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Executive Summary

Imagine future computers that can perform calculations a million times faster than today’s most powerful
supercomputers at only a tiny fraction of the energy cost. Imagine power being generated, stored, and then
transported across the national grid with nearly no loss. Imagine ultrasensitive sensors that keep us in the loop
on what is happening at home or work, warn us when something is going wrong around us, keep us safe from
pathogens, and provide unprecedented control of manufacturing and chemical processes. And imagine smart
windows, smart clothes, smart buildings, supersmart personal electronics, and many other items — all made
from materials that can change their properties “on demand” to carry out the functions we want. The key to
attaining these technological possibilities in the 21st century is a new class of materials largely unknown to
the general public at this time but destined to become as familiar as silicon. Welcome to the world of quantum
materials — materials in which the extraordinary effects of quantum mechanics give rise to exotic and often

incredible properties.

Just as the discovery of semiconductors revolutionized computation and information storage, and ushered in
today’s hundred-billion dollar electronics industry, quantum materials have the potential to revolutionize energy and
energy-related technologies, as well as the storage and processing of data, with possible economic ramifications of
staggering proportions. Even now new quantum materials are emerging that feature unprecedented capabilities.
One quantum material just entering the public radar is graphene — a sheet of carbon just one atom thick. Not only
is graphene 200 times stronger than steel while weighing less than paper, but electrons race through its two-
dimensional plane 100 times faster than they move through silicon. While graphene has already been identified as
a potential superstar by the electronics industry, new quantum materials are emerging to challenge it. For example,
two-dimensional (2D) transition metal dichalcogenides (TMDCs) are more device-ready than graphene and offer other
advantages for high-speed, low-power electronics. Additional breakthroughs are being seen in materials known as
“topological insulators” where novel properties are found in electronic states that only exist on the material’'s sur-
face. From TMDCs and topological insulators to materials that display other extraordinary effects such as “quantum
spin liquids” and high-temperature superconductivity, we see the dawn of a new era of quantum materials.

To realize the tantalizing potential of quantum materials, there is much basic scientific research to be done.
Recognizing the high potential impact of quantum materials, nations around the world are already investing in this
effort. We must learn how the astonishing properties of quantum materials can be tailored to address our most
pressing technological needs, and we must dramatically improve our ability to synthesize, characterize, and control
quantum materials. To accelerate the progress of quantum materials research, the U.S. Department of Energy’s
Office of Science, Office of Basic Energy Sciences (BES), sponsored a “Basic Research Needs Workshop on
Quantum Materials for Energy-relevant Technology,” which was held near Washington, D.C. on February 8-10, 2016.
Attended by more than 100 leading national and international scientific experts in the synthesis, characterization,
and theory of quantum materials, the workshop identified four priority research directions (PRDs) that will lay the
foundation to better understand quantum materials and harness their rich technological potential.



Quantum materials are solids with exotic physical properties,
arising from the quantum mechanical properties of their
constituent electrons; such materials have great scientific
and/or technological potential.

Priority Research Directions

Control and exploit electronic interactions and quantum fluctuations for design of bulk
materials with novel functionality

One of the effects of quantum mechanics is spontaneous “quantum fluctuations” of physical quantities that

can break down conventional order in solids and usher in entirely new forms of electronic order. The resulting
material properties, coupled to an extreme sensitivity to external perturbations, hold promise for novel functionality
that could impact technologies ranging from power management and transmission, to platforms for quantum
computation, to novel versatile sensors.

Harness topological states for groundbreaking surface properties

Topological materials are a newly discovered class of quantum materials with distinct electronic properties in

a protected surface region. As in graphene, the 2D electronic nature of topological materials offers potentially
game-changing advances in the energy and electronics industries because they support switchable electrical

currents on their surfaces with dramatically lower energy loss.

Drive and manipulate quantum effects (coherence, entanglement) in nanostructures
for transformative technologies

Nano-structured quantum materials can be externally manipulated beyond thermal equilibrium using new
techniques for ultra-fast, coherent excitation. The formation of quasiparticles with exotic names such as
skyrmions, magnons, and spinons, and the seemingly magical qualities of quantum effects such as coherence
and entanglement in these materials offer a pathway to ultra-fast, ultra-energy efficient computing with
seamless linkages to optical communications.

Design revolutionary tools to accelerate discovery and technological deployment of
quantum materials

The development of new methodologies and tools will accelerate the discovery of new quantum materials and
advance the ability to probe, predict, and exploit their remarkable properties.

Detailed discussions of the four PRDs along with guidelines and recommendations for achieving their objectives
are provided in Chapter 2 of this report. Chapter 3 includes the detailed background information on quantum
materials developed as part of the workshop. The full report can be accessed on-line through the BES website.
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1 Introduction

“He who sees things grow from the beginning will have the best view of them...” — Aristotle

Every day of your life, you encounter thousands of distinct materials. The text you are now reading is made either
from ink on a paper substrate or pixels on a computer display. The clothes on your back, the containers that hold
your food and beverages, the buildings that give you shelter, the vehicles that transport you, the energy systems that
power them and the roads they travel, the tools with which you work, and the devices that inform or entertain you —
all reflect the ubiquity of engineered materials in modern life.

At an accelerating pace stretching from the pre-historic age of stone tools to the age of bronze alloys, to the transfor-
mation of iron into steel, to zone-refined silicon for electronics, the progression of human society is inextricably linked
to its ability to make and use materials. As we continue to manipulate materials to satisfy our needs, it is inevitable
that we should eventually reach the atomic scale. There, as matter aquires wavelike properties, we find quantum
phenomena such as interference, tunneling, fluctuations, entanglement, and topological effects that are perhaps even
more counterintuitive and surprising to us than the strength of bronze to our ancestors. The quest to understand
such intriguing phenomena stimulates progress in fundamental and applied science that often leads to profound and
unexpected benefits for both. Based on the rapid advancement in our understanding and control of interacting elec-
trons at the atomic scale, “quantum materials” are poised to transform an array of critical technologies, particularly
those related to information and energy.

Before the advent of quantum mechanics, magnetic materials seemed so magical that Thales of Miletus in the sixth
century BC ascribed a soul to lodestone (Fe,0,) because “it causes movement to iron”[1]. In the ensuing millen-
nia, inventive navigators took advantage of lodestone in compasses, although a proper understanding of how the
electrons in a solid become magnetized had to wait until the 20th century. The strongly quantum-mechanical nature
of electrons in many solids leads to them being called quantum materials. Leaps in our understanding of quantum
materials are now positioned to enable technologies as revolutionary as the compass was in its day.

Solid-state magnetism is based on the spin and orbit of the electron, which also underlie new approaches to comput-
ing. Spin is the intrinsic rotational momentum of a quantum particle — here an electron, which is quantized to spin
up or down (corresponding to two senses of rotation). A modern hard disk is based on magnetic regions that are tiny,
with more than a trillion bits per square inch, but each region still includes nearly a million spins. Improving our con-
trol of magnetism at the single-spin level and finding new types of magnetic ordering in quantum materials will enable
improved computer memory and logic devices to extend the information technology revolution.

Quantum materials may enable fundamentally new approaches to computation, such as quantum or neuromorphic
computing, to progress from fantasy to reality. Advances in our understanding of quantum materials could enable

the construction of neuromorphic computers that mimic the human brain by learning and adapting as they interact
with the world. Quantum computing has the potential to render trivial certain critical mathematical tasks that are now
practically impossible to solve even on the world’s fastest supercomputers. The blinding speed and awesome power



of quantum computing could be made possible by the weird but demonstrably real effects of quantum mechanics.
Today’s information technologies largely rely on the electrical charge of electrons to store and process individual
“bits” of information as either a one or a zero. Under quantum computing, information would be processed and
stored in “qubits” that behave as both a one and a zero at once to enable massively parallel computation.

Even current “classical” computing is in a position to be revitalized by the development of quantum materials. The
portable electronic devices upon which we so heavily depend in our daily lives (cell phones, tablets, laptops, and the
associated cloud infrastructure) now consume a substantial and rapidly growing amount of energy (estimated at 5%
of the world’s total electricity generation in 2012 and growing faster than other sectors [2]). Quantum materials, with
their potential for enabling smaller and far more energy-efficient Information and Communication Technology (ICT)
devices, can reduce energy use while increasing performance.

One of the most dramatic phenomena in quantum materials is superconductivity — the ability of a material to sup-
port electrical current flow with zero resistance, meaning no energy is lost to heating or other inefficiencies, through
the interaction of its electrons. Superconductivity was first observed in simple metals and typically occurs in such
materials only near the absolute zero temperature (-273° Celsius). The most powerful and compact magnets in the
world, used to channel high-energy particles in colliders or to diagnose disease through magnetic resonance imaging
(MRI), are based on superconducting materials, because a superconductor can carry enormous electrical current
densities that would otherwise melt even a good conductor like copper. However, the extraordinarily cold temperature
requirements for conventional superconductors severely limit their technological application.

In the late 1980s, scientists learned that some quantum materials are superconducting at higher temperatures
(above the boiling point of liquid nitrogen, so cooling them is relatively simple). These “high-temperature supercon-
ductors” are now being used as power cables to efficiently bring electrical power to high-rise buildings in Seoul. At
the demonstration level, superconductors have also been used to “levitate” a train (hold the train above the tracks to
reduce friction losses) and propel it at 375 mph in Japan (non-superconducting maglev technology is already commer-
cially operating in Shanghai, Japan, and South Korea.). For the generation of energy through fusion reactions, super-
conductors are being used to create magnetic “bottles” that confine the fusing plasma, which is so hot no material in
physical contact with the plasma could contain it. More widespread application of superconductivity has the potential
to save tens of billions of dollars in energy transmission, generation, and storage losses. By enhancing the correla-
tions between electrons so superconductivity can be sustained at even higher temperatures, quantum materials
could transform our energy distribution systems, the medical and scientific applications of strong magnetic fields, and
potentially all transportation and energy production sectors.

While ferromagnetism has been known to humankind for more than 2,500 years and superconductivity was first
observed a century ago, other classes of quantum materials were discovered much more recently. Topological
insulators are an example from the last decade: these are materials that are insulating in the bulk, while the surface
supports an atomically thin conducting layer. As artificially created thin conductors are the basis of special transis-
tors used in cell phones and other applications, materials that spontaneously support surface conduction are quite
appealing. Two other directions with great progress in recent years are the manipulation of quantum materials at
extremely short time scales (well under a trillionth of a second) and their manipulation in space at the atomic scale.

In recognition of the tremendous scope and scale of the transformative opportunities offered by quantum mate-
rials, the U.S. Department of Energy’s Office of Science held an intense three-day workshop on the subject near
Washington, D.C. on February 8-10, 2016. The “Basic Research Needs Workshop on Quantum Materials for Energy-
relevant Technology” was attended by more than 100 leading national and international scientific experts in the
synthesis, measurement, and theory of quantum materials. Attendees were organized into panels that examined the
current state of the field in such key areas as superconductivity, quantum magnetism, transport and non-equilibrium
dynamics, topological materials, heterostructured quantum materials, and the “tools” needed to synthesize, probe,
and model quantum materials. From these panels, four priority research directions (PRDs) were identified, based on
the compelling nature of fundamental questions and the potential for future impact on energy-relevant technologies.
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PRD 1.: Control and exploit electronic interactions and quantum fluctuations for design of bulk

materials with novel functionality

Many of the remarkable properties of quantum materials result from strong interactions among their constituent elec-
trons and the rich variety of ordered states, including superconductivity, that emerge as a consequence, often in close
proximity to each other in a given phase diagram. Associated properties include an extreme sensitivity to perturba-
tions, affecting electronic, magnetic, optical, and thermal properties; in some cases quantum entanglement (in which
an action on one electron influences another electron, even if the two are separated by a substantial distance and

do not directly interact); and in the case of superconductivity. To assess the utility of these materials for applications,
and enhance their potential functionality, fundamental research is required to understand the organizing principles
that govern electron dynamics in the presence of strong quantum fluctuations. Looking beyond the standard para-
digms of simple metals and semiconductors, how are strongly interacting electrons organized in quantum materials,
and how can this organization be controlled for energy-relevant technologies? Research thrusts under this PRD specif-
ically target a comprehensive understanding of complex phase diagrams, including the interplay of collective modes
with quasiparticle dynamics and the discovery and characterization of new electronic phases. For all materials, new
means to understand and control the effects of quenched disorder are required. For the specific case of quantum
spin liquids, new methods to expose quantum entanglement are also needed. A central, but still poorly understood,
concept in all of these areas is that of the quantum phase transition in metals. Significant advances in these areas
could lead to improved superconductors for power applications, improved materials for information storage and pro-
cessing, and new materials for sensing and quantum computing.

PRD 2: Harness topological states for groundbreaking surface properties

In topological materials, the geometry of the quantum-mechanical “wave function” that describes the material’s elec-
trons has a complex structure with some simple and important consequences. For instance, a material’s surface can
behave fundamentally differently from the bulk. Topological insulators, for example, are electrically insulating in the
bulk but have atomically thin conducting surface layers. The area of topological materials has seen remarkable and
unexpected progress in the past decade enabled by close connections between experimental and theoretical work.
However, we are far from the understanding and control needed for technological applications.

Much of the scientific excitement and potential utility of topological quantum materials can be traced to two proper-
ties. The first is dissipationless electron transport — the ability to support large, switchable electric currents without
energy loss. The dissipationless transport of electrons in a topological quantum state is similar to the transport of
electrons in a superconductor, in both cases the ground state of the material can transport electrons. So, topological
quantum materials present exciting new opportunities for applications of quantum transport. Harnessing topological
quantum states offers a new approach to increasing the energy efficiency of current computing and thermoelectric
devices, as well as creating new kinds of devices based on spin transport.

