separated (

! 

h >> " ), where 

! 

"
sl

 is the excess free-energy of an isolated 
crystal-melt interface, and must equal the grain boundary energy, 

! 

" gb , when the liquid 
layer thickness vanishes (

! 

h = 0 ). The contact potential 

! 

V (h) " #(h) $ 2#
sl

 is a 
fundamentally important quantity for understanding interface coalescence since its 
derivative governs the strength and the sign of the thermodynamic driving force that 
produces a net attraction or 
repulsion between the 
crystal-melt interfaces 
depending on whether 

! 

"dV (h) /dh is negative or 
positive, respectively. We 
have used the phase-field 
crystal approach to 
calculate the contact 
potential in a bicrystal 
geometry  and to study its 
dependence on 
misorientation for a 
symmetric tilt boundary. 
The order parameter in this 
approach is the material 
density with a  free-energy 
functional that describes 
the fluctuations of an 
inhomogeneous liquid as in 
classical density functional 
theory. This functional uses 
simplified forms for the 
liquid structure factor and 
the variation of the liquid free-energy with density that reduce the number of reciprocal 
lattice vectors needed to resolve the crystal density field in each grain, thereby making 
computations in large system sizes accessible. Our recent studies [1] show that this 
approach reproduces well the properties of isolated solid-liquid interfaces as shown in Fig. 
2. In addition, it is ideally suited to investigate the role of crystal structure and 
misorientation in grain coalescence since it provides a natural description of the overlap 
of crystal density waves from the two grains in the thin liquid layer sandwiched between 
them, as illustrated by the simulation results shown in Fig. 3. Our analysis of the phase-
field crystal simulations reveals that the contact potential is always repulsive above some 
critical misorientation (

! 

" > "
c
), with 

! 

"dV (h) /dh > 0 for all h, and well-fitted in this 
regime by the simple exponential form 

! 

V (h) " (# gb $ 2# sl )exp($h /%)  that has been used 
previously in continuum theories of grain boundary premelting. In contrast, this 
exponential form does not describe well the contact potential for 

! 

" < "
c
. In this regime, 

 
Fig. 3 Premelting transition of a symmetric tilt boundary for 
hexagonal crystal symmetry in two dimensions studied by   
phase-field crystal simulations for a misorientation where 
grain coalescence is energetically unfavorable. Equilibrated 
crystal density fields with maxima (red peaks) corresponding 
to atomic positions show a sharp increase in liquid layer 
thickness h approaching the melting point.  

h 
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 Nature Materials August 2006 
cover  “Orientation Selection in 
Dendritic Evolution” T. 
Haxhimali, A. Karma, F. 
Gonzales, and M. Rappaz, 
Nature Materials 5, 660-664. 

! 

V (h)  shows a cross-over from attractive behavior at large 

! 

h  to repulsive behavior at 
small 

! 

h  with a minimum at some intermediate value of 

! 

h ~ "  that depends on 
misorientation. The results also show that the excess interfacial energy 

! 

"(h)  is well 
described by a Read-Shockley law for small 

! 

"   with a nearly constant dislocation core 
radius if one incorporates the temperature dependence of the elastic constants (shear 
modulus and Poisson’s ratio), which accounts for most of the temperature variation 
of

! 

"(h) below the melting point in the phase-field crystal model. 
 
Future Plan 
 
We plan next to extend the phase-field crystal simulations to three dimensions to carry 
out a more extensive study of grain coalescence for bcc ordering. Both tilt and twist 
boundaries will be explored in order to understand how the cross-over between the 
repulsive and attractive regimes is controlled by the complex interplay of crystal structure 
and tilt or twist angle. Quantitative comparisons with MD simulations will be carried out 
for parameters of Fe used in our recent studies of isolated solid-liquid interfaces. These  
studies will then be extended to study the role of applied stress, and subsequently to 
binary alloys in two and three dimensions. In parallel, we plan to develop multi-order 
parameter phase-field models capable to reproduce the contact potential predicted by MD 
and/or phase-field crystal simulations. These models will set the stage for large scale 
simulation studies of liquid film penetration in liquation cracking and LME.  
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Abstract 

 
We have developed the Phase Field theory of the strain-mediated magnetoelectric 

coupling in piezoelectric-piezomagnetic composites with arbitrary spatial arrangement of 

particles of constituent phases. The piezoelectric-piezomagnetic coupling constants are 

presented as a functional of a phase field that is a shape function describing an arbitrary 

spatial arrangement of the phases. The free energy of such composites includes the 

electrostatic, elastic and magnetostatic energies and is also formulated as a functional of 

an arbitrary microstructure.  This development is a theoretical framework allowing us to 

address two problems, they are: (i) the finding of the two-phase architecture of a 

composite and the combination of intrinsic properties of the constituent phases that would 

optimize the ME coupling, and  (ii) the realistic 3D prototyping of the evolution of the 

microstructure during the processing of a bulk and laminar composite.  

A task (i) has been carried out by the optimization the ME coupling constant 

functional in a simulated 3-D virtual evolution of the composite architecture with a 

driving force that is formulated to eventually lead to a configuration with the best 

properties.   This problem was mostly solved and the obtained results are published in 
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JAP. A further generalization and further development of this approach is currently under 

way.  Simultaneously we have started to perform a task (ii) and plan to extend it to 

different multiferroic materials that are studied experimentally in this project. The 

extension of the theory and modeling of a spontaneous  self-assembling of multiferroic 

composites will be along the following line. 

So far the existing theories of multiferroic composites did not considered a direct 

contribution of  a rearrangement of ferroelectric and ferromagnetic domains into extrinsic 

part of ME coupling—instead, they assumed phenomenological constitutive equations 

relating responses of homogenized grains to the applied fields. A straightforward 

consideration of the domain structure response is a challenge, which we will address. 

This is especially important in a light of the attempts to use the ferroelectrics near the 

morphotropic boundary in composites such as PbZrO3-PbTiO3 (PZT) and NiFe2O4 –

according to recent studies of two PIs, the giant electrostriction in PZT phase is caused by 

the field-induced nano-domain rearrangement. The other developement of the theory that 

is now in progress is the application of the theory and modeling for the determination of 

an optimal textures of multi-grain ME compact aggregates, in which all energy 

contributions we will be accurately take into account for the cases of arbitrary properties 

of the constituent phases.   

Our other goal is the development of the computational models that realistically 

prototype the 3D evolution of multiphase system of complex configurations formed by 

decomposition of a solid solution into a mixture of magnetic and piezoelectric phases.  In 

particular, we will study the mechanism of formation of the chessboard structure recently 

found in doped manganites whose decomposition can potentially produce a mixture of 
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the ferromagnetic and ferroelectric phases. The first results related to the mechanism of 

the chessboard structure are already obtained.  Besides the multiferroic properties these 

materials could be used as a memory media with exceptional recording properties. 

  

 

221



1 

Enhanced Thermoelectric Performance of Rough Silicon Nanowires 
Allon I. Hochbaum1, Renkun Chen2, Arun Majumdar2,3,4,*, Peidong Yang1,3,4,†

1Department of Chemistry, University of California, Berkeley, CA 94720 
2Department of Mechanical Engineering, University of California, Berkeley, CA 94720 
3Department of Materials Science and Engineering, University of California, Berkeley, 
CA 94720 
4Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 
94720 
 
* majumdar@me.berkeley.edu
† p_yang@berkeley.edu
 
Approximately 90 percent of the world’s power (∼ 1013 Watts or 10 TW) is generated 
by heat engines that use fossil fuel combustion as a heat source and typically operate at 
30-40 percent efficiency, such that roughly 15 TW of heat is lost to the environment.  
Thermoelectric modules could potentially convert part of this low-grade waste heat to 
electricity, which could result in significant fuel savings and reduction in carbon 
emissions.  Their efficiency depends on the thermoelectric figure of merit (ZT) of their 
material components, which is defined as ZT = S2T/ρk where S, ρ, k, and T are the 
Seebeck coefficient, electrical resistivity, thermal conductivity and absolute 
temperature, respectively.  Over the past five decades it has been challenging to increase 
ZT > 1, since the parameters of ZT are generally interdependent1.  While nanostructured 
thermoelectric materials have achieved ZT > 1 (Refs. 2-4), the materials (Bi, Te, Pb, Sb, 
and Ag) and processes used are not easy to scale.  Here we report the wafer-scale 
electrochemical synthesis of large-area arrays of rough Si nanowires that are 20-300 nm 
in diameter.  These nanowires have S and ρ that are the same as in bulk doped Si, but 
those with diameters ∼50 nm exhibit 100-fold reduction in k, which yields a large ZT = 
0.6 at room temperature. For such nanowires, the lattice contribution to k approaches the 
amorphous limit for Si, which cannot be explained by current theories.  Although bulk 
Si is a poor thermoelectric material, by greatly reducing k without significantly affecting 
S and ρ, Si nanowire arrays show promise as high-performance, scalable thermoelectric 
materials. 

The most widely used commercial thermoelectric material is bulk Bi2Te3 and its 
alloys with Sb, Se, etc, which have ZT ∼ 1.  While it is difficult to scale bulk Bi2Te3 to 
large-scale energy conversion, fabricating synthetic nanostructures for this purpose is 
even more difficult and expensive.  Si, on the other hand, is the most abundant and 
widely used semiconductor with a large industrial infrastructure for low-cost and high-
yield processing.  Bulk Si, however, has a high k (∼ 150 W⋅ m-1⋅K-1 at room 
temperature5), making ZT ∼ 0.01 at 300 K (Ref. 6).  The spectral distribution of phonons 
contributing to the k of Si at room temperature is quite broad.  Because the rate of 
phonon-phonon Umklapp scattering scales as ω2, where ω is the phonon frequency, low 
frequency (or long-wavelength) acoustic phonons have long mean free paths and 
contribute significantly to k at high temperatures7-10.  Thus, by rational incorporation of 
phonon-scattering elements at several length scales, the k of Si is expected to decrease 
dramatically.  Indeed, we have shown that by using roughened nanowires, one can 
reduce the thermal conductivity to ∼ 1.6 W⋅ m-1⋅K-1, with the phonon contribution close 
to the amorphous limit, without significantly modifying the power factor, S2/ρ, such that 
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ZT ∼ 1 at room temperature11.  Further reduction of nanowire diameter is likely to 
increase ZT > 1, offering the possibility of high-performance, low-cost and scalable Si-
based thermoelectric devices. 

Wafer-scale arrays of Si 
nanowires were synthesized by 
an aqueous electroless etching 
(EE) method12.  The technique 
is based on the galvanic dis-
placement of Si by Ag+→Ag0 
reduction on the wafer surface.  
The reaction proceeds in an aq-
ueous solution of AgNO3 and 
HF.  Nanowires synthesized by this approach were vertically aligned (above, a), single 
crystalline (above, b inset) and consistent across large areas up to the wafer-scale 
(above, a inset).  In contrast to the smooth surface of typical vapour-liquid-solid (VLS) 
grown, gold catalyzed Si nanowires13,14, those of the EE Si nanowires are much rougher 
(above, b).  The mean roughness height of these nanowires varied wire to wire, but was 
typically 1 to 5 nm with a roughness period on the order of several nanometers.  This 
roughness may be attributed to randomness of the lateral oxidation and etching in the 
corrosive aqueous solution.  Similar results were obtained for electroless etching of both 
n- and p-type wafers with resistivities varying from 10 to 10-2 Ω⋅cm (~1014 to 1018 cm-3 
dopant concentrations).  Since thermoelectric modules consist of complementary p- and 
n-type materials wired in series, the generality and scalability of this synthesis indicate 
it is a promising method for fabrication of Si-based devices. 

The thermal conductivity of these hierarchically 
structured Si nanowires was characterized using devices 
consisting of resistive coils supported on parallel, suspended 
SiNX membranes13,15 (left).  This construction allows us to 
probe thermal transport in individual nanowires.  The 
membranes are thermally connected through a bridging 
nanowire, with negligible leakage from heat transfer by 
means other than conduction through the wire.  To anchor 
the nanowire to the membranes and reduce thermal contact 
resistance, a Pt-C composite was deposited on both ends. 

It has been shown that the k of VLS Si nanowires is strongly diameter 
dependent13, which is attributed to boundary scattering of phonons.  We found that EE 
Si nanowires exhibit a diameter dependence of k similar to that of VLS-grown wires, 
but the magnitude of k is five- to eight-fold 
lower.  Since the peak ZT of semiconductor 
materials is predicted to occur at high dopant 
concentrations16, low resistivity nanowires 
were synthesized by post-growth gas-phase B 
doping of the nanowire arrays etched from 10-1 
Ω·cm wafers.  The graph to the right shows the 
k of small diameter nanowires etched from 10, 
10-1, and 10-2 Ω·cm wafers. 

In the case of the 52 nm nanowire, k is 
reduced to 1.6 W⋅m-1⋅K-1 at room temperature.  

223



3 

For comparison, the temperature dependent k of amorphous bulk SiO2 17 is also plotted 
in the above graph.  As can be seen from the plot, k of these single-crystalline EE Si 
nanowires is comparable to that of insulating glass.  Indeed, k of the 52 nm nanowire 
approaches the minimum k predicted and measured for Si, ~ 1 W·m-1·K-1 (Ref. 18).  The 
lattice contribution to k (kl) can be calculated by subtracting the electronic contribution 
(ke) as determined by the Wiedemann-Franz law19.   ke ≈ 0.4 W·m-1·K-1 for these 
nanowires, meaning kl (kl = k -  ke) is 1.2 W·m-1·K-1, remarkably close to the minimum. 

To the best of our knowledge, there is currently no theory that can explain why a 
single-crystalline Si nanowire that is ∼50 nm in diameter should behave like a phonon 
glass.  Based on the difference between VLS and EE nanowires, we suspect that surface 
roughness plays an important role in screening a broad spectrum of phonons, 
fundamentally altering phonon transmission through these confined structures.  The 
exact mechanism, however, remains unknown. 

To calculate the nanowire ZT, ρ and S meas-
urements were carried out on individual highly-
doped nanowires.  Nanowires were measured in a 
horizontal geometry on substrates with a micro-
fabricated heating element to produce a temperature 
gradient, and 2- and 4-point probe electrodes to 
measure the Seebeck voltage and I-V characteristics 
(at right, with false color to indicate heat gradient).  
ρ and S of a 48 nm nanowire were used for the ZT 
calculation since the diameter is close to that of the 52 nm wire for which k has been 
measured.  S2/ρ and ZT are plotted below as a function of temperature.  The nanowire 
ZT is highest near room temperature at 0.6 and increasing.  As compared to optimally-
doped bulk Si (~1×1019 cm-3), the ZT of the EE nanowire is nearly two orders of 
magnitude greater throughout the temperature range measured6.  The large increase in 
ZT occurs because k decreases significantly, whereas S2/ρ degrades only slightly 
compared to bulk.  The hierarchical structuring of the EE Si nanowires allows selective 
scattering of phonons by dopants, nanoscale surface roughness, and dimensional 
confinement, while leaving electronic transport largely unaffected. 

In conclusion,  we have shown that it is 
possible to achieve ZT = 0.6 at room temperature 
in rough Si nanowires of ~50 nm diameter that 
were processed by a wafer scale manufacturing 
technique.  Furthermore, by achieving 
broadband impedance of phonon transport, we 
have demonstrated that the EE Si nanowire 
system is capable of approaching the limits of 
minimum lattice thermal conductivity in Si.  
This ZT enhancement can be attributed to 

efficient scattering throughout the phonon spectrum by the introduction of 
nanostructures at different length scales (diameter, roughness, and point defects).  The 
significant reduction in thermal conductivity observed in this study may be a result of 
changes in the fundamental physics of heat transport in these quasi-one dimensional 
materials.  Future experiments will focus on quantifying the effects of surface roughness 
and optimizing the nanowire dopant concentration.  In addition, rough and thin 
nanowires will be thermally characterized to investigate the lower limits of thermal 
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conduction in such structures.  P-N thermoelectric modules with the performance 
reported here, and manufactured from such a ubiquitous material as Si, may find wide-
ranging applications in waste heat salvaging, power generation, and solid-state 
refrigeration.  Moreover, the phonon scattering techniques developed in this study could 
significantly augment ZT even further in other materials to produce highly efficient 
solid-state thermoelectric devices.  
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Program scope 

Liquid crystals (LCs) are anisotropic fluid dielectrics.  When an external field is 
applied, the LC director, depicting average orientation of LC molecules, reorients and 
thus causes optical effects that are at the heart of modern display technologies.  In the 
physics of LCs, dielectric response is described as instantaneous: It is assumed that the 
electric displacement at the moment of time  t  is determined solely by the electric field at 
the very same moment t.  The approach is certainly valid when the LC experiences no 
dielectric relaxation and the tensor of dielectric permittivity is frequency-independent. In 
reality, however, LCs are dielectrically dispersive.  The characteristic relaxation time 
might vary in a broad range from millisecond to nanosecond, depending on the material.   
When the characteristic time with which the electric field varies becomes shorter or 
comparable to the characteristic time of dielectric relaxation, the classic theory is not 
applicable and should be replaced by an approach in which the dielectric torque 
depends not only on the current value of the field but also on its past values. The 
corresponding theories exist for isotropic fluids and solid crystals; in both cases, the 
dielectric properties of medium do not change with time.  In LCs, the situation is more 
complex as the electric field causes director reorientation which in turn changes the 
dielectric coupling between the field and the medium.  Thus the electric displacement 
should be a function of not only the past and present electric field, but also of the present 
and past director orientations.   

The goal of this project is to develop physical understanding of the time-dependent 
dielectric response of NLCs.  The research focuses on theoretical modeling and 
experimental testing of dielectric phenomena in the nematic LCs that occur at the time 
scale comparable to the time of dielectric relaxation.   

Initially [1], we focused on the so-called dual-frequency nematic (DFN) materials. 
The dielectric anisotropy of DFN changes its sign at a certain frequency which allows 
one to produce the opposite signs of the “instantaneous” and “memory” contributions to 
the reorienting torque. In other words, the DFNs allowed us to clearly separate the 
predictions of the classic “instantaneous” model and the new theory that accounts for the 
dielectric dispersion effect and to confirm the theory experimentally. 

 
Recent progress 

 
To characterize the dielectric response of a LC with dielectric relaxation carefully, 

one needs to know how the temperature of the LC changes when the cell is driven by an 
electric field.  This is why we started with the studies of  how the dielectric relaxation 
influences  of dielectric heating effects that are especially pronounced when the 
frequency of the applied voltage is close to the dielectric relaxation frequency [2].  We 
proposed a general model [2] to quantitatively describe the temperature increase of a 
liquid crystal as the function of the material properties of the LC (such as frequency 
dependence of imaginary part of the dielectric permittivity), thermal properties of the 
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bounding plates and the surrounding medium, as well as frequency and amplitude of the 
applied electric field.  We verified the model experimentally, by using a thermocouple 
inserted directly into the nematic bulk [2].  

In LCs, the dielectric heating effect is anisotropic, i.e., the temperature raise 
depends on the state of director orientation.  We used this feature to demonstrate a 
thermodielectric bistability caused by the anisotropic nature of dielectric heating and 
director reorientation in an electric field.  The bistability is a result of the positive 
feedback loop: director reorientation -> anisotropic dielectric heating -> dielectric 
anisotropy -> director reorientation. We demonstrate both experimentally and 
theoretically that the two states with different temperature and director orientation, 
namely, a cold planar state and a hot homeotropic state coexist in a liquid crystal cell for 
a certain frequency and amplitude range of the applied voltage [3].  

We also demonstrated yet another fascinating effect of the electric field on liquid 
crystals, associated with the mass flow of the nematic fluid caused by the director 
reorientation in the applied field. This so-called “backflow” effect can be visualized when 
the LC is doped with micron-size colloidal inclusions.  Liquid crystal molecules, 
reoriented by the field, set the colloidal particles into motion by pushing them into two 
opposite directions perpendicular to the applied field. The direction of motion is 
determined by the polarity of director distortions around the inclusion.  The phenomenon 
opens the door for the study of far-from-equilibrium phenomena such as two-lane traffic, 
driven diffusion, etc. [4]   

Most recently, we extended our studies of director reorientation by dielectric torque 
to the general case of dielectrically anisotropic nematic LCs, in which the dielectric 
anisotropy might be either positive or negative and in which the both parallel and 
perpendicular dielectric components might 
experience multiple relaxation processes at 
various frequencies [5].   We theoretically 
derived the reorienting dielectric torque acting on 
the director, taking into account the entire 
frequency spectrum of the dielectric tensor, thus 
generalizing the original theory, reviewed in Ref. 
[1], limited by the single relaxation approach. 
The model predicts the “dielectric memory 
effect” (DME), i.e., dependence of the dielectric 
torque on both the “present” and “past” values of 
the electric field and the director. 

The new model allowed us to describe 
experimentally observed director reorientation in 
the case when the rise time of the applied 
voltage is smaller than the dielectric relaxation 
time.  

In the typical materials such as 
pentylcyanobiphenyl (5CB), in which the 
dielectric anisotropy is positive at low 
frequencies, the DME slows down director 
reorientation in a sharply rising electric field, as 
the sharp front is perceived as a high-frequency 
excitation for which the dielectric anisotropy is 
small or even of a negative sign. As a result, the 
director reorients perpendicular to the field at the 
beginning of the applied voltage pulse and only 

Figure 1. In a dielectrically positive liquid 
crystal, the DME causes a time delay 
before the desired director reorientation.
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after some time, of the order of dielectric relazation 
time, starts to reorient parallel to the field, i.e., in the 
desired direction.,Fig.1.  
 

In the materials with negative dielectric 
anisotropies, the DME speeds up the response of 
the LCs as shown in Fig. 2.  The reason is that the 
sharply increasing voltage pulse is perceived by the 
LC as a high-frequency excitation for which the 
absolute value of dielectric anisotropy is larger than 
at the low frequencies.   
 

 
Our most recent result is the discovery of a 

dielectric torque which depends on the polarity of the 
electric field. The origin of this torque is the 
existence of a “memory” polarization as a result of 
the DME; unlike the director of LCs, this memory 
polarization can be reoriented by changing the 

polarity of the electric field, which drags the reorientation of the director at the same time. 
The most suitable experimental situation to observe the effect is during the switching-off 
of the cell. When the applied voltage is switched off, the director reorients to its original 
state driven by surface anchoring at the bounding plates and by elastic distortions stored 
when the field was applied.  The resulting director reorientation is just a “passive” and 
relatively slow effect.  However, 
if the electric polarization does 
not disappear instantaneously 
after the field is switched off 
(because of the finite time of 
dielectric relaxation), then one 
can apply a very short electric 
pulse, with the duration of the 
order of the characteristic time 
of dielectric relaxation and 
accelerate the director 
reorientation.  Figure 3 
illustrates such an accelerated  
response.   

Figure 2. In a dielectrically negative 
liquid crystal, the DME can speed up 
the director reorientation.

To further verify the 
existence of a linear coupling 
between the applied electric 
field and the residual electric 
polarization in the LC, we 
performed a similar set of 
experiments on a LC that 
shows no dielectric relaxation 
in the frequency range of 
interest. As expected, there is 
no residual polarization of the 
sample and there is no effect 
of the polarity of an additional 

Figure 3. Electrically accelerated turn-off speed of a 
liquid crystal device. The conventional driving scheme 
is to quickly turn off the field, pulse (i), and the 
corresponding response is the upper “r-i” curve, which 
almost stay unchanged in this microsecond time range. 
If we use an optimized pulse (e1), the turn-off speed is 
noticeably faster, the upper r-e1 curve. We further 
check the model by using non-optimum pulses (e2, e3), 
and the corresponding turn-off speeds are all slower 
than the one under the optimized pulse. 
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pulse on the behavior of the cell, Fig.4.  
The observation of linear dielectric effect in the nematic LCs  is of importance to both 

the science and the industry. The existence of polarity dependent dielectric torque 
significantly contributes to 
understanding the fundamental 
physics of the liquid crystals, with 
this polar torque it opens a potential 
gate for more exciting research; as 
for the industry, the previous passive 
turn-off process, which solely relies 
on the elastic torque and surface 
anchoring, can now be actively 
controlled by an additional “turn-off” 
field, which enables one to reduce 
the turn-off time for all electrically 
driven liquid crystal devices, for 
example, the liquid crystal display 
may no longer suffers the motion 
blurs due to the long response time. 
We submitted our results to Physical 
Review Letters for publication [6]. 

Figure 4. No observations of the electrically 
acceleration of the turn-off speed in a liquid crystal 
without dielectric relaxation.

 
Planned activities for the next year:  To study the dynamics of the electrically induced 
isotropic-nematic phase transition by taking account the finite time of relaxation of 
permanent polarization, which is assumed to be an instantaneous process in the classic 
theory. We plan to develop a new model to describe the dynamics of the phase 
transition and to verify it experimentally.   
 
List of publications:  
1. Y. Yin, S.V. Shiyanovskii, and O. D. Lavrentovich, Fast switching of nematic liquid 

crystals by an electric field: Effects of dielectric relaxation on the director and thermal 
dynaics,  Chapter 10 in: Thermotropic Liquid Crystals, Ed. By A. Ramamoorthy, 
Springer, Dordrecht, The Netherlands, ISBN 978-1-4020-5327-6, pp. 277-295 (2007). 

2. Y. Yin, S.V. Shiyanovskii, O.D. Lavrentovich, Electric Heating Effects in nematic 
liquid crystals, Journal of Applied Physics 100, 024906 (2006). 

3. Ye Yin, S.V. Shiyanovskii, and O.D. Lavrentovich, Thermodielectric bistability in dual 
frequency nematic liquid crystal, Phys. Rev. Lett. 98, 097801 (2007). 

4. O.P. Pishnyak, S. Tang, J.R. Kelly, S.V. Shiyanovskii, O.D. Lavrentovich, Levitation, 
Lift and bidirectional motion of colloidal particles in an electrically-driven nematic 
liquid crystal,  Phys. Rev. Lett. 99, 127802 (2007). 

5. Mingxia Gu, Ye Yin, S.V. Shiyanovskii, and O.D. Lavrentovich, Effects of dielectric 
relaxation on the director dynamics of uniaxial nematic liquid crystals, Phys. Rev. E. 
76, 061702 (2007). 

6. M. Gu, S. V. Shiyanovskii, and O. D. Lavrentovich, Polarity dependent dielectric 
torque in dispersive nematic liquid crystals, Phys. Rev. Lett., Submitted (2007) 

 
 

 4
229



Amorphous Structures and Polymorphs of Metallic Glasses 

E. Ma 

Department of Materials Science and Engineering, Johns Hopkins University, 
Baltimore, MD 21218 

ema@jhu.edu 

 

Program Scope  

The metals and alloys we are familiar with are all crystalline and well 
understood. In contrast, their recently emerged amorphous counterparts, i.e., “bulk 
metallic glasses” (BMGs), pose new and major challenges to the materials science 
community [1]. Here even the basic issues, such as why they are such easy glass 
formers, how atoms pack inside, and how plastic deformation initiates in the absence 
of well-defined dislocations, have not been resolved.  