The second unique property of topological quantum states is that they can host electron-derived quasiparticles with
significantly different properties than the original electrons. Quasiparticles can, for example, carry fractional charges
so that it takes several of them to equal the charge of an electron. The result is that, within the confines of the mate-
rial, the electron has been fractionalized. In two-dimensional systems, fractionalized quasiparticles can be non-abe-
lian, meaning that the physical exchange of two identical particles fundamentally alters the underlying quantum state.
Quasiparticles in topological quantum materials offer new approaches to the computing process itself, including

the creation of robust quantum computers that are desensitized to noise and disorder. Significant scientific effort,
outlined in the report, is needed to improve topological materials so their dissipationless transport and fractional
quasiparticles can be the basis for disruptive electronic devices.



WHAT IS A QUANTUM MATERIAL?

All materials require quantum mechanics, but not all materials are quantum materials

Any successful theory of a solid, capable of accurately describing its thermodynamic and electronic properties, is necessarily
based upon a quantum mechanical treatment of electrons, and excitations of the atomic lattice (phonons). Furthermore, there
are many situations where quantum mechanics enters at the nanometer scale and affects even large-scale properties of
materials that are otherwise described very satisfactorily using classical models. For example, the ionic motion that is crucial
for battery performance is classical on large scales even though quantum effects are essential to understand ionic motion.
Even the large-scale mechanical properties of structural steels, including their ductility and crack resistance, are determined
by single defects with quantum-mechanical properties. The materials described in this report, however, are defined by more
esoteric, but manifestly real, quantum effects, such as quantum fluctuations, quantum entanglement, quantum coherence, and
the topology of the quantum mechanical wave functions. Significantly, such “quantum materials” harbor exotic physical effects
with great technological potential.

Quantum effects in solids

In general, a sure sign of quantum mechanics is that some properties become quantized to a discrete set of values when a
continuous range exists in classical physics. A dramatic example of this is that electrons carry an intrinsic magnetic moment
or “spin.” Aside from moving through space, an electron’s magnetic moment along any axis takes exactly two possible values
in a measurement. Another property of quantum mechanics, the superposition principle, says that if the electron is not mea-
sured then a combination of these two spin states is allowed. Both the discreteness of spin and the superposition principle
are essential for explaining why some solids are magnetic. Quantum mechanics also imbues a wavelike nature to particles,
including electrons. Electrons flow through an ordinary metal when an electric field is applied. Viewing electrons as forming
a “classical” (non-quantum mechanical) fluid is not a bad starting point but is not strictly correct and leads to grossly wrong
numerical values for some quantities. When one or two dimensions of the metal are shrunk, however, electronic motion
becomes strongly modified by the wavelike nature of the electron, producing a quantum well or quantum wire. This can lead to
dramatic properties, such as quantized conductance, that have no classical analogue.

The zoo of quantum materials

The number of combinations of elements that can be imagined in solid materials is enormous, and the resulting zoo of
materials can seem daunting. Scientists, however, simplify this by classifying materials according to broad categories that
define or describe the general types of electronic behavior in these materials. Three examples of the types of electronic
behavior, and the impact that such materials might have on the energy landscape, are outlined below. Others are described
throughout the report.

In topological materials the quantum In superconductors electrons form a collec- In quantum spin liquids the spins of the
mechanical wave functions of electrons tive wave that permeates the material. The constituent electrons become entangled
have non-trivial geometry that “protects” underlying electronic wave coherence in and fail to form a static ordered state
coherent wavelike electronic transport these materials leads to the complete as in a conventional magnet. Energetic
at all surfaces and could form the basis loss of electrical resistance and expulsion defects in this quantum fluctuating state,
for a new generation of energy-efficient of magnetic fields so that a ferromagnetic called “quasi-particles,” supplant the
electronics. material (cube in the figure) levitates above individual electrons as the “moving parts”
superconductors. A practical high-tem- of the solid and could become the basis
perature superconducting material could for revolutionary information storage

transform energy production, storage, trans- and processing.
mission, and utilization.
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PRD 3: Drive and manipulate quantum effects (coherence, entanglement) in nanostructures for

transformative technologies

Today’s silicon-based information technologies are approaching physical limits set by dissipation, density, and speed.
Quantum materials, by comparison, offer a staggering array of new electronic functionalities that promise to extend
and expand current information technologies far beyond the capabilities of silicon. The potential technological bounty
of quantum materials stems from the exotic quasiparticles they can harbor (magnons, spinons, visons, skyrmions,
magnetic monopoles, phonons, etc.) which, within the material, are as real as the electrons and photons that drive
the Internet. These quasiparticles boast quantum behaviors — coherence, entanglement, and quantum transport

— the exploration of which in nano-structured quantum materials provides abundant opportunities for fundamental
discoveries that enable radical new low-power information storage and processing. This PRD focuses on the explo-
ration of the transport and non-equilibrium properties of quantum materials and the heterogeneous and finite-sized
structures that reveal fundamental properties, which can be the basis for transformative technologies. Stimulating
quantum materials with femtosecond light pulses can, for example, create metastable states of matter with specific
electronic functionalities that do not exist in equilibrium. Desirable properties, such as superconductivity, may be
enhanced by exciting specific vibrational states (phonons), and magnetic bits in nanostructures may be individually
switched with spatially patterned optical driving fields. The rich interactions between light and quantum materials offer
outstanding opportunities to transfer information from fiber-optical encoding to quasiparticle assemblies for infor-
mation processing within a quantum material. Nano-structured quantum materials thus open the possibility of a new
class of ultra-fast and energy-efficient electronics with seamless linkages to optical communication systems.

PRD 4: Design revolutionary tools to accelerate discovery and technological deployment of

quantum materials

The remarkable properties of quantum materials that are generating such keen scientific interest — including the
ability to alter their electronic state, their magnetic state, and their structure through external stimuli, and to transport
spin and charge with extreme efficiency — also pose immense challenges to the experimental and theoretical work
required to understand and exploit them. This PRD calls for the development of the necessary tools to address these
challenges, affecting the synthesis, characterization, and theoretical treatment of quantum materials. Key challenges
include establishing appropriate methods to grow and manipulate complex and nano-structured quantum materials
with desired purity and controlled levels of dopants and defects. Research opportunities encompass (1) development
of new in situ and in operando characterization and feedback techniques to discover materials with improved proper-
ties and functionalities; (2) characterization and control of quantum material properties on all length and time scales
relevant to function, including tools to reveal the often subtle forms of emergent and topological order; and (3) predic-
tion of the fundamental properties of quantum materials, including emergent order, behavior far from equilibrium, and
functionality in the presence of disorder. Progress in these areas will enable the science described in the other PRDs.
These new capabilities will also have a broad impact across wide ranges of materials with potential applications in
energy and computational sciences, nanotechnology, nano-manufacturing, and nano-engineering.

Achieving the objectives presented in this report have potential rewards in terms of strengthening our nation’s
economy and energy security that are as stunning as the properties of quantum materials themselves. Research into
quantum materials has become a worldwide enterprise amongst all of the technologically advanced nations because
there are billions of dollars to be realized in the next generation of information and energy-relevant technologies.



2. Priority Research Directions
in Quantum Materials

The workshop discussions identified four Priority Research Directions (PRDs) that define the basic research
needed to develop energy-relevant technologies based on quantum materials. Each PRD is discussed in depth
with the associated research thrusts in this chapter. As background, Chapter 3 of the report provides an in-depth

assessment of the current status of research in the field of quantum materials.

Table 1: List of Priority Research Directions and Associated Research Thrusts

1. Control and exploit electronic interactions and quantum fluctuations for design of bulk
materials with novel functionality
Looking beyond the standard paradigms of simple metals and semiconductors, how do strongly-interacting
electrons organize themselves in quantum materials, and how can this be controlled for energy-relevant
technologies?
Thrust 1a: Understand and control competing, coexisting, and intertwined order

Thrust 1b: Predict, realize, and probe new states of quantum magnets

2. Harness topological states for groundbreaking surface properties
Building on recent advances in the field of topological insulators, what new topological states of matter
can be realized, what are their signatures, and how can these be used for energy-related applications?

Thrust 2a: Discover new topological quantum materials

Thrust 2b: Design new platforms to probe and exploit topology

3. Drive and manipulate quantum effects (coherence, entanglement) in nanostructures for
transformative technologies
How can the extraordinary properties of coherent quantum states be controlled and utilized for energy-
related applications?
Thrust 3a: Employ nanoscale structuring to elucidate and exploit coherence and entanglement
Thrust 3b: Understand transport in quantum materials

Thrust 3c: Dynamically visualize and manipulate quantum materials

4. Design revolutionary tools to accelerate discovery and technological deployment of
quantum materials
What new methodologies and tools are needed to advance synthesis of quantum materials and our ability
to probe and predict their properties?

Thrust 4a: Enhanced synthesis of quantum materials
Thrust 4b: Develop new windows into quantum materials

Thrust 4c: Develop efficient methods for static and dynamic states beyond 1-electron paradigms




2.1 PRD 1 — CONTROL AND EXPLOIT ELECTRONIC INTER-
ACTIONS AND QUANTUM FLUCTUATIONS FOR DESIGN OF
BULK MATERIALS WITH NOVEL FUNCTIONALITY

Quantum materials present a range of remarkable properties with enormous potential for future energy-relevant
technologies. To assess the utility of these materials for applications, and enhance their potential functionality,
fundamental research is required to understand the organizing principles that govern electron dynamics in the
presence of strong quantum fluctuations. Looking beyond the standard paradigms of simple metals and semicon-
ductors, how are strongly interacting electrons organized in quantum materials, and how can this organization be
controlled for energy-relevant technologies? Research directions specifically seek a comprehensive understand-
ing of complex phase diagrams, including the interplay of collective modes with quasiparticle dynamics and the
discovery/characterization of new electronic phases. This will require the development of new methods to expose
quantum entanglement as well as the means to understand and control the effects of quenched disorder. A cen-
tral, but still poorly understood, concept in all of these areas is that of the quantum phase transition in metals.
Significant advances in these areas could lead to improved superconductors for power applications, improved

materials for information storage and processing, and new materials for quantum computing.

2.1.1 Introduction

The central thesis of this PRD is that fundamental research aimed at understanding the basic organizing principles
that are at play in quantum materials is required to assess their utility for energy-relevant technologies, and
where possible to enhance appropriate functionality. Why do the constituent electrons arrange themselves in the
ways that they do, and how can this be controlled? Three particular characteristics that quantum materials can
exhibit, which are particularly promising from the perspective of potential energy applications and yet are incom-
pletely understood, are their large responses to external perturbations, quantum entanglement, and (sometimes
unconventional) superconductivity.

Large responses to external perturbations: Many quantum materials are characterized by extreme sensitivity to
small perturbations. This behavior is due in part to the nature of the electronic phase transitions that often occur in
these materials (for example, metal-insulator transitions driven by electron correlation) and because many quantum
materials are characterized by multiple proximate electronic phases. The relative stability of these phases can be
tuned by subtle variations of a variety of parameters. Another factor influencing the behavior is the coupling of elec-
trons to intense quantum fluctuations that occur when ordered states are suppressed, leading to unresolved com-
petition among alternative forms of order. Proximity to these nascent phase transitions can lead to extremely large
changes in physical properties such as the conductivity, optical reflectivity, dielectric constant, and magnetic sus-
ceptibility. Such large responses to small perturbations could be utilized as the key component of sensitive detec-
tors, as the active component in high-power electronic switches, or as electronically activated optical components.
Similarly, some quantum materials exhibit multiferroic behavior due to strong coupling among the charge, orbital,
and magnetic responses of the electrons and, for example, provide avenues to control the magnetic response of

a material by electric fields and vice versa. When fluctuations and interactions are sufficiently strong, the itinerant
nature of the electrons can be greatly reduced and even completely suppressed, and this incipient electronic local-
ization can greatly affect the transport of heat and electricity, which is of potential interest for new families of hybrid



devices for the conversion and management of heat. Progress towards incorporating any of these effects into future
technologies rests on obtaining a fundamental understanding of the factors governing the complex phase diagrams
and phase transitions found in quantum materials.

Magnetic degrees of freedom and quantum entanglement: As ever-increasing amounts of energy are consumed in
computation and information storage, it is highly desirable to replace conventional transistors and logic elements
with new devices that consume less power. Exotic magnetic systems could play a key role in low-power computation
because their magnetic moments can be manipulated without incurring energy costs due to charging. This is already
a factor in the rise of spintronics based on conventional magnetic materials, and further improvements may be
envisaged by the use of exotic magnetic systems (for example those where spinons carry information). In addition,
novel quantum spin liquid phases are predicted to have strongly entangled quantum states, which could be used
as components in future quantum computers. More generally, the discovery and characterization of exotic magnetic
states of matter have demonstrated that protection against various forms of disorder is possible. These insights
could potentially be useful for information processing in the future. A central goal of this PRD is to predict and
realize new materials that exhibit these sorts of exotic properties, and where magnetism is governed by quantum
entanglement rather than symmetry breaking.