This project is a continuation of our previous investigation of amorphous 
structure and poly(a)morphism. This is a key and fundamental scientific issue, 
because the macroscopic properties are all controlled by the mysterious internal 
atomic arrangements and their transformations. It is also a difficult problem to solve, 
hampering our understanding of the amorphous state of metals and the ways they 
behave. During the past several years, we have made significant progress in 
unraveling the atomic packing structures of binary metallic glasses. The short-to-
medium range order involving the solute-centered quasi-equivalent clusters, and their 
systematic dependence on alloys for a range of atomic size ratios and chemical make-
ups, have been specified [2]. We have also successfully identified a polyamorphic 
transition in a Ce-based metallic glass [3]. This project will take advantage of the 
experience we have accumulated, especially in terms of a two-pronged 
experimental/computational approach employing synchrotron (in situ) experiments 
and ab-initio/molecular-dynamics calculations.  

 More specifically, this project is designed to achieve the following goals. 1) 
We will be reaching a comprehensive understanding of the whole spectrum of the 
amorphous structures in metallic glasses. In particular, we are expanding our work to 
the newly developed multi-component BMGs, to extract packing principles and 
develop new structural concepts. 2) We are applying the structural knowledge gained 
to improve our understanding of the important properties of BMGs. First, we will 
clarify the structural origin of the high glass forming ability of these easy glass 
formers. Second, we will establish the structural basis of the various property relations 
observed for BMGs. Third, a correct structural description will also allow us to 
uncover the structural entities involved in, and the evolution of the short-to-medium 
range order associated with, the initiation of plastic flow during deformation, such as 
the formation of (cooperative) shear-transformation zones throughout the BMG 
sample [4] under applied stresses. 3) This research will deepen our understanding of 
“polyamorphism”, a new class of polymorphic transitions in amorphous matters. 
Emphasis will be placed on understanding the electron structure origins of the 
polyamorphs, and on polyamorphism in the liquid state.  
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This study will broaden our horizon and perspectives on the states of matter, 
and should significantly impact the existing theories on the atomic structure, stability 
and forming ability, plastic deformation, and structural evolution of amorphous 
metals. Our work will also help establish new, technologically useful BMGs with 
unusual thermodynamic, functional and rheological properties. 
 

Recent Progress 

Recently we have made considerable progress in understanding how atoms 
pack in MGs, using synchrotron X-ray experiments and computer simulations. This 
work was published in Nature as a regular article [2] and made the DoE weekly news 
on 4/17/2006. 

We constructed the three-dimensional atomic structure using reverse Monte 
Carlo simulations based on X-ray and EXAFS data. Independently, we carried out ab 
initio molecular dynamics modeling, without experimental input. Validations of these 
atomic configurations were performed by comparing the density, XANES, and partial 
RDFs derived from our configurations, with those determined in lab experiments. As 
an example, Fig. 1 demonstrates the good agreement achieved between the calculated 
partial RDFs of our models and those obtained before using neutron isotope 
experiments.  

 

 

 

 

 

 

 
 

Fig. 1   Partial RDFs of our model amorphous configurations compared with 
experimental data for MGs. 

 

Using the atomic coordinates, we performed structural analysis employing the 
Voronoi tessellation method and the common neighbor analysis (in comparison with 
bond orientation parameter analysis). Structural building principles have been 
extracted after analyzing a range of systems. We proposed the concept of “solute-
centered quasi-equivalent clusters” (QECs). Their formation is a consequence of the 
preferred “solute avoidance” to increase the number of bonds between unlike atoms to 
reduce energy (there is a large negative heat of mixing in the easy glass forming 
systems). This avoidance is seen in the B-B correlation in Fig. 1. Fig. 2 shows 
examples of QECs, connected through face-sharing, edge-sharing, and vertex-sharing 
schemes. The intra-cluster topological short-range order (SRO) favors efficient 
packing, its specific type depending on the atomic size ratio (r*), as shown in Fig. 3. 
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In addition to the SRO dependence on chemistry and r*, we also described MRO -the 
next level of structural organization, based on efficient dense packing of QECs, in 
favor of icosahedral-like ordering.     

 

 

 

 

 

 

 

 

 
 

Fig. 2    Atomic packing and quasi-equivalent clusters in MGs, see [2] for details. 

 

 

 

 

 

 

 

 

 

Fig. 3   Coordination number distribution depends on systems (the atomic size ratio). 
 

 In parallel studies, we observed interesting amorphous polymorphs in a MG, 
which is normally believed to be unlikely since MGs are already too spatially 
compact to transform to a higher-density phase. The results have been published in 
Nature Materials 6 (2007) 192-197 [3]. Here we only briefly summarize the main 
finding. We studied a melt-spun Ce56Al44 glass because crystalline Ce is known to 
exhibit multiple polymorphic transitions under 1 GPa pressure with large density 
changes. When plotting specific volume versus pressure (P) one observes a fast 
decrease of volume (corresponding to density increase, as well as to the shift of XRD 
peak to higher Q) with increasing P, unusually fast when the P-V equation of state is 
compared with the prediction given by ab initio simulation of the glass, when Ce is in 
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its “trivalent” paramagnetic state where the f-electrons are localized. At elevated P the 
volume in fact coincides with that expected for the same glass when all the Ce f-
electrons are delocalized (the “tetravalent” state). An obvious change in slope 
(compressibility) is observed. Upon decompression, the volume follows nicely the 
prediction for the high-density phase, suggesting that the f-electrons remained 
delocalized, till about <3 GPa where an abrupt return to the low-density phase 
occurred. To make sure that the data are reproducible and sufficient data points are 
collected to substantiate the conclusions, four different samples were studied in four 
separate runs at different times at the Advanced Photon Source. As shown in Fig. 4 
below, for all the four data sets, the decompression data points below 13.5 GPa did 
not re-trace the compression ones, unlike for the BMGs studied before under pressure, 
where this “elastic” density increase always exactly reverses itself when the pressure 
is released. We therefore believe that these in situ synchrotron XRD experiments 
under pressure have captured a polyamorphic transition of the glass, much like those 
observed before for non-metallic glasses, from a low-density state into a high-density 
state, with a large density disparity (11% at P=15 GPa, and 16% at P=0) and governed 
by two different equations of state. 
 

 
 

Fig. 4   Specific volume of Ce55Al45 MG as a function of pressure. Note the abrupt 
transition back to the original density during decompression. 
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Title: Mesoscale Interfacial Dynamics in Magnetoelectric Nanocomposites 
Principal Investigator: Shashank Priya (Collaboration with Dwight Viehland, and Armen 
Khachaturyan) 
Mailing Address: 304A Holden Hall, mc 0237, Virginia Tech, Blacksburg, VA 24061. 
Email: spriya@vt.edu  
 
Program Scope: Dielectric polarization of a material under the magnetic field or an induced 
magnetization under the electric field requires the simultaneous presence of long-range ordering 
of magnetic moments and electric dipoles. Single phase materials suffer from the drawback that 
the magnetoelectric (ME) effect is considerably weak even at low temperatures, limiting their 
applicability in practical devices. Better alternatives are ME composites that have large 
magnitudes of the ME voltage coefficient. The composites exploit the product property of the 
materials. Magnetoelectric particulate composites consisting of piezoelectric and 
magnetostrictive materials with different connectivity schemes including “3-0” and “2-0”, and 
laminate bulk composite with “2-2” connectivity have been investigated. However, the 
understanding of the physical interaction occurring at the mesoscale interfaces between the 
magneto-elastic stresses and elasto-electric fields has not been achieved. The lack of this 
understanding has limited the ability to achieve the theoretical response of the material by 
coordinating the local electro-magnetic couplings, via coherent elastic interactions between 
phases. Comprehensive understanding of such interactions would enable the development of 
magnetoelectric materials exhibiting giant responses at small dimensions. The specific objectives 
of this program are as following (i) investigation of the local magnetoelectric coefficient using 
magnetic force microscopy and piezo force microscopy; (ii) determine microstructure of the 
interfaces between magnetic and piezoelectric phases, using electron microscopies; (iii) find the 
correlation between local and bulk magnetoelectric responses, the interfacial microstructure for 
fine scale composites of various phase connectivities, and (iv) develop a 3D Phase Field model 
of spontaneously self-organizing nano-scale microstructures. 
 
Recent progress:  

We initiated the program with studies on eutectic composition in the (1-x)BTO – xCFO 
system. The composites were synthesized near the eutectic composition for x = 0.30 and 0.35 
and a cofired bilayer composite for x = 0.335 was also studied to understand how these differ in 
their contribution towards the ME response as shown below in Fig. 1.  

  

Figure 1: Microstructures of the synthesized BTO-CFO composites (a) eutectic decmposition, 
and (b) bilayer composite. 

(b) 
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Magnified (105x) images of the microstructure taken from (a) a BTO-rich island, and (b) 
the CFO-rich matrix, showed that the grain sizes of both regions are quite small: the average 
grain size in the BTO-rich islands was ~150nm and that of the CFO-rich matrix region was 
~215nm. X-ray mapping about the interfacial region revealed that the distribution of Co and Fe 
was more concentrated in the matrix. Standard-less quantitative analysis determined the 
concentrations of Co and Fe to be (i) 10at% and 7at% respectively, in the BTO-rich regions; and 
(ii) 18% and 35% respectively, in the matrix. Figure 2 shows the region of interest for our study. 
The TEM analysis of the BTO – CFO composites is in progress. 

Figure 2: Interface structure in the BTO – CFO near eutectic composition. 
 

However, the interesting results were: (i) bilayers exhibited significantly higher 
magnitude of the ME coefficients as compared to the particulates even though a high degree of 
coherency was observed at the interfaces, and (ii) composites exhibited higher magnitude of ME 
coefficient on annealing and aging. We are further investigating these observations.  

Figure 3(a) shows a bright-field TEM image of as-sintered (1-x) Pb(Zr0.52Ti0.48)O3  – 
xNiFe1.9Mn0.1O4 (PZT-NFM) ceramic composites sample presenting a typical microstructure. 
This image consists of facet phases/particles (bright contrast) embedded in the matrix. The 
former ones (facet phases) correspond to the NFM phase, while the latter one (matrix) 
corresponds to the PZT phase, as identified by the EDS and SAED patterns. The NFM particles 
vary from 300 nm to 1500 nm. Figs. 3(c) and (d) are SAED patterns obtained from the PZT 
matrix, which can be identified as the [101] and [001] zone axes of the tetragonal PZT structure, 
respectively. The lattice parameter of this PZT structure in the sintered sample can be determined 
be aPZT

s=3.87Å and cPZT
s=4.07Å, with c/a=1.052.  Figs. 1(e) and (f) are SAED patterns taken from 

NFM phase in Fig. 1(a) which can be identified as the [211] and [110] zone axes of the pseudo-
cubic structure of NFM, respectively. This pseudo-cubic structure has a lattice parameter of 
aNFM=8.42Å, as measured from the electron diffraction pattern. Fig. 3(b) shows a bright field 
TEM image of the sample annealed 800oC for 10hrs. Fig. 3(b) shows different microstructural 
characteristics from those shown in Fig. 3 (a). The density of the NFM particles in this annealed 
sample is much less than that in the sintered sample. In addition, the NFM particles in the 
annealed sample have a typical size of 500 nm, much smaller than that in the sintered sample. 
The PZT phase in the annealed sample has a tetragonal structure with a lattice constant of aPZT

a 

=4.07Å and cPZT
a=4.09Å, with c/a=1.005. The samples treated by annealing at 800oC for 10hrs, 

followed by quenching in air and subsequent aging at 300oC shows similar microstructure to the 
annealed sample shown in Fig. 3(b), but the density of the NFM phase was further reduced. 
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Another noticeable feature observed was that in sintered sample due to the presence of large 
amount of defects, the grain boundaries are diffused. During annealing as the structure finds 
more time to reduce the defects from its structure, sharp grain boundaries were observed. The 
above results demonstrate that the post-sinter thermal treatments at 800oC for 10 hrs results in 
the reduction of the NFM phase by diffusing into the PZT structure. Meanwhile, PZT phase 
transfer from the tetragonal structure to a pseudo cubic structure with a larger lattice constant.  

 
Figure 3:   Bright field TEM images PZT – 5 NFM composites after (a) sintering, and (b) 
annealing. Selected area electron diffraction (SAED) pattern of PZT phase after sintering for (c) 
[101], (d) [001] zone axis and NFM phase after sintering (e) [211], (f) [110] zone axis. 
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This study is now in progress and we are planning to extend the HRTEM studies to layered 
composites and thin films (synthesized by our team member Dwight Viehland).  
 
This presentation will present the progress made in first year of this program. 
 
Future Plans: We are synthesizing the self-assembled and layered structures using the eutectic 
decomposition, co-firing, and thin film deposition. These samples are being studied using TEM, 
MFM and PFM, and difraction. The results are being provided to the other team members for 
theoretical modeling and simulations. 
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Complex amorphous transition-metal dielectrics 
 
R. Bruce van Dover 
 
Department of Materials Science and Engineering 
Cornell University, Ithaca, NY 14853 
 
vandover@cornell.edu 
 
Program Scope 
 

Complex amorphous dielectrics represent a largely unexplored and incompletely 
understood class of materials—a class with tremendous potential advantages in electrical 
properties (such as charge storage or energy storage) over elemental oxides such as a-SiO2. 
The structural degrees of freedom available in a nominally amorphous oxide or oxynitride 
with multiple species of metal cations offer the opportunity of identifying unpredictable 
emergent behavior such as a radically enhanced dielectric constant or breakdown field. New 
materials could revolutionize fields ranging from power-conditioning systems to integrated 
circuit technology. 

Complexity has yielded valuable emergent properties in other electronic materials: we 
note the particularly dramatic cases of high-permittivity crystalline oxides, such as 
CaCu3Ti4O12, and the cuprate superconductors, among which the four-cation compound 
HgBa2Ca2Cu3O8+δ holds the record-high transition temperature. Indeed, it was recognized 
early in the investigation of the cuprates that the maximum transition temperature increased 
systematically as the number of unique atomic positions in the compound increased. We can 
expect analogous advantages in multicomponent amorphous oxides. And, unlike crystalline 
thin films, these materials can be deposited at low temperature which gives them a critical 
advantage in process simplicity for technological applications.   

Complex amorphous metal-cation dielectrics 
have been largely overlooked in the past. Multi-
cation network glasses (e.g., silica-based glasses) 
have been extensively researched, as have simple 
single-metal-cation amorphous dielectrics such 
as a-Ta2O5. At present there isn’t even a rough 
landscape of possibilities for multicomponent 
metal-cation systems, let alone a detailed 
scientific understanding of structure/property 
relations in this class of complex materials. This 
project is dramatically extending the breadth of 
our knowledge of the behaviors and trends in this 
class of materials and the depth of our 
understanding of their structure/property 
relations. Our strategy is to establish a general 
understanding of the relation between the 
properties of multicomponent amorphous oxides 
and their crystalline counterparts by systematic 

study of closely-related systems. Synthesis of multicomponent amorphous oxides is 

Figure 1. Schematic representation of
sputter-gun layout. The three guns are
positioned in a vacuum chamber and
independently energized. 
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accomplished using 90º off-axis reactive cosputtering in an oxygen-containing atmosphere, 
illustrated in Figure 1.[1] This technique is particularly well suited to forming amorphous 
materials since the cations are intimately mixed as deposited and do not require high-
temperature processing to ensure homogeneity. 

 
Current progress 
 
An important issue is the robustness of the information we collect using composition-

spread films: to what degree are the properties sensitive to subtle details of the synthesis? 
We have investigated this using a model system, a-Ta2O5, that has been extensively studied 
in the context of capacitors for dynamic random access memories. Conventional on-axis 
sputter deposition of this material provides a high level of ion bombardment of the growing 
film due to reflected neutral Ar atoms as well as negatively-charged O ions, resulting in 

dense compressively-stressed films. We 
find that the low ion bombardment 
associated with 90º off-axis sputtering leads 
to formation of fibrous voids in the films, 
(Figure 2) and have shown that conducting 
channels associated with these voids 
produce a Maxwell-Wagner behavior and 
anomalous inferior dielectric properties.[2] 
Figure 3 illustrates this behavior, 
suggesting that a single relaxation time is 
associated with the phenomenon. We have 

observed this behavior in a variety of films, including otherwise well-behaved dielectrics 
such as SiO2 and Al2O3—clearly this microstructure should be avoided if the intrinsic 
properties of the dielectric are to be evaluated. We note that this film nanostructure could be 
useful where highly dissipative behavior is required, or where multiscale void structures are 
desired, as in electrodes for chemical reactions (sensors, batteries, etc.). 

We have further determined that it is 
possible to eliminate the low-density 
nanostructure in off-axis films by 
applying a controlled rf bias (~10 W) to 
the substrate during growth, thereby 
recovering excellent dielectric properties. 
This is illustrated in Figure 4, where the 
capacitance and dissipation factor (tan δ) 
of 200 µm-diameter capacitors is plotted 
as a function of the distance the film is 
from the target of the sputter gun. Note 
that the capacitance increases 
monotonically because the deposition 
rate, and therefore the thickness of the 
film, decreases with distance from the 
target. The dissipation factor is seen to 
increase gradually but even far from the 
target tan δ is quite small and the 

Figure 2. Schematic illustration of the fibrous 
structure that obtains for off-axis sputter 
deposition when no rf bias is applied to the 
substrate. 

Figure 3. Cole-Cole plot for a capacitor formed 
with a TaO film comprising fibrous voids. The 
frequency range was 100 Hz – 1 MHz. The offset 
semicircle indicates that there is a single well-
defined relaxation time (RC time constant). 
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capacitance corresponds to the expected 
value for the dielectric constant (εr=23), 
indicating that the films do not contain 
fibrous voids.  

This structure/property relation is 
also relevant to conventional on-axis 
sputtering where the degree of 
bombardment depends strongly on the 
location of the film with respect to the 
central axis. That can be an important 
effect but it is only poorly appreciated in 
the thin-film community. 

We have now used the composition-
spread technique to investigate novel 
chemical systems. For example, we are 
studying systems of the form M1-Ge-O, 
where M1 represents a early transition 
metal element or main-group element 
such as Al or Sn. Amorphous materials in 

these systems have been suggested for use as gate oxides in future low-power, high-
performance integrated circuits based on Ge MOSFETs.[3] Figure 5 shows the variation in 
dielectric constant as a function of composition for a Ta-Ge-O composition spread. The 
cation composition range is roughly 15 at. % Ge to 60 at.% Ge across the sample, although 
the exact compositions have not been confirmed. The change in slope of the dielectric 
constant at the position x=40 mm suggests either an electronic or structural transition. A 
similar trend in Zr-Si-O was definitively interpreted as due to a change in average atomic 
volume (density) associated with nanocrystallization. We speculate that the same structural 
effect is in play in Ta-Ge-O; that study is underway. The robustness of the films against 
crystallization when subject to thermal processing (e.g., during dopant activation anneals) 

militates for a high Ge-O content when 
used as a gate oxide. At the same time to 
avoid the environmental sensitivity of GeO2  
(e.g., GeO2 is water soluble), a high level of 
Ta-O is desirable. Preliminary data indicate 
that addition of a third component (i.e., Ta-
Hf-Ge-O) can increase the crystallization 
temperature of the system even for low Ge-
O content. These studies illustrate the 
power and versatility of our codeposited 
composition-spread technique. 

 
Challenges 
 
Synthesis of amorphous oxides is fairly 

straightforward using the techniques we 
have developed and validated. In the future 
we plan to assemble a substrate fixture that 

Figure 4. Capacitance and dissipation factor for 
capacitors deposited by 90° off-axis sputtering with 
rf bias applied to the substrate. The capacitance 
increases with distance from the target because the 
film is thinner. The  increase in dissipation factor is 
small. 

 
Figure 5. Dielectric constant as a function of 
composition for a Ta-Ge-O composition spread. 
As Ta-O is added to Ge-O, the dielectric constant 
is seen to increase abruptly at the position ~40 
mm (arrow).  
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will allow ternary codeposition at up to 700 ºC along with rf bias. This will enable us to 
study the transition from amorphous to crystalline growth, and compare this to the effect of 
high-temperature annealing after the deposition is completed. 

Electrical measurements, such as those presented in this abstract, are also fairly 
straightforward, and are capable of revealing subtle behavior especially when combined 
with optical characterization. Future plans include characterizing the dielectric constant as a 
function of temperature. Variations below room temperature are likely to be associated with 
electronic transitions. Little is known about the prospects for electronic transitions in 
amorphous dielectrics—presumably many effects seen in crystalline oxides, such as charge 
ordering, (e.g. the Verwey transition in crystalline Fe3O4) will be suppressed due to disorder. 
But other possibilities are viable, as seen in the case of electron-glass behavior in Ta2O5 [4].  

A greater challenge is that of obtaining detailed and useful information regarding the 
local structure of the amorphous films. Many techniques are useful for detailed study of 
individual compositions, but we are also attempting to develop a measurement that that can 
be applied to composition spreads. For example, we have used EXAFS to obtain information 
about the atom-atom distances and therefore structure in dielectric films. This technique 
demands fairly long data acquisition times even at a synchrotron beamline, since the films 
have limited thickness. It requires modeling and fitting in order to develop an interpretation 
of the data, so it is not a robust indicator of structure. For these reasons, EXAFS is well 
suited to detailed studies of a particular composition, but is not an appropriate technique for 
broad studies of composition/structure relations. STEM, EELS, and XPS have similar issues 
and are not suited to broad studies as a function of composition. We are currently working to 
add FTIR  and microRaman studies to our armamentarium, expecting that the characteristic 
vibrational spectra will provide robust information about bonding. Here the challenge will 
be to isolate the spectral features that yield important clues about the behavior of the 
materials. We are also looking to collaborate with computational experts who can illuminate 
the structural and electronic data. 

 
We believe that the future is bright for these studies, which will dramatically extend the 

breadth of our knowledge of the behaviors and trends as well as the depth of our 
understanding of the structure/property relations in complex amorphous dielectrics.      
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Magnetoelectric epitaxial thin layer two phase composites 
 

Dwight Viehland and Jiefang Li 
Virginia Tech 

 
Dielectric polarization of a material under magnetic field, or an induced 

magnetization under electric field, requires the simultaneous presence of long-
range ordered magnetic moments and electric dipoles. Single phase materials 
suffer from the drawback that their magnetoelectric (ME) effects are weak even at 
low temperatures, limiting their applicability in practical devices. Better 
alternatives are ME composites, which have been shown to have large ME voltage 
coefficients. Of particular interests are self-assembling two-phase nanocomposites, 
which have previously revealed CoFe2O4 (CFO) nano-rods embedded in a BaTiO3 
(BTO) matrix. 

In this talk, we will show how epitaxial constraint can be used to design two 
phase morphologies in CFO-BiFeO3 (or CFO-BFO) epitaxial films, and how the 
phase stability and properties of the two individual phases can be altered by said 
constraint. We have engineered various nano-structures ranging from nano-rods to 
nano-belts, as shown in Figure 1, by (i) orientation of substrate; (ii) epitaxial strain; 
and (iii) diffusion. Investigations of the mechanism of nano-structure formation 
over a range of temperatures revealed that (i) the first step is to grow perovskite on 
SrTiO3; (ii) the second step is nucleation of the spinel; and (iii) the third step is 
nano-structure evolution/growth by easy diffusion along the [110]. Our primary 
goal is to determine the fundamental relationship between interphase interfaces of 
different crystallographic symmetries and product tensor properties, such as the 
ME coupling of epitaxial thin layer composites: our approach to these goals are 
conceptually illustrated in Figure 2. 

We are working with Shashank Priya (Virginia Tech) on electron 
microscopy and property evaluations of our films, and with Armen Khachaturyan 
(Rutgers University) on thermodynamic analysis of epitaxial engineering of our 
multiferroic layers. 
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Figure 1.  Atomic force image of our CoFe2O4-BiFeO3 nanostructures grown on (a) 
(001) SrTiO3 substrates, illustrating CFO nanorods in a BFO matrix; and (b) (110) 
SrTiO3 substrates, illustrating CFO nanobelts in a BFO matrix. 
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Figure 2.  Conceptual illustration of the approach to our program goal(s).  
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Program Scope:  

 
This proposal aims to systematically and comprehensively investigate various 

fundamental, but less-studied factors–Brownian motion and relaxation time of nanoparticles, 
fractal aggregates, and interfacial layer structure–that potentially affect thermal transport in 
nanofluids and nanoemulsion fluids. The program is designed to generate archival 
experimental data to advance fundamental understanding of transport phenomena in 
micro/nano systems. 
 
Recent Progress: 

 
In this report for the period August 15, 2007 – February 20, 2008, we present our 

progress on three topics that are currently under investigation under this DOE/BES program: 
 

1.  ES-DMA for Characterization of Colloidal Aggregates 
 

During the first six-month of this program, we developed a novel method to determine 
the aggregation kinetics of colloidal nanoparticles by a gas phase analysis.  Nanofluids can be 
monitored by sampling the colloidal solution via electrospray (ES), transforming a 
nanoparticle dispersion to a nanoparticle aerosol, followed by differential ion-mobility 
analysis (DMA) to determine the mobility distribution, and thus the aggregate distribution.  
By sampling at various times we determine the aggregation rate from which the parameters 
that control aggregation may be elucidated. In contrast to other techniques, such as 
microscopy  and static and dynamic light scattering (LS) , ES-DMA can rapidly and 
quantitatively identify the concentration of each aggregation state (i.e. individual particles, 
dimers, trimers and tetramers, etc.). Moreover, ES-DMA is most effective for nano-sized 
particles (diameter<100 nm), which pose a significant challenge to other methods. 
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1.1 Theory of Aggregation Kinetics of Colloidal Nanoparticles 
 
The model of Brownian aggregation considers three influences on the particles.  The 

first is Brownian motion.  The second influence is the van der Waals force represented by the 
Hamaker constant, Aeff. The third and final influence, the electrostatic force, depends on the 
surface potential, ψs, modulated by the ionic strength of the solution.  
 