Superconductivity: Many quantum materials exhibit unconventional superconductivity in their phase diagrams.
These superconductors can have some remarkable properties, including high critical temperatures (the temperature
below which the material is superconducting). The ability of a superconducting wire to carry a current without loss
has numerous significant applications directly relevant to energy. In fact, there are already areas where supercon-
ductors are used because their performance exceeds that of conventional conductors. Examples include the use

of superconducting coils to generate the high magnetic fields needed for MRI, superconducting coatings in radio-
frequency cavities for advanced particle accelerators, and use in maglev trains where superconducting properties
allow the train to be levitated above the track to reduce energy consumption and enhance the speed.

There is also potential for improved superconductors to impact the electrical power grid (see the sidebar “Energizing
and Protecting the Grid”). Superconducting cables carry more power in a smaller cross section than conventional
cables, a distinct advantage in congested cities where replacement cables must fit within restricted space. Also,
superconducting fault current limiters introduced into the grid can prevent anomalous power swings from causing
blackouts, such as the major event that struck the northeastern U.S. in 2003. Moreover, electrical generators

made from superconducting wires will enable powerful offshore wind turbines that can operate without the need for
frequent maintenance. Furthermore, the impact on the grid from cycles in the demand for electricity and intermittent
energy generation could be mitigated with superconducting magnetic energy storage devices that can rapidly absorb
and release energy, thus providing a stabilizing factor.

These grid applications are already within reach; the challenge is to make them cost-effective. This can be accom-
plished in several ways. One is to improve the performance of existing superconducting wires, while limiting
production costs. Another approach is to discover new superconductors, with good vortex-pinning properties,
that operate at higher temperatures, thus reducing the cooling costs. This PRD focuses on understanding

the many factors that come together to determine the critical temperature and other physical properties of
unconventional superconductors.

2.1.2 Scientific Challenges

Organizing principles in quantum materials: At very low temperatures, helium is the canonical example of a “quan-
tum liquid”; strong quantum fluctuations melt (destroy) long-range atomic order, and the resulting liquid must be
evaluated using appropriate quantum statistics rather than the classical approaches appropriate for liquids such as
water. The resulting superfluid states of liquid He-3 and He-4, which exhibit zero viscosity and several other remark-
able properties, demonstrate the astonishing macroscopic properties that can arise from quantum mechanics.



In contrast to liquid helium, solid quantum materials maintain an ordered atomic lattice, and quantum fluctuations
are primarily associated with their electronic and magnetic degrees of freedom. By analogy to quantum liquids, one
might anticipate similarly remarkable emergent collective electronic properties in such materials; this turns out to
be the case, but the situation is much more complex than for liquid helium, and there is not yet a comprehensive
understanding of the organizing principles.

The melting of long-range order by quantum fluctuations results in a quantum phase transition. For metallic systems,
this is particularly complex due to the interaction of ungapped electronic states with the fluctuating order. Materials
tuned to such a state can exhibit a variety of poorly understood effects which can persist at much higher tempera-
tures than the superfluid states of liquid helium, including strange metal behavior, new types of emergent order,
unconventional superconductivity, and often an extreme sensitivity to perturbations and disorder. These emergent
electronic behaviors can develop from the interaction of the electrons among themselves via Coulomb repulsion or
with other degrees of freedom present in the quantum materials such as spins, phonons, or orbitals.

Order does not necessarily only arise from broken symmetries, but also from the stabilization of topological
phases, characterized by discrete values of topologically invariant quantities. Of these, quantum spin liquids
potentially provide access to highly entangled quantum states, and, if metallized, might also provide a pathway to
high-temperature superconductivity.

All of these remarkable properties of quantum materials have the potential for use in energy-relevant technologies,
but making use of quantum materials requires fundamental research to understand the relevant organizing princi-
ples and control the resulting behavior.

Order and disorder: Quantum phase transitions, in which an ordered electronic state is melted by appropriate
tuning of a non-thermal variable, were originally conceived in the context of the suppression of a single homoge-
neous phase. More recently, though, it has become evident that other, more complex, behaviors can often manifest.
Understanding these more complex behaviors is a central priority for future research in quantum materials, particu-
larly for those that might find applications in energy-relevant technologies.

Ordered electronic states might in some circumstances melt via a sequence of phase transitions. An example

of such “partial melting” is provided by the nematic liquid crystal phase, which corresponds to a partially melted
smectic phase. There is growing evidence for similar behavior in several families of high-temperature superconductors,
including possible electronic nematic phases, but the physical origins of these effects in specific materials are not fully
understood. Do emergent phases result from competition among the various present degrees of freedom? Or perhaps
they are the consequence of a cooperative interaction among the degrees of freedom? What is the role that disorder
— a necessary ingredient in the doping usually needed to stabilize the emergent phases — plays in their microscopic
structure? Do the fluctuations associated with the partially melted phases have direct or indirect consequences on any
emergent order close to an eventual quantum critical point? Could any of these mechanisms be an important factor in
determining the critical temperature of high-temperature superconductors? In short, what are the origins, nature, and
consequences of the various broken symmetry phases found in such systems? What role do they play in any supercon-
ducting pairing interaction, and how can they be controlled to optimize desired electronic properties?

Partially melted order provides a clear example of electronic phases that go beyond the classical example of
competing order. Other classes of “intertwined” order have been observed in quantum materials, such as the

“CE” phase in the colossal magnetoresistive (CMR) manganites, which are characterized by simultaneous charge,
spin, and orbital order. Exotic phases such as pair density wave states have also been proposed in the context of
superconducting cuprates. Indeed, recently it has become apparent that the phase diagrams of several quantum
materials contain many different, possibly intimately related, types of electronic order, often with comparable critical
temperatures. It is unclear to what extent this behavior reflects the possible presence of an underlying quantum
critical point, or whether it results from the interaction among the various degrees of freedom combined with effects
of disorder. Understanding such complex phase diagrams requires new theoretical perspectives, new experimental



probes, and development of well-controlled materials that cleanly exhibit specific types of order characterized by
specific broken symmetries.

Many metallic quantum materials exhibit “strange metallic” behavior that is inconsistent with conventional Fermi
liquid theory. In many cases, these effects have been loosely associated with quantum criticality, but they could
also arise from intrinsic inhomogeneous states, or from states with intertwined orders, none of which are well
understood. Abandoning Fermi liquid theory is unsettling but apparently necessary for such materials. What should
it be replaced with? How should we explain the thermally excited states of inhomogeneous, quantum mechanically
fluctuating metals, and how do these states connect to any eventual emergent order at low temperatures?

It has also become clear that many, perhaps most, materials of current interest for potential technological applica-
tions are far from pristine and homogeneous. Originally, such imperfections were seen as hampering elucidation of
the key physical properties. However, more recently it appears that, in at least some materials, the disorder may
be a vital ingredient. Indeed, there are reasons to think that disorder can have profound effects on materials in a
“quantum critical” regime. What if disorder were a key feature affecting the various types of emergent electronic
properties of many more quantum materials? Could controlled disorder be used to unleash and control desirable
functionalities in quantum materials? Addressing these questions requires both new theoretical and new exper-
imental approaches.

Quantum spin liquids — new types of topological order: Certain states of matter resist characterization in terms
of broken symmetries associated with a local quantity such as spontaneous magnetization or the superfluid phase.
Instead, they are distinguished by global properties known as topological invariants. Whereas conventional phase
transitions have a local order parameter present on one side of the transition and absent on the other, topological
phase transitions are accompanied by a discontinuous change in a global topological invariant, such as the Chern
number of electronic energy bands or the global flux of an emergent gauge field. Elementary excitations in these
phases of matter may have fractionalized quantum numbers and may exhibit “anyonic” statistics. Topological
materials are part of two PRDs with PRD 1 covering the topology of quantum spin liquids and PRD-2 focusing on
topologically protected surface states.

Quantum spin liquids are a new class of topologically ordered states, constituting a new frontier for both theorists
and experimentalists. Such systems provide a rich variety of qualitatively new collective states of matter. Ultimately,
they may also form the basis for groundbreaking applications, such as in decoherence-resistant quantum computing.

Injecting mobile charge into quantum spin liquids could be one of the most important pathways to realizing new
quantum states of matter. The singlet spin pairs that dominate a quantum spin liquid closely resemble Cooper
pairs in superconductors. One of the predictions of P W. Anderson’s Resonating Valence Bond (RVB) theory of high-
temperature superconductivity is that when charge is injected into a spin liquid, the pairs from the spin liquid will
provide the strong singlet correlations necessary for the formation of a superconducting material [3]. At the very
least, it is believed that new kinds of metallic states could emerge from doped spin liquids, with a strong suscepti-
bility for new kinds of order, including superconductivity. The discovery of new spin liquids, and their metallization,
is key to realizing this potential.

Positive experimental identification of a quantum spin liquid (as opposed to simply not observing any signatures

of long-range order) has, thus far, remained elusive. Consequently, an area that needs enhanced research is the
development of the experimental, theoretical, and computational tools needed to positively identify quantum spin
liquids in two and three dimensions. New experimental methods are required to directly probe the defining charac-
teristics of quantum spin liquids, such as quantum entanglement. Recent work in the area of topological corrections
to entanglement entropy and the analysis of patterns in reduced density matrix eigenvalues (the “entanglement
spectrum”) have had substantial impact from simulations, but so far are not experimentally accessible. Can new
experimental methods be developed to directly probe solid-state entanglement? Can new materials properties,
which are sensitive to quantum entanglement and are measurable in the laboratory, be identified?



ENERGIZING AND PROTECTING THE GRID

Superconductors will play an important role in modernizing the electrical power grid, with applications from electricity genera-
tion, to transmission, to fast storage and stability. Examples are illustrated below.

In dense urban environments where space and right of way are premiums, the increasing demand for energy from expanding
populations with greater electrical power needs presents a complex challenge. Superconducting cables can help to bring more
power at lower voltage closer to the consumer. Superconducting technologies may also play an important role in grid stabili-
zation through high voltage interconnects and superconducting fault current limiters. Copper-oxide based superconducting
materials are already in early commercial use for such applications.

Instability in the power grid occurs from imbalances in supply and demand. For electricity generation, this is complicated by
oversupply by continuously operating nuclear and hydro plants and intermittent energy sources such as solar and wind. To
avoid blackouts, the grid needs devices that can rapidly store or release energy as supply and demand fluctuate. An answer is
provided by superconducting magnetic energy storage systems. Excess electrical current from traditional and intermittent
sources can be stored in the superconducting device without loss and then returned to the grid as needed. Efficient power
transmission across time zones can also help to balance fluctuating supply and demand.

Off-shore winds provide a potent source of energy that can be exploited with electrical generators mounted in wind turbines.
To be cost-effective, each turbine must provide the maximum possible power with maintenance-free operation. Pound-for-
pound, a direct-drive generator made from superconducting wire can provide twice the power in half the size compared with
one made with copper wire.

One of the main challenges to realizing these energy storage and conversion applications is reducing the cost of the supercon-
ducting wire. This requires innovation both in terms of optimizing the performance of existing materials and discovering new
superconductors with more cost-effective performance.

Test installation of superconducting Superconducting off-shore wind turbine Superconducting magnetic energy

fault current limiters. Nexans uses (courtesy American Superconductor) storage system (cut-away view) (courtesy
superconducting wires from American Superconductor Technologies Inc.)
Superconductor.

2.1.3 Research Thrusts

PRD 1 is organized into two scientific thrusts. The first examines effects of competing, coexisting, and intertwined
order in metallic systems (Thrust 1a). The second focuses on the design and discovery of new electronic phases
in the particular context of quantum spin liquids (Thrust 1b). The remainder of this section provides the technical
details for each of these thrusts.

Thrust 1a: Understand and Control Competing, Coexisting, and Intertwined Order

The aim of this research thrust is to understand and control competing, coexisting, and intertwined order in quan-
tum materials. Research in this area is partially motivated by high-temperature superconductors, for which recent
advances have opened a series of new fundamental questions and challenges associated with the interplay of mul-
tiple electronic phases. These questions, however, are relevant to a much wider array of strongly correlated quantum



materials including multiferroic and thermoelectric materials. Key elements to the research directions include the
associated problems of understanding quantum criticality in metallic systems, exploring the physical origins of
strange metal behavior, and determining the role(s) played by disorder in stabilizing various electronic states.

Materials that are superconductors at high temperatures have complex phase diagrams in a multi-parameter phase
space spanned by temperature, electronic doping, pressure, magnetic field, and impurity doping. Some of the
phases are characterized by other forms of order, including magnetic, orbital, and charge order. In some cases, multi-
ple forms of electronic orders spatially coexist, while in others, they are intertwined or are separated in space form-
ing inhomogeneous coexisting patches. The superconducting phase often occurs simultaneously with other ordered
phases with comparable critical temperatures, which leads us beyond the paradigm of competing phases where the
competing phases have very different transition temperatures. A new paradigm in which different degrees of free-
dom cooperate to generate ordered states has to be developed, and novel theoretical and experimental approaches
need to be implemented to unveil the principles behind this phenomenon. In addition, observations of electronic
states characterized by unusual symmetries and puzzling electronic transport properties provide challenges to
current predictive capabilities and require proper characterization and understanding. A common and unavoidable
experimental feature is atomic disorder, and theoretical progress in describing realistic materials requires that the
role and impact of disorder be directly addressed, too. The understanding of these complex behaviors will guide

the search for quantum materials with improved superconducting properties, but also the search for novel entwined
phases that could have useful functionalities associated with their response to changes in external parameters.