Figure 1 presents Ф/kbT versus the 
separation distance, h, between two spherical 
Au nanoparticles for the reaction-limited (curve 
1), intermediate (curve 2), and diffusion-limited 
(curve 3) regimes, respectively.  Irreversible 
aggregation occurs as two particles approach 
each other and fall into the primary minimum 
near h = 0.  In the reaction-limited regime, the 
sum of energies possesses both a maxima, 
Фmax/kbT near r = 2a+λD , and a secondary 
minima, Фsec/kbT at relatively large particle 
separation, h=rsec. The knowledge about the 
reaction-limited and diffusion-limited regimes is 
critical not only for control of the aggregate 
kinetics, but also for minimization of thermal 
interfacial resistance between nanoparticles, 
e.g., a liquid layer of h=rsec thickness would 
seriously resist heat transfer between two 
adjacent nanoparticles. 
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1.2 Effect of Ionic Strength on Aggregation Kinetics 
 

Figure 2 presents ion-mobility spectra of Au nanofluids at various concentrations of 
ammonium acetate, C. Each spectrum presents up to five distinctive peaks representing 
clusters containing one to five individual Au particles, which we term monomer, dimer, 
trimer, etc. The ion-mobility of the 
monomer peak (n=1) results in a 
diameter of 11.6 nm consistent with 
the original colloidal sample 
encrusted with salts.  Further 
assignment of the dimer peak to 14.8 
nm, the trimer peak to 17.4 nm, and 
the tetramer peak to 19.4 nm was 
confirmed by specifically depositing 
particles corresponding to each peak 
exiting the DMA on a TEM grid 
inside an electrostatic deposition 
chamber.  TEM then confirms the 
identity (i.e the peak labeled as 
tetramer does contain four particles). 
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Figure 1. Interaction potential for two 
spherical colloidal nanoparticles. Curve 1: 
reaction-limited regime; Curve 2: 
intermediate regime; Curve 3: diffusion-
limited regime.  
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Figure 2. Ion-mobility spectrum of colloidal Au 
ammonium acetate solution at different ionic 
strength conditions. 
 

246



2.  Development of Self-Assembled Nanoemulsion Fluids 
 
The strategy of adding solid particles to improve 

thermal conductivity of fluids has been pursued since 
Maxwell’s theoretical work was first published more 
than 100 years ago. Recently, we proposed a radically 
new design for heat transfer fluids that completely 
eliminates solid particles, and instead, uses liquid 
nanostructures assembled from surfactant molecules. 
Initial experiments were done with a thermal fluid used 
in electronic cooling, termed FC-72, which is one of a 
line of Fluorinert™ Electronic Liquids developed by 
3M Inc.. Figure 3 shows a water nanodroplet–a reverse 
micelle swollen with water–in the FC-72. The water 
nanodroplets are stabilized by the surfactant molecules 
that have hydrophilic heads (grey) facing inward and 
hydrophobic tails facing outward into the nonpolar solvent. Dispersions of such thermal-
conductive, liquid nanostructures in another immiscible, heat transfer fluids are termed 
“nanoemulsion fluids.” 

Water FC-72Water FC-72

Figure 3. Schematic diagram of a 
water nanodroplet dispersed in 
3M’s FC-72 thermal fluid. A 
micelle of amphiphiles surrounds 
the droplet. 

 

 
The preliminary results on nanoemulsion fluids are very promising. Thermal 

conductivity increase relative to pure FC-72 is plotted in Fig. 4(a) as a function of water 
loading. The enhancement in conductivity and viscosity of the fluids is found to be nonlinear 
with water loading, indicating an important role of the hydrodynamic interaction of 
nanodroplets.  The presence of 12 vol % of water raised the thermal conductivity by 52% 
compared to that of pure FC-72. Moreover, a very remarkable increase, about 126%, in 
effective heat capacity occurs in the fluids due to melting-freezing transition of water 
nanodroplets, which is clearly evident in the results obtained by a Differential Scanning 
Calorimeter (DSC) (see Fig. 4(b)).  
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Figure 4. (a) Effective thermal conductivity of the water in FC-72 nanoemulsion as a function of 
water nanodroplet concentration. (b) Cyclic DSC heating and cooling curves for the nanoemulsion 
fluids. In (b), the peak at about -20 oC is the freezing peak for the water nanodroplets in these fluids. 
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3. Effects of Fractal Aggregates on Thermal Conductivity of Nanofluids 
 
We have experimentally demonstrated the influence of fractal aggregates on thermal 

conductivity in nanofluids. Aqueous suspensions of monodisperse silica nanoparticles 
(d=25±4nm) are used as model systems, where silica nanoparticles remain as individual 
particles at pH=10.4 due to the formation of the electrical double layer. The interaction forces 
between silica nanoparticles can be varied by changing the fluid pH, resulting in a very 
different fractal dimension of aggregates. For example, through adjustment of the fluid pH 
from 10.4 to 8.0, the well-dispersed nanofluids appear to be a jelly-like material where a 
porous network of interconnected nanoparticles spans the volume of a liquid medium. 

 
It is experimentally evident that the thermal conductivity in the well-dispersed 

nanofluids (pH=10.4) is enhanced by 10.2%, which can be well explained by the mean-field 
Maxwell theory. These data are in agreement with the recent reports by the MIT (Dr. Yip) and 
UIUC (Dr. Cahill) groups. Remarkably, we found that the conductivity enhancement 
increases from 10.2% to 16.3% when the pH is tuned from 10.4 to 9.22; in short, a 60% rise 
in thermal conductivity enhancement is possible by controlling the fractal aggregates. The ES-
DMS based determination of aggregate fractal structure is underway. Fractal aggregate 
manipulation shows promise in raising thermal conductivity enhancement beyond the 
Maxwell limit. 
 
Technical Plans for 2008: 

 

• Study further how to control the aggregation kinetics in suspensions of nanoparticles 
• Explore effects of fractal aggregates on thermal properties 

o Effects of the reaction-limited and diffusion limited regimes 
o Effects of the fractal dimension and size of aggregates 

• Detect interfacial structure of nanoparticles  
• Investigate thermal transport in nanoemulsion fluids, especially the hysteresis between 

the freezing and melting temperatures of the dispersed nanostructures 
 
 

Publication: 
 
1. Z. H. Han and B. Yang, “Thermophysical Characteristics of Water-in-FC72 Nanoemulsion 
Fluids,” Applied Physics Letters 92, 013118, 2008. 
 
2. D-H. Tsai, R. A. Zangmeister, L. F. Pease Ш, M. J. Tarlov, and M. R. Zachariah, “Gas-
Phase Ion-Mobility Characterization of SAM Functionalized Au Nanoparticles,” Langmuir, 
accepted, 2008. 
 
3. D-H. Tsai, L. F. Pease Ш, R. A. Zangmeister, M. J. Tarlov, and M. R. Zachariah, 
“Flocculation Kinetics of Colloidal Nanoparticles Measured by Gas-Phase Differential 
Mobility Analysis,” Langmuir, submitted, 2008. 
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Session VII:  Photovoltaics / Photon Related 



Overview of the Helios Solar Energy Research Center 
Paul Alivisatos 

Lawrence Berkeley National Laboratory 
Berkeley, California, 94720 

 
 

The Helios Solar Energy Research Center (SERC) is a recently-formed interdisciplinary 
project involving 28 senior researchers and associated graduate students and postdoctoral 
fellows from Lawrence Berkeley National Laboratory and UC Berkeley. Other partners 
are associated with Cal Tech, MIT, Arizona State University, and UC San Diego. This  
talk will describe the project and provide a view of research results obtained since the 
formation of the program. 
  The focus of the project is the production of solar fuels, to be differentiated from 
biofuels. These fuels are comprised of carbon, hydrogen, and oxygen obtained from 
ambient carbon dioxide and water in the atmosphere and processed on a single nano-
structured platform to form the fuel molecules. This pathway does not require arable land 
or involve crops. 
   Specifically, the SERC goal is to demonstrate a solar fuel generator with 1% power 
efficiency from photon to fuel, using abundant materials and scalable manufacturing 
processes, and yielding a chemically pure fuel with energy density specifications at least 
matching those of methanol. This is a goal we feel we can accomplish, with an adequate 
level of funding, within ten years. 
 
Artificial Photosynthetic Devices 
  We are planning to construct a complex membrane-like platform that will house nano-
collectors and catalytic centers to split water and carbon dioxide and reform them. In this 
sense, the platform is much like the photosynthetic processes in leaves, and for this 
reason we term it an artificial photosynthetic device. 
  One realization of this artificial photosynthetic device is shown along with a natural PS 
system in Fig. 1. 

 

Fig. 1 

Natural 
Photosynthetic 
Membrane 

Artificial Photosynthetic 
System with arrays of nano 

photovoltaics directly attached 
to catalytic molecules 
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The project naturally divides into three thrusts: One is on individual components that 
collect light, separate charge, and catalyze reactions. A second thrust is to develop the 
membrane and integrate the components. Finally, there are cross-cutting theory groups to  
model components and processes individually, and also to model the total system. We 
believe that instrumentation will play a critical roll in accomplishing the SERC goal, and 
we have a cross-cutting instrumentation group to pool expertise to develop new 
instrumentation.  Researchers share postdocs, and can work on more than one subproject 
if they feel they can contribute. 
 
 
Components 
One important area of component research is the development of nanophotovoltaics. 
which  are specially designed to provide charge to catalytic molecules. One subproject 
team is working to combine efficient photovoltaic charge generation in semiconductors 
with the corrosion resistance and catalytic activity of oxides. Another subproject team is 
investigating nanodot, nanorod systems to optimize charge production. A third is 
studying single-molecule organic photovoltaics. Recent results in these areas will be 
presented. In addition to nanoPV’s, SERC contains a large catalysis effort, which will be 
discussed. There is also a project to develop light-protection mechanisms for the organic 
components of the integrated systems. 
 
Integrated Systems 
Within the Integrated Systems subtask there are two efforts. One works on developing 

inorganic photosynthentic units in 
which catalysts are joined to 
inorganic assemblies. Pictured in Fig. 
2 is an example of this integration, 
actually an element in the unit shown 
in Fig. 1. The other effort focuses on 
the synthesis of artificial membranes, 
including polymer and inorganic 
assemblies. 
 
Theory 

We believe that theoretical and computational efforts will accelerate the progress of this 
SERC, and seven of our colleagues are theorists. They focus on areas of chemical 
dynamics, reaction path techniques, self-assembly, ab initio electronic structure theory in 
liquids, and solid-state electronic structure theory. They will all contribute to individual 
subprojects and to the development Helios Simulator, which is an integrated multi-
physics, multiscale model that will be used to determine the optimal operating parameters 
of the components. 
 
 
 

 
 

Fig. 2 
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1 

 

 
Figure 1.  At left, schematic of coupling to waveguide modes in a photovoltaic 

absorber via metal nanoparticles excited near their localized surface plasmon 

resonances.  At right, incoupling of light to a photovoltaic absorber via coupling 

to surface plasmon polariton modes at a semiconductor/metal film interface. 

Plasmonic Photovoltaics 
Harry A. Atwater 

Thomas J. Watson Laboratories of Applied Physics 
California Institute of Technology 

MS 128-95 
Pasadena, CA 91125 

haa@caltech.edu 
 
Program Scope  

To date, little systematic thought has been given to the question of how plasmon excitation 
and light localization might be exploited to advantage in photovoltaics.  This proposed effort 
aims to change that. Using insights derived from the rapid developing plasmonics field, we seek 
to dramatically modify the light absorption and carrier collection characteristics of photovoltaic 
materials and devices. In particular, the ability of plasmonic structures to localize light at 
subwavelength dimensions is synergistic with use of ultrathin quantum dot and quantum well 
photovoltaic absorber materials.  

Conventionally, photovoltaic absorbers must be optically ‘thick’ to enable nearly complete 
light absorption and photocarrier current collection.  They are usually semiconductors whose 
thickness is typically several times the optical absorption length.  For silicon, this thickness is 
greater than 100 microns, and it is several microns for direct bandgap compound 
semiconductors, and high efficiency cells must have minority carrier diffusion lengths several 
times the material thickness.  Thus solar cell design and material synthesis considerations are 
strongly dictated by this 
simple optical thickness 
requirement.   
Dramatically reducing 
the absorber layer 
thickness could 
significantly expand the 
range and quality of 
absorber materials that 
are suitable for 
photovoltaic devices by, 
e.g., enabling efficient 
photocarrier collection 
across short distances in 
low dimensional 
structures such as 
quantum dots or quantum wells, and also in polycrystalline thin semiconductor films with very 
low minority carrier diffusion lengths. 

The consequences of plasmonic structure design for photovoltaics are potentially complex 
and far-reaching, but we choose to focus this proposed effort on modifying optical absorption in 
photovoltaic materials.  Specifically, we will investigate two phenomena related to modifying 
light absorption in photovoltaic structures: 

1. Ultrathin Planar Surface Plasmon Polariton Photovoltaic Absorbers  
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2 

 

Figure 3.  Ag nanoparticle arrays on GaAs fabricated by 

mechanically-masked liftoff using anodized aluminum 

oxide templates as lithographic masks. 

 
Figure 2.  Schematic of thin GaAs solar cell used 

in nanoparticle scattering incoupling 

experiments.   
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Figure 4. GaAs plasmonic cell spectral response; 

cell photocurrent is normalized by photocurrent 

in GaAs cell without nanoparticle incouplers 

2. Spectral Tuning of Enhanced 
Absorption and Emission in 
Coupled Quantum Dot/Metal 
Nanoparticle Absorbers 

Our approach combines experiments, theory, and simulation, utilizing both ‘top-down’ and 
‘bottom-up’ nanofabrication, analytic theory and full-field electromagnetic simulation. We are 
developing prototypical solar cell structures that illustrate potential planar surface plasmon 
polariton absorbers and coupled quantum dot/metal nanoparticle absorbers.   
 
    Recent Progress 

We have used thin GaAs single junction solar cells as laboratory for investigation of the 
modification of photocurrent that results from light incoupling via nanoparticle arrays.  Figures 
2-4 illustrate the cell schematic, Ag nanoparticle arrays and normalized cell photocurrents 
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3 

 

respectively.  The results indicate a marked enhancement in collected photocurrent near the 
GaAs absorption edge at 880 nm, and a decreased photocurrent at blue wavelengths due to 
absorption near the metal nanoparticle localized surface plasmon resonance, particularly for the 
smallest particles.  A simple Lambertian scattering model for the metal nanoparticle array 
accounts for the principal features seen experimentally in the normalized photocurrent 
measurements. 
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Engineering Optical Conductivity in Short Period Oxide Superlattices  
Xiaofang Zhai1,2 , C. Mohapatra1,2, A. Shah2,3, A. Bhattacharya 4,  J. G. Wen2 , J. M. Zuo2,3,  
J. N. Eckstein 1,2 *  (Photocatalytic Materials)  eckstein@uiuc.edu 
1 Physics Department, and 2 The Frederick Seitz Materials Research Laboratory, University of Illinois at Urbana-
Champaign; 
3 Materials Science and Engineering Department, University of Illinois at Urbana-Champaign; 
4 Materials Science Division, Argonne National Laboratory 

Novel properties that do not exist in the bulk phases have been engineered to occur at oxide interfaces, 
such as ferromagnetism1 and large carrier densities found at the interfaces of band insulators1-5. Oxides 
also have interesting optical properties, including photocatalytic activity. Artificial materials in which the 
electronic structure and optical absorption is controlled by layering architecture may provide a way to 
tailor the absorption and electron dynamics for improved performance. To study what is possible, we 
have fabricated digital superlattices consisting of super cells of N layers of LaMnO3 and N layers of 
SrTiO3, N=1, 2, 3, 8, and measured their complex optical conductivity to probe the way in which the 
electronic structure of the superlattice depends on N. We have observed a simultaneous blue shift of the 
lower energy Jahn-Teller(J-T)/Mott gap absorption spectra and a corresponding red shift of the higher 
energy charge transferring band gap absorption spectra, becoming stronger as N decreases from 8 to 1. 
We have also observed a new transition peak originating from states that arise at the interfaces. This 
method of inventing new electronic structure appears promising for engineering new optical materials. 

At the interface in a digital superlattice, the 
polarization symmetry is broken and the charge 
distribution is reconstructed5,6,7. As a result the 
reconstructed density of states (DoS)8-12 at the 
interface introduces qualitatively different 
properties that do not exist in either of the 
constituent bulk phases. Many experiments 
have focused on the resulting DC properties, 
but there hasn’t been exploration, as far as we 
know, of the optical properties of complex 
oxide digital superlattices. In this paper, we 
study how the optical band structure is 
controlled by interfaces by changing the period 
N of the interfaces in a series of digital 
superlattices of NLaMnO3/NSrTiO3. 

SrTiO3 and LaMnO3 both have ABO3 
perovskite structure with B site in an octahedral 
center surrounded by oxygen, as shown in figure 1a. SrTiO3 is a “charge transfer” insulator in which the 
valence band mainly made of oxygen states is full, while the conduction band which is mainly derived 
from the titanium 3d orbitals is empty13. The valence band in LaMnO3 is made of higher energy 3d 
electrons on Mn3+ sites and lower energy 2p electrons on O2- sites. Four Mn 3d electrons reside on 3 t2g 
orbitals and 1 eg orbital with the same spin direction because of crystal field splitting and Hund’s Rule 
respectively. Below 700C, in single crystal LaMnO3 Jahn-Teller distortion14-15 lifts the degeneracy 
between eg

1 (│3z2-r2>) and eg
2 (│x2-y2>) states and forms a gap between them. On-site Coulomb repulsion 

also splits the filled eg
1 band and empty eg

2 band and causes Mott-Hubbard insulating behavior16-17. It is 
not clear to us which effect is more prominent in LaMnO3

18-20. The schematic DoS of SrTiO313 and 
LaMnO3

18 based on band theory are drawn in figure 1b with oxygen bands of two materials aligned.  

Figure 1 The lattice structure and band structure of SrTiO3 
and LaMnO3. (a) The lattice structure of perovskite oxide-
ABO3. A is the alkaline atom in orange color and B is the 
transition metal atom in green color. (b) Schematic band 
structure of SrTiO3 and LaMnO3. The energy scale is based on 
band theory calculations11,16. The oxygen bands of both are 
aligned. 
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To study the electronic structure and the possible reconstruction we employed spectroscopic 
ellipsometry and measured the optical conductivities (σ). The σ of LaMnO3 was scaled to half of it for 
better comparison with the superlattices. Figure 2a shows the effective gap energy between eg

1 and eg
2 (J-

T/Mott) continuously shifted to higher energy as N decreases, from 1.6eV to 1.8eV. Simultaneously, the 
absorption edge of the charge-transfer gap, between Oxygen 2p states and Mn/Ti 3d states, is shifted to 
lower energy by about the same amount. The most provocative observation is a new absorption peak 
appearing at a constant energy of 2.3eV in the superlattices. The peak height of this transition linearly 
increases with density (1/N), shown in figure 2b.  

The NSrTiO3/NLaMnO3 superlattices and 
pure LaMnO3 sample were grown on SrTiO3 
substrates using ozone assisted atomic layer by 
layer MBE. In order to grow samples in the 
layer by layer way, Rutherford backscattering 
(RBS) was used to calibrate flux of each 
evaporation source to an absolute accuracy of 
within 1%. In-situ RHEED oscillations 
confirmed the layer by layer growth. The 
growth temperature and ozone pressure were 
chosen to be 700oC and 2x10-6 Torr in order to 
optimize the film growth. The superlattices and 
the LaMnO3 sample were all approximately 50 
nm thick. DC conductivities of the superlattices 
and LaMnO3 sample all follow the Arrhenius 
law, )KT2/Egexp(/1/1 0 −= σσ , as shown in 
Figure 3b. The Eg values for LaMnO3, 2x2 and 
1x1 superlattices are 304meV, 314meV and 330meV. The increase of the DC gap energy is consistent 
with an increase of the optical gap between eg

1 and eg
2. Further more, the absence of variable range 

hopping indicates the samples are relatively free of disorder. 
Scanning transmission electron microscopy 

(STEM) shows a distinct layer by layer 
morphology of a N=2 superlattice sample in 
Figure 3a. It is an image taken from of a very 
thin sample along (1 0 0) direction on a JEOL 
JEM 2200FS TEM with an aberration correcting 
probe. The intensity of scattering is proportional 
to the atomic number Z of the scattering center 
ion. The brightest spots are from La atoms. The 
second brightest spots are from Sr atoms. The 
dimmer spots are from Ti and Mn atoms. The 
layer by layer distinction is kept throughout the 
whole sample.  

The simultaneous blue shift of the J-T/Mott 
gap (eg

1→ eg
2) and red shift of the charge-

transferring gap as N decreases can be explained by Mn and Ti 3d band hybridization at the interface, 
where the lower energy Mn 3d states and higher energy Ti 3d states interfere in the out-of-plane direction. 
The hybridization results is the lower-energy band shifting up and higher-energy band shifting down in 
energy. Both eg

1 and eg
2 bands of Mn shift up in energy but eg

2 shift up more since Mn eg
2 band is closer to 

Ti 3d band in energy. Therefore the gap between eg
1 and eg

2 increases as N decreases. The CT transition 
edge shifts to lower energy as the superlattice period decreases, because it is mainly composed of Oxygen 

Figure 2 Optical conductivities measured at room 
temperature. (a) The optical conductivity of NSrTiO3/NLaMnO3 
superlattices plotted toward the left axis, half of the optical 
conductivity of a LaMnO3 thin film is plotted toward the right 
axis. A dashed line is drawn at 2.3eV. The green color short line 
is drawn at 2.5e4 S/m. (b)The heights of the new transition peaks 
at 2.3eV of N=1, 2, 3, 8 superlattices. A linear fitting (green 
color) extends to 2.5e4 S/m at interface frequency of 0. 

Figure 3 STEM image and DC conductivity. (a) 
STEM image of a 2x2 superlattice sample taken along (1 0 0) 
direction on a JEOL JEM 2200FS TEM with a probe forming 
aberration corrector. (b) DC conductivity of the LaMnO3 thin 
film, 2x2 superlattice and 1x1 superlattice measured by van 
der Pauw method24.  
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2p to Ti 3d transition. This explanation is based on the assumption that Oxygen 2p states are aligned at 
the same energy level in LaMnO3 and SrTiO3.  

The linear dependence of the new peak’s intensity at 2.3eV upon the interface layer density in figure 
2b demonstrates this peak originates from reconstructed interface states. Furthermore, the observation in 
figure 2a that the peak remains at a constant energy indicates these states are localized. The sum-rule of 
the optical conductivity states 

                                                    ∫ =
m2
Ned)( eff

2π
ωωσ ,  

where ω is the frequency of the electromagnetic excitation. m is the free electron mass. Neff is the number 
of electrons per unit volume. In order to calculate the interface electron density, we convert Neff to be 
ζ/(Na). ζ is the electron sheet density at one interface, N is the superlattice period, a is the out-of-plane 
lattice constant which is about 3.9Å. We make the approximation that the new absorption peak has a 
Gaussian distribution, then ωΔσπωωσ∫ = 0d)( , where σ0 is the peak intensity and Δω represents the 

width of the peak. The sum rule is then converted to: 

                                                     
N
1

ma2)(
e2

0 ⋅=
ωΔπ

ζπ
σ  

In figure 2b σ0 of the 2.3eV peak is fitted as: )m/S)(4e5.2
N
17085(0 +⋅=σ . Therefore 

ma2)(
e2

ωΔπ

ζπ is 

equal to 7085 S/m. ζ is calculated to be 1.43*1012 #/cm2 at room temperature. In semiconductor 
superlattices the alternating barrier and well structure give rises to so called ‘mini-bands’ and the band 
energy is dependent on the superlattice structure. In our observation the new transition peak energy 
doesn’t depend on N and is not from ‘mini-band’.  

To conclude, we made digital superlattices of NSrTiO3/NLaMnO3, N=1, 2, 3, 8, and observed not 
only systematic blending of the density of states from the two constituent materials dependent on N but 
also new reconstructed interface states.  
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Program Title: Investigation of Metallic Photonic Crystals for the Modification of 
Thermal Emission 
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In this research program, we have successful realized 3D metallic photonic crystals for thermal 
emission in the infrared and visible wavelengths. We have also carried out basic material studies 
to allow for a successful conformal coating of high temperature metals (Pd and Ir) onto a complex 
3D structure. Finally, we have grown the darkest manmade material ever for perfect solar 
absorption at all wavelengths-of-interest and for all angles-of-incidence.  

We have implemented several methods to realize 3D metallic photonic crystal that includes both 
the top-down and bottom-up approaches. For the top-down method, we utilize RPI’s state-of-the-
art silicon micro-fabrication cleanroom for a large scale sample fabrication. We have successfully 
made an eight-inch 3D Cu photonic crystal, which is the largest infrared 3D photonic crystal ever 
been produced. We have also been successful in making 3D visible photonic crystal with a 
minimum feature size of 100nano-meter.  

For the bottom-up approach, we explore a new material growth method which is totally different 
from the traditional ones, that is, either the fabrication or self-assembly methods. Our new 
method is based on glancing-angle-deposition that produces a sequence of slanted rods, the spiral 
photonic crystal. This is an attractive way to make large scale, spatially coherent 3D structure 
with both low cost and high processing speed.  

yx

z

Silicon Substrate300 nm

Figure 1 (a) An eight-inch diameter, large scale 3D Cu photonic crystal structure fabricated at RPI’s 
microfabrication cleanroom; (b) A SEM image of a fabricated four layer 3D Au photonic crystal, 
having a minimum feature size of 100 nanometer; (c) A schematic of the layer-by-layer photonic 
crystal, consisting of  Au nano-rods (yellow), spacer (pink) and spin-on-glass (blue 

(Au)

(spacer)

(a) (b) (c)

8-Inches

yx

z

Silicon Substrate300 nm
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Figure 2 (a), (b) A side view image of a completed 3D spiral photonic crystal structure with 3 and 4 unit 
cells, respectively. 
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We have also investigated versatile methods for metallic material coating at the nanometer scale. 
The methods we have been working on include chemical vapor deposition (CVD), atomic layer 
deposition (ALD), electroless deposition (ELD), or a combination of these techniques.  So far, we 
have been successful in ALD deposition of thin layer (10nm-50nm) of Pd and Ir materials.  
 
Finally, we study a vertically-aligned carbon nanotube array as a perfect absorbing material. This 
material serves as an important foundation for solar utilization, as it can maximize the energy 
transfer from sun ray into a thermal radiator such as our metallic photonic crystal. Due to the low 
density array and the surface randomness of our material, we have achieved a total reflectance of 
0.045% and a corresponding absorptance of 99.955% (a new world record) in the visible 
wavelengths.  We believe these combined research efforts will enable a much improved selective 
thermal emission and efficiency of thermophotovoltaic energy conversion. 
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Figure 3 (Left) A schematic diagram of a system capable of achieving high efficiency (50%) solar-to-
electricity conversion. The system consists of a lens for solar concentration, an all-angle, all-
wavelength perfect dark absorber, a selective thermal radiator and a photovoltaic cell; (Right) A photo 
of a NIST certified 1.5%  reflectance standard and our newly discovered nanotube array sample, having 
a 0.045% total reflectance.  This is the darkest manmade material and has been granted a new Guiness 
world record in 2008. 
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Program Scope:  
This research program on nanophosphors - nanostructured inorganic insulating 

luminescent materials - started in April 2005. While an intense investigative effort on the 
optical properties of nanostructured semiconductors has been carried out for more than a 
decade, luminescence phenomena in nanophosphors remained largely unexplored until 
recently. Many unique effects have been observed in nanophosphors, among them size-
dependent luminescence emission, red-shifted emission and excitation bands, 
fluorescence lifetime dependence on the embedding medium, quenching curves shifted to 
higher concentrations, and larger Stokes shift. Of particular interest are nanophosphors 
doped or containing rare-earth (RE) ions. RE ions are particularly effective as 
luminescent centers and are commonly utilized to produce high quantum efficiency bulk 
phosphors; accordingly, these are the nanophosphors of choice for our current research. 
These considerations lead to the logical scientific question: How does reduced 
dimensionality affect the physical and chemical behavior of nanophosphors ?  