Scientific objectives: The discovery of superconductivity in the multi-orbital pnictides underscores the need to con-
sider electronic orbitals on an equal footing with charge and spin, which garner most of the attention in the study of
the superconducting cuprates. In addition, there are experimental observations of charge density waves (CDW), spin
density waves (SDW), coexisting antiferromagnetism (AF), and superconductivity (SC). More recently, features con-
sistent with pair density waves (PDW) have been detected. PDW are pairing states in which spin and charge density
waves are intertwined (see the sidebar “The Pair Density Wave Superconductor: an Example of Intertwined Order”).

To discover the relevant degrees of freedom and understand their interplay, the multidimensional phase diagrams
spanned by variables including chemical doping, magnetic field, and pressure must be mapped with experimental
probes that enable simultaneous tracking of multiple degrees of freedom. Disorder has fundamental impacts on
doped quantum materials, and its presence has to be incorporated in theoretical studies and purposefully utilized in
experiments. Controlled disorder induced by irradiation, chemical doping, or strain from ion implantation may expose
the role of disorder in stabilizing or destroying phases. In contrast, impurities with particular geometries or magnetic
characteristics can be used as probes by pinning the fluctuations of phases that would become stable at lower
temperatures or for other values of some external parameter. These methods will lead to the discovery of enhanced
properties and novel functionalities. Once the characteristics of the ordered phases are established experimentally,
models that include the relevant degrees of freedom and interactions must be studied to replicate the experimental
phases and to offer guidance to the experimental work through theoretical studies of entire phase diagrams.

Research opportunities: This research thrust aims to understand and control the various ordered states that
appear in the multi-parameter phase spaces of quantum materials. This work will transcend the paradigm of com-
peting orders to explore active degrees of freedom that cooperate to form intertwined orders where neither could
exist on its own. The nematic phase found in both iron and (possibly) copper-based high critical temperature (T,)
superconductors may support intertwined states. Thus, it is necessary to understand the physical properties of
this phase and determine whether it arises due to cooperation of various degrees of freedom or is driven by only
one of them. The evolution of the intertwined states as a function of external parameters and chemical doping will
shed light on the properties of the superconducting phase or other novel phases that appear once the nematic
phase is destroyed.

Since doping is often necessary to stabilize the nematic phase, it is imperative to incorporate and even embrace the
effects of disorder. We must explore the possibility that disorder plays a crucial role in the exotic physical properties
that are observed in the nematic phase through anomalous transport properties.



THE PAIR-DENSITY-WAVE SUPERCONDUCTOR: AN EXAMPLE OF INTERTWINED ORDER

Cooperative organization of distinct
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)ﬁ, %\ %, /ﬁ \%\, _%( types of electronic order can lead
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— - . b - \ matter. An example is provided by
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ductors. The parent materials are
insulators due to strong Coulomb
repulsion between electrons on the
same atomic site, a possibility first
proposed by Sir Neville Mott [4]. As a
consequence of the strong Coulomb
repulsion between electrons in these
Mott insulators, each Cu atom devel-
ops a magnetic moment or spin that
aligns antiparallel to its nearest neigh-
bors. The resulting antiferromagnetic
order within a Cu-O layer is illustrated
in panel (A) of the figure; each arrow
points in the direction of the spin of
the Cu atom.

When charge carriers are introduced
into the layers, they concentrate on
the bonds between Cu atoms and
segregate from the regions of antifer-
romagnetic order. This can lead to a
pattern of intertwined spin-density and charge-density waves as illustrated in panel (B). Here the charge-rich regions (indicated
in gray) and charge-poor regions (indicated in white) form domain walls in which the magnetic order is suppressed, and the
alignment of the spins flips on crossing a domain wall (indicated by the open arrows).

The superconducting order that develops in cuprates has a wave function that changes sign, from plus to minus, when
rotated by 90°; the sign difference is indicated by the orange and blue colors in (C). The superconducting state is made up of
electronic pairs, and experiments indicate that the pairs avoid regions of antiferromagnetic order. Nevertheless, the supercon-
ductor could form a pair density wave (PDW) that overlaps with the charge density wave and intertwines with the spin density
wave of panel (B), as indicated in (D).

Does this exotic PDW state actually exist? It has been proposed on the basis of theoretical analysis, and its possible existence
has also been inferred from experimental measurements on certain cuprate compounds. However, it can be difficult to distin-
guish a heterogeneous mixture of phases from a coherent PDW. Experiments that directly test for the PDW state have been
proposed but have yet to be successfully executed.

While the normal phase of Bardeen-Cooper-Schrieffer (BCS) superconductors is a Fermi liquid characterized by

a quadratic dependence of resistivity on temperature, the high-T, superconductors do not appear to have such a
normal phase. In fact, at optimal doping the resistivity is linear with temperature, a behavior that defines a “strange
metal,” and even the parent compounds of the pnictides are “bad” metals. Thus, it is necessary to go beyond the
Fermi liquid paradigm, considering both the strong correlations between the electrons and the presence of disorder
to elucidate and understand the experimentally observed anomalous transport properties.

The advances envisioned from this research thrust will complement other PRDs. The study of anomalous trans-
port properties in nematic and intertwined phases aligns with the objectives of PRD 3. The dynamical visualization
proposed in PRD 3 could be applied to the studies of the superconducting and charge-ordered materials described
here. Furthermore, the development of new tools for synthesis, measurement, and theoretical modeling of quantum
materials, described in PRD 4, will provide the infrastructure necessary to realize the goals of this research thrust.

In the following sections, we describe some of the specific goals of this research thrust in greater detail.



Beyond the competing-order paradigm: Strongly-correlated systems are characterized by competing interactions. At
a minimum, there is competition between Coulomb repulsion, which tends to localize electrons, and kinetic energy,
which favors delocalization. Further complications arise when multiple partially filled orbitals are involved and when
coupling to lattice distortions is significant. Competing interactions can lead to a great variety of ordered states,
such as spin density waves, various charge density waves, nematic order, current-loop order, and superconductivity.

Superconductivity often appears when the ordering temperature for a different “competing” order, often a CDW or
SDW, is driven to zero (defining a quantum critical point, or QCP) as a function of a parameter such as electron-
ic-carrier concentration, pressure, or strain. While empirically established, the appearance of superconductivity near
some QCPs is not properly understood. There is a strong need to develop improved theoretical models of quantum
critical phenomena in strongly-correlated metals and to make firm predictions that can be tested by experiment,
from transport properties to order parameter correlations and dynamics. Conversely, there is a need for improved
experimental measurements of charge, spin, and lattice dynamics in the vicinity of QCPs to provide clues to theo-
rists. In addition, what can we learn from metallic QCPs where superconductivity does not appear? Chemical doping
introduces disorder and thus, the effects of disorder near a QCP need to be understood. The possible formation of
inhomogeneous states has to be considered when analyzing experimental data and in theoretical work to study and
discover potential functionalities.

As an alternative to competing order, there are instances where the active degrees of freedom cooperate to form
intertwined orders, such as the CE state of quarter-filled manganites with simultaneous spin, charge, and orbital
order. Recent work has introduced the concept of intertwined order in cuprate superconductors [5]. Motivated in
particular by the pseudogap phase, various theories have proposed that electronic pair correlations and spin correla-
tions may develop together in a cooperative fashion. Similar concepts are relevant to iron-based and heavy-fermion
superconductors, as well. There is considerable need to improve the analytic modeling, numerical computation of
ground state energies, and evaluation of the dynamics of intertwined orders. One concept involves a proposed PDW
superconductor. There is circumstantial evidence for such a state in certain cuprate compounds and in supercon-
ducting CeColng at high magnetic field [6]. Experimental tests of this state are needed, following up on existing
theoretical predictions.

In a number of cuprate families, CDW order has been observed to develop within the pseudogap phase and to
compete with the onset of superconducting order. Transport studies at low temperature, but in a high magnetic

field to suppress the superconducting order, indicate an emergent Fermi-liquid behavior, but with poorly understood
electron-like pockets together with some form of CDW order. There is a need to determine the character of this CDW
order with x-ray diffraction measurements in the presence of a very strong magnetic field, as well as to probe the
high-field behavior of the spin correlations by neutron scattering. Extending other probes, such as optical spectros-
copy, to high magnetic fields would also be valuable.

As our understanding of intertwined orders improves, can we use the concept to design new, high-performance
superconductors? Going beyond superconductors, can we use the concept to design or discover other important
functional materials? In particular, there is a need for improved multiferroic materials, which combine two orders,
such as ferromagnetic and ferroelectric polarization, and allow cross-manipulation of the orders, such as the control
of ferromagnetic domains with an electric field or the control of ferroelectric domains with a magnetic field. One
might also imagine improved thermoelectrics, where the challenge is to maintain good electrical conductivity while
minimizing the thermal conductivity.

Nematic electronic phases: Nematic electronic states have been observed in the vicinity of the superconducting
phase of high-T, superconductors. One example occurs in the iron pnictides of the 122 family, where a nematic
phase is stabilized upon electron doping. This phase occurs above the Néel transition temperature (T,) and the
superconducting temperature, but below the structural transition temperature (T;) at which the lattice structure
changes from tetragonal to orthorhombic, as shown in Fig. 2.1.1 [7]. The large anisotropies in the transport proper-
ties compared with the small lattice distortion in the nematic phase point to an electronic origin of the effects, but
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Fig. 2.1.1: Ba(Fe,,Co,),As, phase diagram. Figure 2.1.2: Schematic of possible magnetic correlations underlying the transition from
the disordered to the nematic to the magnetic state. In the nematic state where 4-fold
rotational symmetry is broken, the indicated red and blue directions are distinct.

due to the presence of several active degrees of freedom, the mechanism that leads to nematicity remains elusive.
It is necessary to resolve whether either the magnetic or the orbital degrees of freedom drive the nematic state or
whether this exotic nematic regime results from the cooperative interaction of spin, orbitals, and lattice.

For example, does the nematic transition arise from spin correlations as depicted in Fig. 2.1.2 [8] or is the disor-
dered state homogeneous only on average (left panel of Fig. 2.1.3) with a balanced amount of (11,0) (red) and (0,m)
(blue) clusters? In this picture, the nematic state occurs when there are more (11,0) than (O,m) clusters (central
panel), so that the rotational symmetry is broken before long-range order develops below the Néel temperature
(right panel).

Both theoretical and experimental techniques are needed that can differentiate between homogeneous, single-de-
gree-of-freedom-driven processes and cooperative mechanisms characterized by intrinsically inhomogeneous states
with several active degrees of freedom. On the theory side, new, perhaps phenomenological, model Hamiltonians
that include orbital, spin, and lattice degrees of freedom need to be developed as well as novel numerical algorithms
to deal with the larger Hilbert space. The results obtained could be used to guide the development of mean-field
Ansatz that could eventually be utilized to improve numerical approaches to study microscopic Hamiltonians. The
development of new computational methods that retain the multi-electron character of the correlations and allow
studying combined and inhomogeneous states as recommended in PRD 4, works synergistically with this component
of PRD 1. On the experimental side, synthesis is crucial to understand the dependence of nematicity on doping,
such as electron versus hole versus isovalent in-plane and out-of-plane doping, and also to clarify the role of de-
twinning processes. Bulk materials and thin films are needed to clarify the effects of dimensionality and thickness
and to support the various experimental techniques that are best suited for different types of samples. The vast
improvements in efficiency and resolution in experimental probes, such as angle-resolved photoemission spectros-
copy (ARPES), neutron and x-ray scattering, electron microscopy, and scanning tunneling microscopy (STM), should
continue. Nevertheless, it is necessary to develop new techniques to probe multiple degrees of freedom simultane-
ously and the effects of extreme conditions, such as pressure and magnetic field, on the nematic state.

Since the nematic phase is located above the superconducting phase, an understanding of its properties is
expected to unveil the role that the spin, the orbitals, and the lattice play in the mechanism that produces
high-T, superconductivity.

Anomalous conductivity in strongly-correlated systems: The electrical resistivity in the normal state of strongly-
correlated systems often exhibits behavior that is not well understood. There is a need to develop a proper theoretical
understanding of such behaviors, including predictions of unique signatures that can be tested by experiment.

In particular, we need a better understanding of how resistivity is related to the underlying charge/spin/orbital/
lattice correlations.
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Figure 2.1.3: Schematic of a possible cooperative mechanism for the disordered (left panel), nematic (central panel), and antiferromag-
netic (right panel) transitions. Red and blue orbitals indicate differently oriented clusters.

The electronic transport in metals is usually interpreted in terms of Fermi liquid theory, in which it is assumed

that the charge carriers behave as a gas of weakly interacting quasiparticles. At temperatures low enough that
electron-electron scattering dominates, the resistivity is expected to increase as temperature squared (7°). At high
temperature, if scattering from phonons or defects causes the quasiparticle mean free path to become smaller
than the de Broglie wavelength, the resistivity is expected to saturate. Deviations from these behaviors require new
theoretical approaches.

The behavior observed in the normal-state of high-temperature superconductors often violates the expectations for
good metals, and hence such materials have been labeled as “bad” or poor metals. For example, the resistivity of
under-doped cuprates does not saturate at high temperature, even when the conductivity falls below Mott’s mini-
mum metallic conductivity. Similar behavior, with the absence of a Drude peak in the optical conductivity, has been
observed in a variety of correlated systems, including iron-based superconductors. There is a strong need to develop
predictive models of bad metals and to test these experimentally. How can one describe transport without well-de-
fined quasiparticles? What roles do possible underlying, intertwined orders play? To what extent can one describe
the transport in terms of collective flow, using hydrodynamic models? Are inhomogeneous ground states responsible
for the anomalous behavior? What experimental signatures test models of bad metals?

The term “strange metal” is associated with resistivity that varies linearly with temperature down to very low tem-
peratures, violating Fermi-liquid theory. Strange-metal behavior, observed in various correlated systems, is commonly
attributed to quantum critical behavior, although linear resistivity could also arise due to changes in the effective
volume relevant to charge transport induced by phase segregation at the mesoscopic scale. While the theory of
metallic quantum critical points is quite challenging, there is a need to develop predictive models of quantum critical
phenomena. Does the type of order associated with a QCP have an impact on transport properties? If the order is
topological, as in some recent theories, is there a way to probe it experimentally? Are there cases where strange-
metal behavior is not associated with a QCP? It is also important to understand the transport properties of inhomo-
geneous states that seem to be ubiquitous in many transition metal oxides.

Disorder as a feature of strongly-correlated electron systems: Traditionally, theoretical studies of crystals have
relied on the Bravais lattices, infinite arrays of perfectly arranged points in space. While real materials are far from
a collection of perfectly ordered atoms, experimentalists strive to make the “cleanest” possible samples develop-
ing techniques to reduce defects, impurities, and other forms of disorder. The approach of comparing experimental
results in “good” samples with theoretical calculations on perfectly clean systems was commonplace in condensed
matter physics during the 20th century when disorder was viewed as an enemy to be conquered. However, disorder
is ubiquitous in real materials, and some materials properties are driven by disorder. One example is the integer
quantum Hall effect and another the doped semiconductors that rely on the intentional introduction of impurities to
modulate their electrical properties.
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phase as predicted by
theory in the “clean” limit. The disordered compound has a drastically reduced Curie temperature as seen in the left
panel of Fig. 2.1.4. However, the most remarkable feature is that the phenomenon of colossal magnetoresistance
(CMR), where small magnetic fields induce drastic changes in resistivity, only appears in the disordered sample as
shown in the right panel of Fig. 2.1.4. This indicates that disorder is needed for CMR to occur. Could it be possible
that disorder is not a foe and that some of the most exciting properties observed in transition metal oxides and
other quantum materials may actually be caused by imperfections and defects?

To investigate quantum materials in this new light, synthesis with
- ¥ : Y : - controlled defects and dopants has to be pursued. In addition, the
! 5 5 o el A intentional introduction of defects could be used as a spectroscopic
tool to explore the interactions that drive the formation of spatially
- —— O b O B ordered states as well as the relationship between these phases
and other electronic states present in the material at lower tempera-
- . O l T 4 tures, extreme pressures, or high magnetic fields. Another direction
. 0 e -t to be fc')llowe'd is Particle ill'radiation, which providels a controlled
way of inducing different kinds of defects, from uniformly spaced
il -l A : - point defects to complex defects such as cascades and columnar
defects. An advantage of introducing defects by radiation, as opposed

to chemical doping, is that the lattice constants are less affected.
Flgure 2.1.5: Cartoon depiction of a nematic Another avenue to be considered is doping via ion implantation in
phase of spin (arrows) and orbitals (red and blue) . e . .
stabilized by non-magnetic impurities (circles). materials that are difficult to dope chemically, such as antiferromag-
netic Sr,Ir0,. The latter has been doped by implantation of K ions
providing a potential novel path to the realization of superconducting
states [10]. lon implantation can also be used to induce strain as in the case of He implantation in La, ;Sr, ;MnO,
The controlled introduction of disorder can be used as a technique to study the evolution of an observable, such as
the superconducting gap, which may help unveil the symmetry of the Cooper pairs.

Another possible effect of disorder that should be explored is the anchoring of vestigial phases. The cartoon in Fig.
2.1.5 shows how a nematic phase can be anchored by non-magnetic impurities indicated by the circles. The majority
red clusters have (11,0) magnetic order and locally break rotational invariance. But long-range magnetic order does
not develop because the (11,0) clusters separated by the impurities are magnetically out of phase.



In order to include the effects of quenched disorder in theoretical studies of quantum materials, it is necessary to
develop real space approaches. New order parameters, involving several degrees of freedom, have to be proposed
for states with broken symmetries and no long-range order. Hybrid techniques combining mean-field approximations
with Monte Carlo simulations could provide a path to study the large systems needed to explore inhomogeneous
states. The effects of disorder in the multiple parameters of model Hamiltonians, such as hopping amplitudes,
magnetic couplings, on-site chemical potentials, etc., need to be calculated for different kinds of impurities. On the
experimental side, it will be necessary to develop technigues with enhanced real space resolution to determine the
properties of the ground state as a function of the location and density of defects and impurities.

Thrust 1b: Predict, Realize, and Probe New States of Quantum Magnets

Three different axes can be used to identify quantum phase transitions in quantum materials beyond the conven-
tional paradigms: symmetry, topology, and metallicity. Symmetry encapsulates the conventional characterization

of phases in terms of ordering of atomic positions, magnetic moments, and other local properties. Metallicity
describes the tendency for electronic delocalization and the formation of Fermi surfaces or more exotic singularities
in momentum space. Topology is the newest addition to this characterization; quantum spin liquids with no broken
symmetries are characterized by the topology of their wave function, which is invariant under local perturbations but
responds to global changes. Quantum phase transitions and quantum critical points are associated with transitions
between the various regimes in this description.

This leads to three different directions for progress in quantum magnetic materials: the metallization of quan-

tum magnets, the destabilization of quantum magnets, and the taming of entanglement in quantum magnets.
Metallization probes the connections between valence bonds and Cooper pairs: Can we realize novel forms of
superconductivity, potentially at high temperatures? The destabilization of quantum magnets (i.e., “magnets on the
verge”) explores the creation of novel states with long-range entanglement through the frustration or weakening of
magnetic correlations. Taming entanglement involves using recent developments in the understanding of entangle-
ment to characterize quantum states and pave the way for new probes and applications.

Scientific objectives: A defining feature of systems with interacting
electrons is the presence of different ground states with long-range
order in the charge, orbital, or spin degrees of freedom. The onset of
order is traditionally associated with the breaking of a fundamental
symmetry, in turn producing new classes of ground states and exci-
tations. These phase transitions are driven by correlations in space
and time that diverge at the critical point. There has been much
interest in understanding how these critical points evolve as finite
temperature transitions are suppressed to zero temperature, becom-
ing “quantum critical points,” which may be exploited to achieve novel
material behaviors through an extended range of temperatures.

Symmetry Metallicity

A major shift in this paradigm has occurred in recent years, due to Figure 2.1.6: Different types of quantum fluids
the risi iati that h f th d ibed can be realized depending on the balance of

e rising appreciation that some phases of matter are describe broken symmetries, topological character, and
by more than the formation of spatially ordered patterns of neatly degree of metallicity. For instance, a fermionic
aligned magnetic dipoles or periodically arranged atoms. Certain quantum critical point is found when a symmetry

. . is broken i tal on th f electroni
states of matter resist characterization in terms of a local quantity 's broken In a meta’ on the verge of electronic
o . delocalization. A topological superconductor may

such as spontaneous magnetization or the superfluid phase. Instead, occur when the quantum fluctuations associ-
these are distinguished by global properties known as topological ated with a frustrated lattice are so strong that

invariants. Whereas conventional phase transitions have a local order magnetic order is no longer possible. The onset
of metallicity in a system with strong topological

parameter present on one side of the transition and absent on the character may proceed through the formation of a
other, topological phase transitions are accompanied by a discontin- Weyl semimetal.

uous change in a global topological invariant such as the Chern num-

ber of electronic energy bands or the global flux of an emergent gauge



field. Elementary excitations in these phases of matter may have fractionalized quantum numbers and may exhibit
anyonic statistics as exemplified by charge e/3 quasiparticles in the fractional quantum Hall state at 1/3 filling.
Magnetic monopoles in spin ice are a clear example of fractionalization of the original degrees of freedom (magnetic
dipoles) in a magnetic system. Quantum spin liquids are a new class of topologically ordered phases of magnetic
matter, constituting a new frontier for both theorists and experimentalists (see the sidebar “Towards a Taxonomy of
Quantum-Entangled Magnetic States”). Such systems provide a rich variety of qualitatively new collective states of
matter. Ultimately, they may also form the basis for groundbreaking applications, such as in decoherence-resistant
quantum computing.

A wide variety of topological behaviors can occur, and topological behavior does not preclude more traditional forms
of order. What is needed is a new and holistic approach to the description of phase transitions that encompasses
both symmetry and topology. This new approach will allow us to understand and even control the stabilities of
collective phenomena in electronic matter. Also importantly, this approach will allow us to access novel states where
the nature of the order defies conventional classifications and is thus — for now — “hidden.” Fig. 2.1.6 offers a
schematic to help understand the interplay between symmetry and topology, whether electronic correlations are
strong enough to localize electrons in insulators or weak enough to induce fluids of delocalized but interacting
electrons in metals. Much experimental and theoretical effort has focused on systems that are close to instability,
for instance, the suppression of long-range magnetic order by pressure, composition, or magnetic field to form a T=0
phase transition that is called a QCP The collapse of the magnetic order parameter leads to a plethora of low-energy
excitations that are the proto-material for the stabilization of new phases, most notably unconventional superconduc-
tivity. In some cases, electronic delocalization may accompany the magnetic QCR increasing the number of states
contained by the Fermi surface. Examples include the Mott transition in transition metal oxides and pnictides, the
a-y transition of certain f-electron based systems, and in the Kondo effect of both dilute and concentrated d- and
f-electron based systems. It remains a central, and as-yet unanswered, question whether the quantum critical fluctu-
ations associated with the stabilization of unconventional superconductivity are entirely those of the T=0 magnetic
transition or whether the fluctuations between states with large (delocalized electrons) and small (localized elec-
trons) Fermi surfaces are also required. Despite rather overwhelming evidence that QCPs are a feature of virtually
every class of material with strong correlations, at present, there are few examples of systems where a detailed
comparison of experimental results such as scaling relations and exponents, or perhaps fundamental charge and
magnetic susceptibilities, can be directly compared to either exact or phenomenological theories. Making this exper-
iment-theory connection, analogous to the establishment of universality classes for second order transitions occur-
ring at nonzero temperatures, remains an area of great importance that demands advances on the parts of both
theory and experiment. Importantly, it seems likely that a number of systems are already known where order can be
suppressed successfully to T=0 without introducing significant disorder or other complications, and where the avail-
ability of large high-quality single crystals makes it possible to deploy the most powerful experimental techniques.

A second type of phase transition (depicted between the blue and green regions in Fig. 2.1.6) is from a state with a
broken symmetry such as magnetic order to a state where this order is suppressed to T=0 by some sort of frustra-
tion, yielding a quantum spin liquid whose excitations and defects have intrinsic topological character. In the last
ten years, physicists have made great progress toward finding magnets whose ground states can be described as

a quantum spin liquid, a state of matter without the usual magnetic order but with a hidden topological order and
fractionalized elementary excitations. Of particular interest is the identification of new systems where the excitations
are non-local objects called non-abelian anyons, which are introduced into a system via an operation that flips a
large number of spins along a line extending all the way to the boundary. Curiously, an anyonic excitation

only appears at the end of this line (a “string”). These string ends behave like particles with nontrivial quantum
statistics. Whereas magnons are bosons, particles in 2D spin liquids are generally anyons of various kinds, e.g.,

in Kitaev’'s model they are Majorana fermions and 1 fluxes.

Theorists have found analytical and numerical arguments that the Heisenberg antiferromagnet on the 2D Kagomé
lattice is one such system: Solid-state chemists and physicists have succeeded in growing high-quality crystals with
this magnetic lattice, most notably herbertsmithite ZnCu,(OH).Cl,. Experimentalists have demonstrated the lack

of magnetic order, the presence of a spin gap, and diffuse inelastic scattering consistent with fractionalized spin



excitations [11]. However, a full understanding of the nature of this spin liquid remains elusive: We do not know the
nature of elementary excitations and currently lack experimental probes for their identification. A serious problem is
the current gap between theories of strongly correlated matter and experimental probes capable of testing them. As
will be discussed further below, entanglement entropy is a central theoretical tool; it would be a significant advance
to discover an experimental way to access it.

Here too, the advancement of the field depends on the discovery of new frustrated systems that are available in
the form of large defect-free samples where the ground state can be confirmed, and where this behavior is present
under experimentally accessible thermodynamic conditions so that elementary excitations can be studied spec-
troscopically. We note that there are potentially interesting possibilities in engineered magnetic materials such as
artificial spin ice, which is a 2D network of ferromagnetic nanowires. These nanomaterials can potentially be used
in applications like magnetic logic and memory based on mobile domain walls, provided that it is possible to devise
fast and reliable ways of injecting, pinpointing, and moving topological defects and to theoretically understand their
structure and dynamics.

The third trajectory (depicted between the blue and yellow regions in Fig. 2.1.6) involves the passage from insula-
tor to metal in systems with topological character. A prime example of this would be Weyl and Dirac semimetals,
which occur when symmetry precludes hybridization where two bands cross near the chemical potential. Unlike a
conventional semimetal, a Weyl semimetal occurs when either or both of time reversal and inversion symmetries
are broken, and when spin-orbit coupling is large. Weyl semimetals have topologically protected surface states and
unusual magnetoelectric transport properties that have been recently discovered in materials with broken inversion
symmetry [12, 13]. What is more, their low-energy electronic degrees of freedom resemble massless chiral fermions
introduced by Weyl. Weyl semimetals can also be realized in a multilayer system composed of a topological insula-
tor and a normal insulator or even a bulk magnetic insulator, such as a pyrochlore iridate, as long as time-reversal
symmetry is broken [14, 15].