In order to answer this fundamental question, nanophosphor synthesis by solution 
combustion and precipitation methods with high production output together with detailed 
structural characterization are combined with a suite of luminescence techniques, 
including photo- and radioluminescence, optically and thermally stimulated 
luminescence, and fluorescence lifetime measurements. Electron paramagnetic resonance 
is employed to provide additional chemical information, particularly on the local site 
symmetry of the luminescent center. Additionally, theoretical modeling of the 
temperature and dopant concentration dependence of the lifetime in nanophosphors 
provides fundamental insights into energy transfer and radiative processes that span 
timescales from nanoseconds to seconds. Of particular importance is the effect of the 
crystalline electric field (CEF) surrounding the luminescent center to the luminescence 
characteristics. This topic is presented in more detail in the next session.  
 
Recent Progress:  

The structural and luminescent properties of 5at.% Eu-doped Gd2O3 nanocrystals 
were investigated. The material was synthesized by the solution combustion technique 
and characterized by x-ray diffraction (XRD), transmission electron microscopy, and 
photoluminescence measurements. The as-prepared material presents predominant base-
centered monoclinic structure with average crystallite size of 35 nm. Isothermal 
annealing at 1000 oC for up to 152 hrs. induced gradual structural transition toward the 
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body-centered cubic structure. Debye-Scherrer analysis of XRD results showed that 
annealing did not induce grain growth of monoclinic nanocrystals, while cubic 
nanocrystals reached 47 nm after annealing for 152 hrs. More importantly, changes in 
crystal size within the ~30-40 nm range are not expected to alter the optical properties of 
these materials (quantum confinement effects) due to the highly localized character of the 
4f-4f electronic transitions in Eu3+ ions. On the other hand, in RE-doped phosphors, the 
electronic properties of the dopants generate optical activity in the material. The RE ions 
are affected by the local host characteristics, including crystalline structure, local 
symmetry, degree of structural disorder, and defects, through the effective local CEF. In 
the particular case of Eu-doped Gd2O3, the forbidden 4f transitions become allowed by 
the Stark effect due to coupling of the Eu3+ energy levels with the CEF of the host. 
Consequently, these optical transitions are very sensitive to the local symmetry and 
structural environment, and the observed gradual change in line emission intensity was 
correlated to the progressive structural transformation from monoclinic to cubic structure 
(Fig.1). This is further demonstrated in Fig. 2 where the 621/609 PL lines intensity ratio 
is linearly correlated with the (111) monoclinic/(222) cubic XRD intensity ratio. The 
inversion of the predominant photoluminescence emission line from 621.4 to 609.5 nm 
was observed and related to changes in the CEF resultant to phase transformation from 
cubic to monoclinic. The localized nature of the electronic distribution of the rare earth 
ions precludes the observation of size effects in nanocrystals tens of nanometers in size; 
conversely they are excellent probes of changes in the local crystal field symmetry. 
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Fig. 1 - Selected high resolution PL 
spectra of the 5D0→

7F2 transition from 
Gd2O3:Eu annealed at different times and 
excited at 277 nm.  

Fig. 2 - Correlation between the 621/609 PL 
lines intensity ratio with the XRD (111) 
monoclinic/(222) cubic intensity ratio. 

 
Future Plans:  

Nanophosphors extend the materials realm for quantum confinement investigation 
and have already exhibited new behavior. These materials are commonly composed or 
doped with RE ions, whose optical transitions are of the type 4f → 5d or 4f → 4f. 
Thereby, they serve as a probe of reduced dimensional behavior because f electrons are 
highly localized to dimensions much smaller than the nanoscale host. Ground state f 
electrons also experience spin-orbit coupling of the electron with the magnetic field due 
to relative orbital motion of the nucleus and electron, whereas excited state d electrons 
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are subjected to crystal field splitting dependent on local crystalline symmetry. These two 
experimentally measurable effects provide additional insight into the role of reduced 
dimensionality on the optical properties of nanophosphors. Careful measurements of the 
variation in these parameters as one moves from macroscopic to nanoscale dimensions 
will provide fundamental information on the underlying mechanisms associated with 
reduced dimensionality. By exploiting conventional and photochemical-assisted solution 
precipitation reactions, a variety of oxide and halide nanophosphors can also be made to 
extend our capabilities to systematically vary materials properties. 

We propose an original approach to answer the fundamental question presented in 
the Program Scope by using a core-shell nanoparticles-by-design approach. Core-shell 
nanoparticles are essentially nanoparticles with the deliberate growth of an encapsulating 
shell material. Our proposed Research Program comprises synthesis and characterization 
of oxide and halide core-shell nanophosphor structures, composition and functional 
properties measurements integrated with theoretical modeling of the energy transfer 
between luminescent sites and traps. Our capability to thoroughly address each and all of 
these elements makes us uniquely qualified to perform the proposed research. The 
potential impact of the proposed research will clarify the effects of reduced 
dimensionality on the optical properties on insulators, which ultimately will shape the 
strategies for exploiting these materials for technological advantage. Our proposed new 
research extends the use of core-shell nanostructures in three distinct thrusts: 1) as a 
means of developing a new class of nanoceramics made from non-cubic nanophosphors, 
2) as a means of isolating and controlling nanophosphor surfaces, and 3) as a platform for 
studying and manipulating energy transfer between RE ions in nanophosphors. This 
proposed work strongly supports DOE’s Office of Science focus on nanoscience 
discovery, development of fundamental scientific understanding, and conversion of this 
knowledge into useful technological solutions that benefit the nation. 
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1: Program Scope 
 

The objective of this program is to design and synthesize novel porous photoelectrode structures 
and materials for efficient dye-sensitized solar cells (DSSCs). The idea is to create nanostructures with 
both high surface area and long electron diffusion length by employing nanoparticle/nanowire (NP/NW) 
composites and “nanotree” arrays. In NP/NW composites, the agglomerated nanoparticles (NPs) provide 
high surface area for the tethering of dye sensitizers, while the single-crystalline nanowires (NWs) provide 
pathways for fast electron transport. NWs can also act as light scattering centers to enhance the optical 
density of the electrode, and improve the mechanic strength of the film. The composite materials can, 
therefore, provide great flexibility in tuning the electronic, optical and mechanical properties, and thus 
enhance the efficiencies of DSSCs. Similarly, arrays of “nanotrees” with densely branched architecture can 
also provide the high surface area and efficient transport of charge carriers.  
 

In addition, we will aslo carry out a systematic investigation of multi-cation oxides for the DSSC 
application. In comparison with simple binary oxides such as TiO2, SnO2 and ZnO, multi-cation oxides can 
be prepared with tailored electric, optical, chemical and physical properties. Therefore, a full exploration of 
the multi-cation oxides could discover new promising phases for DSSC application. 

 
The overall plan for carrying out this program includes (1) synthesizing single-crystalline NPs, 

NWs and Nanotrees. The materials that we are interested in include both binary oxide materials such as 
anatase TiO2, ZnO, SnO2, WO3, and also multi-cation oxide materials such as ZnSnO3, Zn2SnO4 and 
Cd2SnO4; (2) Measuring the performance of DSSCs based on nanocrystalline multi-cation oxides; (3) 
Integrating NPs and NWs into composites. The NWs can be randomly oriented, or in the form of vertical 
NW arrays; (4) Investigating electron transport and recombination in the complex architectures probed by 
both time-domain and frequency-domain techniques; (5) Evaluating the energy conversion efficiency of 
solar cells based on the proposed complex architectures. 
 

The proposed research program will bring progress in designing and fabricating new structures 
and materials at the nanoscale for energy-related application and establish an understanding of the electron 
transport process in the complex nanoscale architectures.  
 
2: Recent Progress 
 

Developing complex oxides as anode materials. 
In previous research reports, the anode materials have 
mostly been limited to simple binary oxides such as 
TiO2, ZnO and SnO2. The application of complex oxides 
in DSSC has been rarely explored. Considering the 
availability of a wide range of complex oxides and their 
tunable properties, it is interesting to investigate their 
applications in DSSC. Potentially, new materials with 
better performance than anatase TiO2 could be found. 
The first ternary oxide that we have investigated is 
Zn2SnO4, considering ZnO and SnO2 have both been 
used as anode materials. Zn2SnO4 is a transparent 
conducting oxide material with high electron mobility 
and a band gap of 3.6 eV. We synthesized Zn2SnO4 NPs 
with size in the range of 10-60 nm by a hydrothermal method. Using cis-bis(isothiocyanato)bis(2,2'-

 
Fig. 1 TEM image of Zn2SnO4 
nanoparticles (left) and the I-V curve of 
the dye cell sensitized by N719 with a 5.6 
μm thick film of Zn2SnO4 nanoparticles 
(right). 
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Fig. 2. Photoelectrochemistry 
experiment of TiO2 NPs film in 1 M 
KCl, 1 M AcO- at pH 4.8 in dark and 
under Hg lamp illumination.  
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bipyridyl-4,4'-dicarboxylato)-ruthenium(II) bis-tetrabutylammonium (also referred to as N719) as the 
sensitizer, we have measured 
the performance of Zn2SnO4 
DSSCs with various Zn2SnO4 
film thicknesses and compared 
the results with TiO2-based 
DSSCs using P25 
nanoparticles. When the film 
thickness is less than ~6 μm, 
the Zn2SnO4 DSSCs show 
higher short-circuit current and 
efficiency than P25 DSSCs. 
Moreover, in comparison with 
ZnO as its simple component 
oxide, Zn2SnO4 electrode is 
stable against acidic dye 
solution. Inspired by the 
promising performance of 
Zn2SnO4 electrode, we have 
then synthesized a series of 
other ternary oxides. As 
summarized in table 1, DSSCs 
based on these ternary oxides 
sensitized by N-719 dye show 
low efficiencies. The possible 
reason could come from the 

undesirable energy alignment between the conduction band of the complex oxides and the LUMO of the N-
719 dye. In order to confirm and overcome this problem, we need to measure the band structure of the 
complex oxides as described below, and then select sensitizers with matched energy alignment to ensure 
the spontaneous downhill electron transfer from the 
sensitizers to the oxide support.   
 

Measuring band structure of complex oxides. Our 
goal is the complete characterization of the energy levels of 
our semiconductors: to determine the relative dispositions of 
the conduction band (CB), valence band (VB) and Fermi 
levels (EF). For a DSSC, the maximum open circuit voltage 
(VOC) is the difference between the quasi Fermi level of the 
anode and the potential of the redox mediator. For a TiO2-
DSSC with I-/I3

- couple, the EOC maximum is ~0.8 V; 
currently, reported values are > 0.7 V, which is approaching 
the limit of the material. Our goal is to develop new 
complex oxides to increase the maximum VOC and cell 
efficiency. Thus, we have synthesized the oxides in Table 1, 
and we are currently working on the band structure 
measurements. 

We follow the usual practice to take as a first approximation that the flat band potential value (Efb) 
gives the position of the conduction band edge for an n-type semiconductor like TiO2. The commonly used 
method for measuring Efb is the Mott-Schotky equation. However, the use of the Mott-Schotky equation to 
NP films is somewhat controversial. Our preliminary results show that its application to TiO2 NPs and ZnO 
NWs is complicated due to the presence of additional states such as surface states and defects. Another 
method is to use photoelectrochemistry, in which the onset of the photocurrent is used to measure Efb. In 
Fig. 2 we have used TiO2 as a model material and determined Efb = -0.347 V vs Ag/AgCl (-0.150 V vs 
NHE), which is consistent with previous reports. We are working in reproducing Efb measurements as a 
function of pH, and studying the dependence of Efb with different solvents (e.g., acetonitrile) and 
electrolytes, since this is relevant to DSSC performance. We will then apply the method to the ternary 

Oxide Band 
gap 
(eV) 

Jsc  
(mA/cm2) 

Voc (V) Fill 
factor 

Efficiency 
(%) 

Zn2SnO4 3.6  9.3 0.62 0.66 3.8 

ZnGa2O4 4.0 0.030 0.26 0.55 0.0042 

ZnAl2O4 3.8 0.0050 0.28 0.53 0.00074 

ZnWO4 3.75 0.038 0.28 0.30 0.0033 

ZnTiO3 - 0.080 0.43 0.38 0.012 

ZnNb2O6 - 0.023 0.21 0.28 0.0014 

MgSnO3 - 0.46 0.58 0.44 0.12 

CaSnO3 4.4  0.040 0.30 0.30 0.0033 

SrSnO3 4.1 0.42 0.48 0.45 0.091 

BaSnO3 3.1 0.060 0.32 0.27 0.0052 

TiNb2O7 3.0 2.2 0.46 0.58 0.60 

 
Table 1. Summary of the performance of DSSCs based on ternary 
oxides sensitized by N-719 dye. 
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NPs

NWs

Fig. 4. Complex TiO2 NWs and 
NPs film after transference to a 
SEM sample stub.  

Fig. 3. ZnO nanowire arrays before (A) and 
after (B) the infiltration of TiO2 nanoparticles 
by electrophoretic deposition.  

 A 

 B 

Fig. 5. A) SEM image of 5 
μg/cm2 of  Pt/FTO/ glass B) A 
TiO2 mesoporous support  

oxides that we have developed. Finally, the use of 
photocurrent and electrochemical impedance to 
measure and characterize surface and intragap 
states is also being pursued. 
 