It is fair to say that the transition between topological insulator and unconventional metal is the least well under-
stood and studied of the three property intersections represented in Fig. 2.1.6. The lack of materials where the full
transition can be studied as a function of a parametric variable such as composition, pressure, or strain is a current
impediment to developing this understanding. In particular, no materials have been identified with topological char-
acter where magnetism or strong electronic correlations may be at play in stabilizing a Fermi surface (or Fermi arc in
the case of Weyl semimetal) or may have consequences for bulk or surface states. ldentifying such materials would
constitute a significant breakthrough.

Research opportunities: The last decade has seen a number of significant advances in the area of quantum magne-
tism. These include the detection of magnetic monopole dynamics in spin ice [16-21] and the discovery of numer-
ous quantum spin liquid candidates based on indirect probes of spin dynamics and quasiparticle fractionalization
[11, 22-25]. The frontiers are, simply put, to understand, design, and harness the wealth of novel emergent states
that arise from quantum magnetism.

Progress in this field rests heavily on the discovery and development of new material systems where different types
of frustration are present, due to low dimensionality, the geometric lattice, or competing long-range interactions.
While it was formerly believed that small moments, such as the spin-1/2 Cu?* are needed for quantum fluctuations
to be appreciable, there is mounting evidence that the large moments produced in f-electron based compounds

by strong spin-orbit coupling can act like pseudo-spin % systems, where an orbital exchange interaction produces
the needed low energy scale for the quantum fluctuations [26-29]. Neutron scattering experiments have long

been a crucial tool in establishing the basics of quantum spin liquid behaviors: the absence of long-range order,

the presence of fractionalized excitations, and the onset of the magnetic gap. It is a characteristic of this field that
interesting physics is found on all energy scales: from relatively high to low energy scales. In high energy scales, the
interplay between crystal fields and spin-orbit coupling determines the properties of individual magnetic moments. At
lower energies, a sequence of diminishing energy scales associated with exchange and dipolar interactions among
the moments and interchain or interplanar interactions ultimately may stabilize an ordered phase. As advances are



made on the materials side in finding systems where these phenomena are pushed to lower and lower energies, and
an extended range of temperatures emerges where the fundamental excitations of a putative quantum spin liquid
can be explored, it becomes increasingly important to improve spectroscopic tools based on neutrons, photons, and
electrons that probe dynamic spin correlations throughout the relevant range of energy. What is more, these quan-
tum critical systems seldom form at exactly the critical conditions where order vanishes. Consequently, non-thermal
tuning parameters such as pressure, magnetic field, or composition must be employed to drive materials to the crit-
ical point or from one regime to another. The ability to probe magnetic excitation spectra of materials at high fields
or perhaps high pressures, at temperatures that are both above and below the energy scale in question, and in ways
that link directly to theory is thus essential for further progress.

Substantially less is known about the quantum critical charge response, although optical spectroscopy, resonant
inelastic x-ray scattering, and photoemission measurements are increasingly brought to bear. These measurement
techniques must also be improved to access a full range of energy scales. Efforts to extend advanced spectroscopic
methods to lower temperatures, and if possible to high fields or high pressures, will be important to explore new
materials, regimes, and phenomena.

Some of these specific research directions are described in greater detail in the following sections.

Metallizing quantum magnets: One of the important pathways to new quantum states of matter is to inject mobile
charge into quantum spin liquids. The singlet spin pairs that dominate a quantum spin liquid closely resemble
Cooper pairs in superconductors. One of the predictions of R W. Anderson’s Resonating Valence Bond (RVB) theory
of high-temperature superconductivity is that when charge is injected into a spin liquid, the pairs from the spin liquid
will provide the strong singlet correlations necessary for the formation of a superconducting material [3]. At the very
least, it is believed that new kinds of metallic states can emerge from doped spin liquids, with a strong susceptibil-
ity to developing new kinds of order, including superconductivity. For this reason, discovering new candidate mate-
rials for quantum spin liquids that can be produced from states with conventional order, via doping, pressure, or
strain, are an important goal of current research.

Though experimentalists have successfully injected charge into quantum antiferromagnets and spin liquids via
doping, none have proven to be metallic. The understanding of why the dopant holes are not mobile is a question of
fundamental importance. One idea is that disorder localizes the narrow band mobile electrons inside the spin liquid.
The narrow band character of the holes injected into the antiferromagnet makes them extremely prone to Anderson
localization by disorder, giving rise to an insulating rather than a metallic state. The development of new strategies
to understand and overcome the localizing effects of disorder is a high priority.

Strategies for successful metallization may involve the use of spin-liquid materials built out of broader-band elec-
trons or with weaker on-site Coulomb interactions (the high-temperature cuprate superconductors may lie in this
class). Recent work in the area of cluster magnets has shown promise, for example, in the discovery of quantum
magnetism in LiZ ,M0,04 [24, 25] and a transition from magnetic to metallic (and superconducting) state with
pressure in GaNb,Seg [30]. These systems are distinguished by having unpaired magnetic electrons, in states that
are delocalized over a small cluster of metal atoms (e.g., one S=1/2 per Nb, or Mo, unit), placing them closer to the
fully delocalized limit.

Another promising route to the metallization of spin liquids is to embed the spin liquid within a metallic host. While
this type of electronic structure can be realized in transition-metal based metals with magnetic moments derived
from quasi-localized d-electrons lying on frustrated Kagomé lattices [31], they are much better known in f-electron
materials. The f-electron materials involve a dense lattice of local magnetic moments immersed inside a conducting
fluid (see Fig. 2.1.7). Metallic quantum spin liquids with fractionalized excitations have been achieved by placing
large rare earth moments on frustrated pyrochlore lattices [27-29] or on decoupled spin chains [26].



Figure 2.1.7: The f-electron compounds contain a dense lattice of spin-orbit coupled magnetic moments, derived from electrons bound
deep inside f-orbitals. The immersion of these moments within a sea of mobile electrons as indicated in (A) causes the electronic and
magnetic degrees of freedom to mutually entangle, profoundly transforming the material and (B) shows one possible outcome, where the
f-electrons become part of the Fermi liquid with itinerant “heavy fermion” quasi-particles indicated. Suitably tuned, the process can also
lead to quantum criticality, new types of metallic behavior, and new forms of quantum order including superconducting and multipolar order.
It can also give rise to insulators where topology and magnetism are intertwined. Such materials may have strongly interacting electrons in
topologically protected surface states.

Recently, a new family of frustrated f-electron materials has been discovered in which the f-electrons are prevented
from magnetic ordering, through magnetic frustration. An example of such a material is CeRhSn — a strange non-
Fermi liquid metal that is attracting much attention [32].

Another aspect of the metallized magnetic behavior of f-electron materials concerns the possibility that the entan-
gled spin and conduction system can give rise to a topologically ordered insulating or even superconducting state.
These materials extend the concept of topological order into the realm of strongly interacting electron systems.
Such topological Kondo insulating behavior was theoretically predicted [33, 34] and has been tentatively confirmed
in SmB, [35-38] and also YbB,, [39, 40] through the observation of robust conducting surface states. Also, the

Kondo semi-metal CeNiSn, when doped with Sb, has been proposed as a possible Mobius Kondo insulator [41, 42].

In these new classes of material, the juxtaposition of magnetic and topological properties has the potential to drive
new types of behavior, such as the spontaneous development of superconductivity in the topological surface states.

Quantum magnets on the verge: The basic recipe for making a new class of quantum spin liquids is to weaken or
eliminate magnetic order by increasing quantum fluctuations. One well-known method to achieve this is to place
spins on a lattice that frustrate conventional magnetic order. When there is an extensive manifold of low energy
states, there will be strong quantum fluctuations among these states. This strategy worked very well in the case of
herbertsmithite, a Kagomé lattice spin liquid [11, 22, 23]. Another promising route to suppressing magnetic order
is to alter the Hamiltonian either with new terms or by weakening the magnetic tendencies through a smaller on-site
Coulomb interaction (U). Starting with a simple Hubbard Hamiltonian with hopping amplitude (t) and on-site U, one
can add terms such as longer-range hopping (t’), Coulomb repulsion between electrons on neighboring atoms (V),
spin-orbit coupling (A), and intra-atomic exchange (J,). Tuning these additional terms with respect to U may reveal an
unexplored regime of quantum matter. For example, a simple square lattice quantum antiferromagnet could become
a spin liquid in the presence of sizable second nearest neighbor interactions, arising from the longer-range hopping
t’ [43-45]. Another example is the axionic insulator phase that can be stabilized by tuning V against U [46]. Of
particular interest is the spin-orbit coupling, which opens an exciting new dimension in quantum magnetism [47].
Fig. 2.1.8 shows a phenomenological phase diagram of electronic materials that has been theoretically established
in terms of the electronic interaction strength, U/t, and spin-orbit coupling strength, A/t. At low A/t, the system
transitions from a metal to a Mott insulator, where on-site Coulombic repulsion localizes the electrons and leads to
localized magnetic states. If the geometry of the underlying magnetic lattice is low dimensional or frustrated, then



novel quantum magnetic states (such as spin liquids)
may emerge. Indeed, this is the regime where many of
the quantum materials that attracted attention in the
past decade were found. New rich quantum magnetic
phenomena are predicted to occur when spin-orbit
coupling is no longer negligible. For example, there is
Axion the possibility of spin liquid states in the absence of
ins. Weyl geometric frustration. These spin liquid states are due
foml-megy Top. to anisotropic bond-dependent exchange interactions or
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Figure 2.1.8: Sketch of a generic phase diagram for electronic compounds with electrons in 4d or 5d orbitals, orbital
materials, in terms of the interaction strength U/t and spin-orbit and spin degrees of freedom are locked together by
coupling /1. strong spin-orbit coupling. Since the magnetic “spin”
wave function now looks anisotropic because of the
involvement of orbitals, hopping amplitudes will depend strongly on the bond direction [48]. The resultant bond-depen-
dent exchange interaction is an integral ingredient of the Kitaev honeycomb model, whose ground state is a quantum
spin liquid [49]. Therefore, tuning of spin-orbit coupling is a promising route to new forms of dynamic quantum matter.
It should also be noted that structural details matter, since crystal field splitting due to distorted crystal structure
can quench the requisite orbital degrees of freedom. On the other hand, even if the bare value of A is small, a highly
symmetric octahedral environment can accentuate the spin-orbit effect as demonstrated for a-RuCI3 [50].

Although extensive research efforts are focused on spin-orbit driven quantum magnetism in iridates, very limited
studies have been carried out for other 5d compounds. The physics of iridates is in principle simple since an effec-
tive one-band model can describe their electronic structure in the absence of significant intersite interactions [51].
However, when the overlap between orbitals on adjacent iridium ions is non-negligible, or when the electron count
of the t,, set is d*, d* or d?, a multi-band description is required to understand the electronic and magnetic states.
The multi-band description includes both instability to the formation of metal-metal bonds and Hund’s rule coupling
(J,). For example, d* in an octahedral crystal field should form an S=1 state due to Hund’s rule coupling, but strong
spin-orbit coupling or non-negligible orbital overlap between sites will make it non-magnetic due to the formation of
an intra-atomic J=0 state or metal-metal bonding, respectively. Competition between these interactions in different
frustrating lattice geometries should be fertile ground for the discovery of qualitatively new spin-orbital states of
matter [52].

Experimentally tuning these energy scales is a challenging task. A carefully designed materials strategy will be
important to vary the effective spin-orbit coupling, A, since 5d, 4f, and 5f elements naturally provide large A values.
To change the values of t’ and V, hydrostatic pressure, uniaxial strain, and direct chemical control of the bonding
geometry may be applied. Organic and cluster based magnetic materials provide fertile potential for applications
due to their high compressibility [53, 54].

Taming entanglement in quantum magnets: The last decade has seen the emergence of a plethora of quantum
spin liquid candidates in two and three dimensions, from the Kagomé-lattice herbertsmithite to the organic magnets
with a triangular lattice of spins and quantum spin ice in the pyrochlore Yb,Ti,0, [21, 22, 53]. Considerable prog-
ress has been made on the theoretical side with the advent of exactly solvable models of quantum spin liquids with
strong entanglement, an emergent gauge field, and fractionalized excitations [50] and the identification of several
compounds, where this particular state of matter may be realized [48, 49]. Strong evidence for a quantum spin lig-
uid with an emergent Z(2) gauge field has been found in several humerical and theoretical studies [55, 56]. A chiral
spin liquid, resembling the quantum Hall state of bosons at %4 filling, has been identified in some theoretical models
[57]. However, positive experimental identification of a quantum spin liquid has remained elusive so far. Part of the



problem is the difficulty of numerical simulations, which have only recently been able to identify spin liquid phases
[55, 56], but which are still limited in their ability to predict experimentally accessible physical properties such as
spin spectral functions. There is also a dearth of exactly solvable theoretical models, which besides potentially
yielding specific predictions for experimentally measurable quantities might also help guide simulations, which need
substantial interpretation because of finite size effects and other computational limitations. Consequently, an area
of urgent research interest is to develop the experimental, theoretical, and computational tools needed to identify
quantum spin liquids in two and three dimensions.

One can envision two ways of bridging this gap between theory, computation, and experiment. First, we should

aim to predict signatures of quantum spin liquids for the existing experimental probes. This will require continued
development and improvement of theoretical and computational techniques. Second, we should aim to develop new
experimental ways of directly probing the defining characteristics of quantum spin liquids, such as strong quantum
entanglement of local degrees of freedom. Recent work in the area of topological corrections to entanglement
entropy and in the analysis of patterns in reduced density matrix eigenvalues (the “entanglement spectrum”) have
had substantial impact on simulations, but do not appear to be experimentally accessible. Similar characteristics
must be found which are measurable in the lab.

A particularly compelling goal is direct experimental evidence for exotic quasiparticles with anyonic statistics thought
to be inherent to at least some of quantum spin liquids in two dimensions. These anyons can exist as intrinsic
elementary excitations of the physical system or arise in response to extrinsic perturbations such as “twist” dislo-
cations [58]. Aside from being fundamentally interesting physical objects, the realization of such quasiparticles in

a crystalline solid could be a step toward realization of topological quantum computation via anyon braiding [59].
Another exciting avenue of research is to determine the experimentally observable consequences of spin liquid
behavior in the charge domain. For example, there are recent proposals that physics similar to the magnetic mono-
poles in spin ice might appear in charge ice.



2.2 PRD 2 — HARNESS TOPOLOGICAL STATES FOR
GROUNDBREAKING SURFACE PROPERTIES

Topological quantum materials show a new kind of electronic order with great potential to improve existing
electronics and create entirely new kinds of devices. Most of the scientific excitement and potential utility of
topological materials can be traced back to two properties: They can support large, switchable electronic surface
current with low energy loss, and they host fractional “quasiparticles” with qualitatively different properties than
the original electrons. In recent years, there has been remarkable growth in our ability to create and manipulate
topological states of electrons. While it is always hard to predict how basic research will propel science and
technology, experience shows that improving material properties and the design of new materials has a high
probability of opening new frontiers. Additionally, the development of new measurement techniques and func-
tional nanoscale structures has the potential of revolutionizing our ability to understand and exploit physical

phenomena. These areas, therefore, are the focus of the two thrusts that make up this PRD.

2.2.1 Introduction

The dramatic properties of topological phases have the potential to revolutionize electronics. While topological
phases of electrons have been studied since the 1980s, our ability to create them in a wide variety of materials
has exploded in the past few years. They possess a different kind of order than conventional materials, and the
same features that make this order detectable and scientifically interesting also give it great potential for energy-
relevant technologies.

The first high impact property of topological phases is that they can show dissipationless transport (i.e., electrons
can carry a current without energy losses). The absence of dissipation as electrons move along the edges or surfaces
of a topological phase is what leads to the fantastically precise value of conductivity in the earliest topological phase,
the quantum Hall effect. The dissipationless transport in a topological edge or surface state is similar in principle

to that in a superconductor. Considerable effort was invested in developing small, extremely fast computing devices
based on superconductivity however various challenges, including the need to maintain cryogenic temperatures, may
explain why such devices are not yet in widespread use. Topological phases seem likely to be much easier to work
with than superconductors for several reasons. They may not require as low temperatures as superconductors. Also,
in some cases, the dissipationless transport is more easily switchable by applied electric or magnetic fields. Dissipation
and heating present major challenges in current computing devices as the feature size of interconnects and logic
elements reaches the nanoscale; topological materials offer a new approach to enhance efficiency.

Topological materials offer new approaches to the computing process itself. They can be highly switchable by

applied fields through a different mechanism than existing transistors, whose switching underlies the modern

central processing unit (CPU) used in computers today. An even more ambitious set of goals concerns the use of
topological materials in a quantum or neuromorphic computer. A topological quantum computer is based on a second
remarkable property of topological phases, that they host new particles (quasiparticles) that are fundamentally differ-
ent from the ordinary electron. Typically these quasiparticles are fractional in that it takes several of them to make up
an ordinary electron. Aside from fractional charge, they have other surprising properties, some of which have already
been seen in experiments and will facilitate the design of a robust quantum computer that is insensitive to noise.



Considerable work will be required to improve topological materials if their dissipationless transport and fractional
quasiparticles are to be useful. Perhaps most important will be the development of new device concepts with the
potential to supersede existing electronics. Topological materials present an ideal case where fundamental scientific
discoveries are also well suited to potential applications in the medium term.

2.2.2 Scientific Challenges

The scientific challenges in this field can be grouped broadly into finding new kinds of topological materials and
finding new platforms to probe and exploit topology. Some topological materials can be understood in a picture of
independently moving electrons, somewhat like conventional semiconductors but with additional complications such
as spin-orbit coupling: the fact that a rapidly moving electron feels a force that links its internal angular momentum
(“spin”) to its motion through space. The notion of topology in such materials can be understood as a knotting or
winding of the electron’s quantum wavefunction. For this category of materials, predictive theory has been extremely
valuable in identifying potential candidate materials for experiments such as ARPES and tunneling that can directly
detect topological features.

There are many other kinds of topological materials that show strong connections with other materials classes dis-
cussed in this workshop. For example, we know from theory (and indirectly from the example of superfluid helium-3)
that a superconductor can in principle also be topological, and finding examples of topological superconductivity is
a high priority. A magnet can also be topological, as in the case of spin liquids where only the spin of the electron,
rather than its charge, forms the topological phase.

A key part of the search for complex and potentially useful topological order is the creation of new experiments,
along with better strategies for existing experiments, to probe topology in materials. For example, the search for
a topological superconductor is proceeding not just by looking for new materials but also by combining existing
materials into nanoscale heterostructures, e.g., putting a non-superconducting topological material on top of a
non-topological superconductor.

One reason why there is so much interest in these examples of topological order beyond the independent-electron
paradigm is that they support the fractionally charged quasiparticles that may be useful for quantum computing.
Their technological relevance stems from an amazing property that these quasiparticles are believed to have. All
the fundamental particles in nature fall into one of two categories: bosons, such as the photon and Higgs boson,
and fermions, such as the electron, proton, and neutron. They are distinguished by how the quantum wavefunction
behaves when two identical particles are “braided” (moved around each other).

We now understand, and in a few cases can see by indirect experiments, that quasiparticles in topological phases
are neither bosons nor fermions but rather anyons, which show a subtle property of fractional statistics under braid-
ing; this behavior is at the heart of their utility for quantum computing. Improving our ability to control and use the
unigue properties of topological phases, from dissipationless transport up to the braiding of fractional quasiparti-
cles, is a major scientific challenge, but the rapid rate of progress in recent years gives reason to believe that it is
a feasible one.

2.2.3 Research Thrusts

There are remarkably many frontiers of research in topological quantum materials. Our approach in this section is to
give an overview that first focuses on the different classes of topological materials and phases (Thrust 2a), includ-
ing the possibility of “bottom-up” engineering of topological phases by combinations of existing materials. We then
turn to the problem of how experiments can be carried out to detect topological phenomena, including the creation of
new platforms to create and measure excitations with fractional statistics (Thrust 2b). Progress in these directions
will contribute to the energy relevant scientific challenges described above.



Thrust 2a: Discover New Topological Quantum Materials

New materials will be the basis for harnessing groundbreaking topological states as called for in PRD-2. From bulk
materials with free and interacting quasi-particles to heterostructures that rely on proximitizing or bandstructure
engineering, close interaction between synthesis and theory is pivotal here so this area approaches the aspiration of
“materials by design.”

Non-interacting topological insulators and semimetals: The field of topological quantum materials has benefitted
enormously from close connections between theoretical and experimental work. Many of the non-interacting topolog-
ical states were first predicted by theory, and later realized in experiments. This is the case for topological insulators
and Dirac and Weyl semi-metals. This healthy exchange should continue. For instance, this exchange may lead to new
paths to attain Weyl semi-metals. Theory has shown that Weyl electrons may be quite pervasive in broad classes of
materials. However, one need not start with Dirac and Weyl semimetals. For example, the application of a magnetic
field to a class of semimetals that have a zero energy gap (e.g. HgCdTe, half-Heuslers, and gray tin) converts the
conventional Schrodinger states into Weyl states. A second possibility is to start with narrow-gap semiconductors
that lack inversion symmetry. Theory predicts that if the energy gap is forced to close (by application of pressure, for
example) a metallic state featuring Weyl fermion states should appear. Weyl semimetals may be the source of super-
conducting states with novel topological properties. Finally, the layered chalcogenides may

be a rich source of topological and Weyl materials. The realization of Dirac states in an antiferromagnet (e.g.,
CuMnAs) may lead to Weyl states with broken time-reversal symmetry. Moreover, specific combinations of layered
materials with known and characterized properties may lead the way to engineer topological and Weyl materials with
desired properties.

Topological superconductors (TSCs): Unlike insulators in which the total number of electrons is conserved, super-
conductors (and superfluids) spontaneously break the U(1) symmetry associated with the fermion number conserva-
tion. Only the fermion number parity (i.e., even or odd) is conserved in the mean-field theory of superconductivity. This
important difference in symmetry called for a new topological classification of superconductors different from insu-
lators, which was systematized [60, 61] and led to the theoretical finding of a wide class of TSCs. Several concrete
examples of TSCs appeared in early model studies [62-65]. However, at present there are only very few possible
experimental examples of TSCs; the search and synthesis of such materials must continue.

In the simplest case, one defines a TSC as a fully gapped Bardeen-Cooper-Schrieffer (BCS) superconductor that can-
not be adiabatically connected to a Bose-Einstein condensate (BEC) of Cooper pairs [62]. This would be analogous to
the topological insulator (TI) that cannot be adiabatically deformed to the so-called atomic limit, where the unit cells
are completely separated. By this standard, conventional s-wave spin-singlet superconductors are clearly non-topolog-
ical, because they exhibit a smooth crossover from the weak-coupling Bardeen-Cooper-Schrieffer (BCS) limit to the
strong-coupling BEC limit without undergoing a gap-closing phase transition. This implies that unconventional pairing
symmetry is a necessary (but not sufficient) condition for TSCs. Although the concept of TSC is most transparent in
fully gapped superconductors, it is important to note that nodal (zero-gap) superconductors can also be topological
as long as a topological invariant is well defined. Indeed, for several particular cases of nodal superconductors,
topological classifications have been carried out and concrete topological invariants have been found [66, 67]. As a
consequence of its nontrivial topology, irrespective of whether it is fully gapped or nodal, a TSC is guaranteed to pos-
sess protected gapless excitations on the boundary. Importantly, unlike in Tls, these excitations are not electrons or
holes (as in a normal metal) but Bogoliubov quasiparticles, namely coherent superpositions of electrons and holes.
The corresponding surface states are Andreev bound states. The classification of TSCs and the nature of their sur-
face Andreev bound states depend crucially on the presence or absence of internal symmetries such as time reversal
and spin rotation. Of particular interest are time-reversal-breaking TSCs (the superconducting cousin of quantum Hall
insulators) and time-reversal-invariant TSCs (the superconducting analog of Tls [64]). A famous example of the former
type is a 2D chiral p, + ip, spin-triplet superconductor. As mentioned above, there is evidence that an extensively
studied material, Sr,RuQ,, is a p-wave superconductor, but there is no consensus as to whether it fulfills all the require-
ments of a chiral TSC [68] although there is some experimental indication of surface Andreev bound states [69].



Interacting topological insulators: A clear challenge for future work is to understand what happens when strong
interactions are present, leading to qualitative new material properties. An immediate challenge is to close the

gap that currently exists between theory and experiment. Much of the present understanding of interacting topo-
logical phases, especially those in 3D, comes from abstract treatments, such as topological effective field theories
[70-73]. While these are quite appropriate theoretical tools, they do not help to guide experiment and materials
synthesis in the search for these states. A first step to narrow this gap is to seek and construct simple but yet local
microscopic lattice models that could host such topological phases. Whether a lattice model will or will not have a
topological phase is not a question addressed by topology, but it is a matter of energetics. Whether an interacting
topological phase or a possible competing state, such as a charge density wave, is established depends on the
balance of energy scales. In order to guide the search for actual materials, it is fundamental that methods be devel-
oped for rational design of lattice models where interacting topological phases emerge. While lattice models are still
short of real materials, they stand halfway between abstract mathematics and material synthesis. Populating this
middle ground is an opportunity to make concrete progress. This middle ground should foster the exchange between
theorists and computational physicists, who, guided by feedback from experimentalists and scientists who synthe-
size new materials, may discover the right compounds.

Topological phases in strongly correlated systems: A class of strongly-correlated topological materials is formed
by topological Mott insulators [74]. This area of research may unveil novel topological phases of matter, which so
far have been considered only on purely theoretical grounds. The current theoretical research on iridate insulators
[47] aims at realizing a Kitaev spin model [50] in a real material [48, 75, 76]. Theory predicts that certain spin-den-
sity-wave systems in 3D may also be topological [77], and antiferromagnets that break both time reversal and a
primitive lattice translation symmetry are “antiferromagnetic topological insulators” with surfaces that exhibit a
half-quantized Hall effect [78]. Several simple models, such as the Kondo-Heisenberg chain (a 1D model of a heavy
fermion system), have been shown to be topological superconductors with unconventional, parity-odd superconduc-
tivity with a pair-density-wave condensate [79-82]. This is a fertile area of research with great promise.

Fractionalized topological phases in 3D: Conventional insulators and metals are characterized by electron-like quasi-
particles that carry the unit of charge, -|e|, and spin %. Among the many physical properties of interacting topological
systems is that many of these states have been predicted to have elementary excitations with fractional quantum
numbers. Such states of matter are said to be fractionalized phases. The best understood examples of fractionalized
states, and the only ones so far accessible to experiment, are the fractional quantum Hall fluids found in two-dimen-
sional electron gases (2DEGs) in high magnetic fields [83]. These states have a fractional quantum Hall conductivity
ox,=(p/q) €%/h (p and g are two integers and h is Planck’s constant) whose value is unaffected by disorder and other
local effects, due to the topological nature of these states. The excitations of these incompressible fluids are vortices
that carry a fractional electric charge [84] and fractional statistics [85].