Assembling NP/NW composite 
architectures. DSSCs have been fabricated based 
on composites of anatase TiO2 NPs and single-
crystalline anatase TiO2 NWs. NP/NW composites 
can possess the advantages of both building 
blocks, i.e. the high surface area of NP 
agglomerates and the rapid electron transport rate and the light 
scattering effect of single-crystalline nanowires. An 
enhancement of power efficiency from 6.7 % for pure 
nanoparticle cells to 8.6% for the composite cell with 20 wt% 
nanowires has been achieved under 1 Sun AM1.5 illumination. 
These results show that employing NP/NW composites 
represents a promising approach for further improving the 
efficiencies of sensitized solar cells. We have also synthesized 
ZnO NW arrays and then used electrophoretic deposition to 
infiltrate the NW arrays with TiO2 NPs (Fig. 3). In this 
configuration, every NW is directly attached to the substrate, 
providing a more effective pathway for the transport of 
electrons than random agglomerated NWs. We are in the 
process of optimizing the electrophoretic deposition and testing 
the dye cell performance.   
 

Developing NW-based flexible dye cells. We have 
found that a 20 μm thick film of TiO2 NWs on FTO glass detaches when heated at 120 °C and then quickly 
immersed in EtOH at room temperature. The film remains complete and can be further manipulated 
without destroying it. The film can thus be transferred to a plastic support after it has been heat treated on 
glass which should improve the efficiency of flexible solar cells. 
This can be extended to NWs films covered with TiO2 
nanoparticles. This complex nanostructure can be detached and 
transferred to a different substrate as shown in Fig. 4. We are 
currently working on achieving connection to a new support for 
solar cell fabrication.  
 

Optimizing Pt NP counter electrode. In the classical 
Grätzel cell, the counter electrode is made of Pt NPs at a loading of 
5 μg/cm2 on FTO-covered glass. The use of Pt is necessary as it is, 
to the best of our knowledge, the best catalyst for the I3-/I- 
reduction that takes place in the cathode of the cell. This electrode 
is made by a “platinization” procedure by dropping H2PtCl6 
solution in alcohol onto FTO glass followed by annealing at 385 
°C. This procedure has little control over the dispersion and size of 
the Pt NPs. An example of such an electrode is given in Fig. 5A. 
Due to the cost of Pt, it is of interest to further reduce the Pt 
loading that can provide the 20 mA/cm2 of short circuit current 
density that state-of-the-art DSSCs have achieved. Our approach 
includes the use of mesoporous TiO2 as a support for Pt NPs to 
achieve control of NP size and the dispersion of Pt on the surface. 
An example of such a support is given in Fig 5B. By varying the 
composition of the mesoporous TiO2 precursor solutions we can 
achieve different mesopore sizes and shapes, and use this to 
control the size, dispersion, and electrocatalytic activity of the Pt 
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NPs.   
 
3: Future Plans 
 
 Measuring band structure of new anode materials. We will determine the band structure of the 
ternary oxides that we have synthesized (table 1) using techniques such as optical electrochemistry, 
photoelectron spectroscopy and diffusive reflectance measurement. The knowledge of the conduction band 
position will help us select sensitizers with matched energy alignment. A focus is to develop cells with 
increased open circuit voltage using anode materials with more negative conduction band edge than TiO2. 
We will also try to establish collaboration with an organic chemistry group for the synthesis of dye 
molecules. 
 

Synthesizing p-type oxide nanoparticles. The goal is to investigate new p-type wide bandgap 
semiconductors for solid-state dye cells and p-type dye cells. Solid-state dye cells use solid hole conductor 
in stead of the liquid electrolyte solution in order to avoid the liquid leakage issue. Recently, CuBO2 has 
been shown to have high hole mobility (~100 cm2 V-1 s-1), which is significantly higher than other known 
p-type oxides such as NiO and CuAlO2. Therefore, we will develop synthetic method to synthesize   
CuBO2 nanoparticles, so that they can effectively penetrate into the sensitized porous anode film. We will 
also explore suitable dyes or quantum dots as cathode sensitizers to build p-type dye cells, which can be 
further assembled with normal n-type dye cells into tandem cells.  
 
 Optimizing NP/NW composite architectures. We will optimize the electrophoretic deposition 
method that drive charged ZnO or TiO2 NPs into NW arrays. We will also pattern the growth of NW arrays 
in order to control the average spacing between adjacent NWs in the NW arrays. There should be a tradeoff 
for NW density: too high NW density reduces the open space available for NP infiltration, and thus the 
specific surface area, while too low NW density reduces electron collection efficiency. In addition, we will 
also deposit Cu2O NPs and CuBO2 NPs into ZnO NW arrays to form hetero-junction solar cell and oxide 
solid-state dye cell, respectively.   
 

Investigating charge transport and recombination mechanisms and surface passivation. The goal of 
this part is to develop fundamental understanding of the charge transport and recombination mechanism. 
We will measure the charge carrier lifetime and diffusivity in the new electrode materials and architectures 
in order to establish an understanding of the relationship between the morphology and the charge transport 
property of the photolectrode. An intrinsic feature of the dye cell is the presence of extensive and diverse 
interfaces. The surface states play a critical role in controlling the charge transport and the operation of the 
solar cell. The complete energetics of the material, including that of surface and other intra-band gap states 
will be conducted with electrochemistry experiments. The recombination traps will be studied in novel 
materials and in new architectures of materials in the nanometer scale. The electrochemical behavior of the 
materials and their ability to mediate electrochemical reactions in the dark and under illumination will be 
correlated with different treatments. Changes after surface passivation and acid or base etching will confirm 
the presence of surface states. Deviations from the linear Mott-Schotky plots, attributed to surface states, 
will be further characterized as a function of frequency and potential to determine the densities of states. 
Finally, these findings will be compared with photo-luminescence and photo-spectroscopy data to construct 
the complete energy diagram of the materials. 
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Program Scope: To understand doping limits in semiconductors, wide-gap materials, and their 

nanostructures, to propose ways to overcome these limits, and to advance the general defect, impurity, 

and surface physics in semiconductors. These developments are essential to the design of new-

functionality in devices such as ultra high-efficiency solar cells, blue and UV LEDs, lasers, detectors, and 

in other solid-state photo conversion devices, with intended impacts on revolutionary energy applications, 

nanotechnology, and next-generation integrated circuits. 

Recent Progresses: (1) Our first-principles calculation unveiled a photo-induced bistability in boron doped 

silicon [5], which has the undesirable effect of limiting p-type active layer Si solar cell performance. In 

solar-grade silicon, there commonly exist oxygen impurities which form complexes with boron under 

solar irradiation. Once formed, the complexes facilitate undesirable dissipation of solar energy through 

thermal relaxations. Our findings explain a number of experiments. (2) Nitrogen clustering has been 

attributed to a number of undesirable effects in dilute III-V nitride alloys (x ~ 1%) to hinder their use for 

high efficiency solar cells. What is puzzling, however, is that the clustering is an endothermic process. 

Recently, we showed [7] that in the presence of hydrogen, which is often the case during growth, not only 

the formation of the N-H complexes but also that of hydrogenated multi-N clusters is energetically 

favored. A post growth dehydrogenation may thus lead to the observed metastable N clusters. (3) 

Typically isovalent impurity has negligible interaction with charged defects. However, in highly ionic 

semiconductors such as ZnO, this is no longer true. In a recent yet-to-be-published work, we showed that 

due to the large interaction, unintentional calcium impurities can cause a reversal of the preferred proton 

(H
+
) sites. The large spatially undulated electric field of ionic crystal is the cause. Our results appear to 

resolve the longstanding experimental puzzle concerning where hydrogen resides in ZnO. (4) In 

collaboration with an experimental group, we applied our defect-complex doping theory to phosphorus 

doped zinc oxide. P-type ZnO has been obtained, which is stable over a period greater than 16 months 

without any apparent degradation [2]. TEM studies, however, reveal massive extended defects, which 

could be the reason why such p-type ZnO does not show electroluminescence. (5) In collaboration with 

another experimental group, we studied [8] the origin of unintentional n-type impurities in ZnO. It was 

found that intrinsic double donor zinc interstitials bind strongly with nitrogen acceptors to form donor 

complexes. This could facilitate the formation of (Zn interstitial-N) complexes during post-growth 

cooling. The calculated results are in good agreement with experiments. (6) Semiconductor 

nanostructures are full of faceted surfaces. The rule of thumb to determine the structures of the surfaces is 

the electron counting model. Recently, we successfully extended the model to more practical surfaces 

such as metal-impurity covered semiconductor surfaces [6] and to sp
2
 and sp

3
 mixed structures of carbon 

(such as surface steps, nano diamond and porous graphite) [1].  (7) TiO2 nanoparticles have attracted 

much attention for their use in dye-sensitized solar cells and for their exceptional oxidation potential in 

bio applications. The understanding of photo oxidation on TiO2 surface is, however, at best fragmented. 
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In a recent study [4], we developed a theory to unify the understanding of photooxidation from hole-

scavenging, deprotonation, to self assembly of glucose covered TiO2 nanorods. The results explain a 

number of experiments. 

Future Plans: After more than eight years into the program, although we have made significant progress 

in every year, it becomes more and more clear to us that we should take the program to the next level of 

excellence not only to maintain its vitality but also to further broaden its impacts to real materials research. 

For this reason, we will steer our future research plans into two broad research areas that are currently 

very much “forbidden” zones to first-principles calculations: (1) kinetic doping limit theory and (2) 

accurate determination of defect levels beyond the density functional theory (DFT). 

(1) Kinetic doping limit theory. With today’s growth techniques, few systems of current interest are truly 

under thermal equilibrium to which and only to which the current defect theory applies. This includes the 

doping of diamond, zinc oxide, and even gallium nitride in some cases and the growth of the entire class 

of nanostructures, their doping, and defect properties. The reason that such materials can exist and their 

electronic properties can be improved is because diffusion of the defects and impurities are rare events 

and will not happen significantly over the lifetime of a device. Thus, understanding atomic diffusion is the 

key to the development of next-generation electronic materials. In the past, we have been the advocate for 

such a viewpoint and have done a series of work trying to demonstrate the point with some success. 

However, we are yet to develop a systematic kinetic doping limit theory because it requires the 

knowledge of the complex energy surface, in particular, atomic diffusion pathways and barriers. Using 

the current DFT codes, one often needs to guess the pathways before calculating the barriers. 

Alternatively, one can apply molecular dynamics (MD) to determine the diffusion pathways. Here, the 

difficulty lies in the un-physically short simulation time— picoseconds in ab initio methods and 

nanoseconds in classical model potential methods. Over several picoseconds, most of the rare events may 

not even happen, rendering the MD simulation useless. 

We are in the process of developing a new multi-scale method to accelerate defect dynamics, which we 

term stochastically accelerated MD. The point is that for rare events, one should not go through every 

individual steps of atomic vibration in order to accurately predict statistical trajectory of the diffusion. 

Thus, we employ statistical means to advance the clock without having to alter the real physical process. 

In a model potential study of hydrogen diffusion in silicon, we have obtained a very impressive 

acceleration factor > 10
3
. Yet, we are confident that another three orders of magnitude increase is feasible. 

Such acceleration factors should be sufficient to cover most of the rare events in statistically meaningful 

way. Moving forward, we will further develop the method such that it can be incorporated into first-

principles calculations. Among the first systems to apply our new approach, we will consider zinc oxide 

again to see which impurities or impurity complexes are stable enough to yield p-type conductivity. If not, 

what might be the likely cause for the conversion from p-type to n-type over a relatively short time period? 

We will consider silicon and binary semiconductor quantum dots such as those of GaAs or ZnSe to 

determine dopant outdiffusion, segregation, and thereby statistically most meaningful distributions of the 

impurities and defects. Because we are dealing with kinetic processes, indiffusion during the growth and 

out diffusion after growth can be drastically different. Therefore, we also need to explore dopant 

incorporation processes in order to determine what are the most effectively ways to incorporate them into 

the host. 
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(2) Accurate determination of defect levels. For a longtime, first-principles defect calculations suffer from 

the too small band gaps due to the use of the local density approximation (LDA). In the case of silicon, 

the calculated band gap (0.6 eV) is only half of that of experimental value (1.2 eV). In the case of oxides, 

the errors can even be larger. For example, the calculated band gap for zinc oxide (0.9 eV) is more than 

73% smaller than the experimental value (3.4 eV). In the past, people have used a scissors operator to 

artificially open up the band gap while maintaining the LDA defect level positions fixed with respect to 

the top of valence band. Such a practice may be reasonable for shallow acceptor states as they are mainly 

valence band derived states. For deep levels (which are of particular importance) and for donor states 

derived mainly from the conduction band, however, the errors could be severe. For example, LDA gives 

the oxygen vacancy donor level 0.1 eV about the LDA conduction band minimum (CBM). In the scissors 

operator approach, however, the level sinks 2.4 eV below the CBM. 

To break the impasse, we plan to carry out GW quasiparticle calculations. While quasiparticle 

calculations for Si and GaAs have been done 20 years ago, however, only recently it is possible to 

calculate the quasiparticle band gap of ZnO with adequate treatment of Zn d states which were too 

shallow in previous GW calculations. The resulting band gap is in good agreement with experiment. We 

have teamed up with the group of original development to recalculate the defect levels in semiconductors 

including ZnO. The unique computing facilities at Rensselaer Polytechnic Institute Computational Center 

for Nanotechnology Innovations (CCNI), IBM BlueGene with 32,000 CPUs, enable us to do this in a 

timely fashion. Not only we will calculate the one-particle energy levels, but we will also develop a 

method to integrate the GW quasiparticle results with those of DFT to quantitatively include the charge 

and lattice relaxation effects. If successful, this could represent a big leap in defect physics. 
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