Our understanding of topological states in 2D systems has benefitted from many years of studies of the fractional
quantum Hall effect [86-88]. These concepts have since been extended into new possible states. One example is
the recent theoretical progress on identifying the main properties of 2D fractional topological insulators [89-91] and
topological Z(2) and chiral spin liquid states in frustrated antiferromagnets [92].

The 3D fractionalized phases are much less well understood, even theoretically. While in 2D systems the excitations
of fractionalized topological states have particle-like properties, with fractional quantum numbers, in 3D these exci-
tations are more exotic. In the bulk 3D system the fractionalized excitations have properties akin to those of mag-
netic monopoles (possibly carrying spin %) or “vortex-like” (string-like) excitations. In contrast, the surfaces of these
3D fractionalized states are expected to have particle-like excitations. Much of what is presently known about these
novel states of matter is based on qualitative effective field theory arguments [70-73]. Understanding the emergence
of such phenomena in material systems or even in reasonably local model systems is no small challenge, for theory,
experiment, and synthesis alike.



INTERACTING TOPOLOGICAL QUANTUM MATTER
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The first two kinds of topological states of electrons to be discovered were the integer and fractional quantum Hall effects,
which occur at high magnetic fields in 2D electron systems and were recognized by two Nobel Prizes. There are fundamental
differences between the two effects reflecting the fact that the integer effect can occur without interactions (i.e., for indepen-
dent electrons), while the fractional effect happens because of the strong repulsion between electrons. This repulsion causes
the independent-electron picture to break down with dramatic consequences, including the emergence of elementary exci-
tations that carry a fraction of the electron charge, and obey exchange statistics other than fermions or bosons.

The recent discoveries of topological insulators and Weyl semimetals in 2D and 3D are largely understood in terms of non-
interacting electrons. Following the path from integer to fractional Hall effects, we can ask: What are the strongly interacting
versions of these materials and what new fractionalized phases of matter are possible in nature? Finding such interacting
topological phases is key for some of the groundbreaking electronic functionalities mentioned in the main text.

The first steps along this path generalized Haldane’s model of an integer quantum Hall effect in a lattice model without mag-
netic field. To attain a fractional state, the electron density is reduced, and the effects of interactions in the resulting partially
filled band need to be increased. One way to achieve this is by flattening the dispersion of a band without closing the band
gap (Fig. 1). In addition to hosting possible topological phases, such “flat bands” are ideal for designing correlated quantum
matter in general as interaction energy can more easily dominate kinetic energy.

Numerical studies using a wide variety of tools have established the existence of a stable fractional-quantum-Hall-like phase
in lattice systems. This state of matter has fractionally charged excitations that can be seen when a magnetic flux is inserted,
as shown as shown in Fig.2 and top right corner. This stable phase, which is the counterpart of the fractional quantum Hall
effect without an external magnetic field, is one example of the many possibilities for fractionalized topological phases. There
are also a number of possibilities to be explored in three-dimensional materials, where interacting topological phases are far
less understood.

The field of interacting topological matter is an open area for research in quantum materials. Short and long-range entangled
phases and symmetry-protected and symmetry-enhanced topological phases are examples of concepts recently developed to
systematize topological states of interacting quantum matter. This field is in its infancy.



The 3D case stands at the frontier of our knowledge. The physical origin of these challenges is rooted in the inher-
ent long-range quantum entanglement characterizing these intriguing states of matter. Unlike non-interacting topo-
logical materials, which can be predicted rather accurately by theory, their interacting counterparts are much harder
to predict. While the discovery of materials with topological band-structures has given great impetus to both theory
and experiment, the highly inhomogeneous distribution of the Berry phases in the Brillouin zones of these systems
constitute a significant difficulty for finding materials with fractionalized phases, even in systems with (topological)
flat bands [93, 94]. In contrast, in the conventional 2DEGs in high magnetic fields where the fractional quantum Hall
fluids are found, the Berry phases are essentially uniform, a feature which plays a significant (if unappreciated) role
in these systems [95]. The experimental challenge in synthesizing and detecting interacting topological insulators is
huge. Here, both theory-led efforts and direct experimental approaches will be needed.

Topological magnetic systems: With the exception of the fractional quantum Hall fluids of 2D electron gases in
strong magnetic fields, at present there are almost no known viable experimentally accessible candidate materials
that would host a topological fractionalized state even in two dimensions, much less in 3D. The only concrete pro-
posals (not yet realized in experiments) are several proposed fractionalized spin liquid topological bosonic insulating
states of topological magnets, e.g., frustrated quantum antiferromagnets such as Kagomé and hyperkagomé materi-
als [92]. There has been enormous recent progress in showing, by numerical and analytic methods, that topological
phases (both Z(2) and chiral spin liquid states) do exist in simple extensions of the Heisenberg antiferromagnet on
these lattices. The recent discovery of Kagomé materials (herbertsmithite and others), which may be argued are well
described by these simple models, has opened the road for the experimental investigation of these phases [11]. A
major roadblock is the lack of experimental tools to evince the topological nature of these phases. This challenge is
the principal focus of Thrust 2b and is also addressed in Thrust 4b.

Robust topological quantum phenomena: A virtue of strong interactions is that they may lead to large energy gaps.
Higher energy gaps, whether they come from strong interactions or strong spin-orbit coupling in single-particle sys-
tems, have potentially remarkable consequences. In existing semiconducting (weakly-interacting) topological materials
such as HgCdTe, the energy gaps are of the order of a few tens of meV. However, in materials composed of heavier
atoms where Coulomb potentials at the lattice scales are large and spin-orbit coupling is very strong, such gaps

can reach several hundreds of meV. Thus, high-energy gap topological systems, with a gap driven by the strength of
interactions or by the strength of spin-orbit couplings, may allow one to bring the fundamental physics of topologically
protected chiral states to room temperature. A stack of topological materials with an interaction driven quantized Hall
effect could reach this regime with a gap of a hundred meV. An example of such a system may be stanene [96], which
was recently predicted to exhibit the quantum spin Hall effect, with a band-gap of 0.3 eV. Exploring these directions
further is of utmost importance for reaching applications using topological quantum materials.

Theoretically, it is not possible to describe a fractionalized topological state starting from a non-interacting one using
the conventional methods of perturbation theory. Topological states are, for the most part, not amenable to either
mean-field studies (including standard electronic structure computational methods, such as local-density approxi-
mation [LDA]) or to perturbative diagrammatic approaches. In many cases, non-perturbative numerical techniques
such as Quantum Monte Carlo simulations are plagued by the pervasive fermion sign problem. Novel and powerful
numerical approaches such as quantum-information theory based tensor-network simulations [97], and other gener-
alizations of the density matrix renormalization group (DMRG) [98-100], offer much promise. Recent constructions
of non-trivial 2D topological phases represented as an array of 1D strongly-correlated systems (whose properties
can be studied in great detail with existing methods) indicate that heterostructures with similar properties can be
an avenue for the experimental exploration of these novel quantum states of matter [101, 102]. On the other hand,
several models of strongly interacting Tls in 3D that are amenable to Monte Carlo simulations of the type used in
lattice gauge theory are very promising. Studies of this type will be most helpful to guide future searches for novel
topological materials.

Heterostructured topological quantum materials: Ab-initio design of interacting quantum materials that have
topologically ordered ground states is a tall order. A possible route to tackle this challenge is a modular approach.
Recently, there has been much progress in understanding topological phases in terms of coupled lower dimensional



subsystems, such as chains or planes. This approach has been used before in other contexts, such as trying to
understand the physics of the cuprates. In the case of topological states, this approach is successful in bridging the
physics of 1D and 2D, and giving a simple route to gapless edge modes. A clear challenge is to push this modular
approach from a pure theoretical tool to a materials design principle.

Topological quantum materials built of coupled spin chains would be charge insulators, even on the edge. The
possible gapless excitations would exist on this edge. This is an alternative route to spintronic materials that is
less reliant on spin-orbit coupling and, instead, would depend on spin-exchange or super-exchange interactions.
This constructionist approach provides opportunities to combine expertise in different areas of condensed matter
and materials research. If the elementary building blocks are spin chains or spin ladders, the approach can be
aided by powerful numerical tools, such as DMRG [98, 99]. With well-characterized chains or ladders, 2D or 3D
structures could be constructed by coupling multiple chains or ladders. If the numerical analysis supports the
existence of a fractionalized topological phase in such a system, it can guide experiment and synthesis of hetero-
structured materials.

Transition metal dichalcogenides (TMDCs): Transition metal dichalcogenides are a rich family of materials that lend
themselves to the search for new Tls, and offer multiple opportunities for tuning. These layered materials represent
the 2D cousins of the known 3D chalcogen-based Tls [103, 104]. The TMDCs consist of TX2 layers, where T is a
transition metal with either octahedral or trigonal prismatic coordination with the chalcogen X. The layers can be
stacked in several different polytypes having 1, 2, 3, 4, or 6 layers in the trigonal (T), hexagonal (H), or rhombohedral
(R) unit cell. Consequently, the electronic properties of the TX, materials are known to span from insulators to semi-
conductors and semimetals. It seems therefore natural to use modern characterization techniques and probe the
properties of the decades-old TMDCs, to identify potential topological states. This approach would entail a closed
loop between band structure calculations, synthesis, and measurements. In the context of Dirac fermions, Bi has
been an active player in bulk topological systems (topological insulators and more). The transition metal chalco-
genides (TMDs) versions include Bi,,Sb,, Bi,X;, TIBiX,, (Pb,Ge)(Bi,Sb),X,, and the “natural” heterostructures
(Bi,),(Bi,Se,),,. The design of novel bulk topological systems beyond Bi is heavily dependent on input from band
structure calculation. In addition to large spin-orbit coupling (which, in practice translates to heavy elements), these
materials will likely be small gap semiconductors. To further the development of TMDs as topological quantum mate-
rials, input from theory will be required to predict candidates with band inversion. Additionally, once correlations are
added, a new manifold of candidate topological systems is unfolded: This currently includes the above mentioned
rare earth based compounds, SmB,, Nd,Ti,O,, RBiPt with magnetic rare earth (R), and topological superconductors,
but much more work is needed in this area.

Thrust 2b: Design New Platforms to Probe and Exploit Topology

We now turn to the challenge of finding new experimental manifestations of topological effects in quantum mate-
rials. In recent years there has been huge progress in the discovery and characterization of new topological mate-
rials. Non-interacting topological materials such as topological band insulators can be verified using ARPES and
STM probes. However, except for these cases of non-interacting topological band insulators, it is unclear if these
experimental methods can unambiguously distinguish a trivial material from a topological material. Moreover, many
materials are not directly amenable to the use of STM or ARPES. Hence new measurement probes and techniques
that can directly address the topological aspects of the material are needed.

Topologically sensitive probes: At present there are only a handful of transport techniques that can provide
relatively direct information on the underlying topology of the system. A few examples include non-local transport,
the chiral anomaly, and Josephson current phase relations. However, more are needed. We need to develop
probes that can directly explore spin and heat transport without involving charge. We need to understand potential
signatures of fractional states and develop new local probes of topological interface states between magnetic and
structural domains.



The behavior of topological and Weyl materials in ultra-high magnetic
field is not well understood. Could high magnetic fields be used to
evince novel topological properties in these systems? What are some Q 0
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Can we devise methods to directly probe the Berry curvature of the

system? Non-linear optical effects such as high-harmonic generation Figure 2.2.1: Non-Abelian Exchange Statistics
are also sensitive probes of exotic symmetry breakings and are only — One of the remarkable features of topological

insulators is the emergence of elementary exci-
tations with exchange statistics that are neither
fermionic nor bosonic. While exchange statistics

just now starting to be exploited for such systems [106].

Fractional quantum magnetoelectric effect: It has been proposed with fractional phase (anyonic) has been known
. . . to exist in the fractional quantum Hall regime,
that topological insulators are best characterized not as surface Honat g i & :
] . the exchange statistics in topological systems is
conductors, but as bulk magnetoelectrics [107, 108] with a quan- non-abelian. This implies that the exchange of two
tized magnetoelectric response coefficient whose size is set by the particles gives rise to a new quantum mechanical

fine structure constant a=(e2/2¢,hc). Magnetoelectrics are materials state and not simply a phase.

in which a polarization can be created by an applied magnetic field

or a magnetization can be created by an applied electric field and have been topics of interest for decades [109].
Representative examples of magnetoelectric materials are Cr,0, [110] and multiferroic BiFeO, [111]. Topological
insulators can be viewed as special magnetoelectrics [107, 108]. In topological field theory, this can be shown

to be a consequence of an additional “axion” term L., = -20(e,/U,)*(6/2m)EB to the usual Maxwell Lagrangian
[107], where g, and p, are the permittivity and permeability of free space. It was shown that, provided time reversal
symmetry or inversion symmetry are respected, three-dimensional insulators can be divided into two classes of
materials, in which the 06 term in L, is either 2m(n+1/2) (topological) or 2rn (conventional band insulators) [107],
where n is an integer that depends on details of the time reversal symmetry breaking and surface termination (and
corresponds to the effective Landau level [LL] filling factor of the surface). This magnetoelectric effect has now been
observed in Bi,Se, [112]. As discussed above, one possibility in the case of the strongly interacting topological
phases, is the prospect that 3D analogs of 2D fractional quantum Hall phases could be realized. In the same man-
ner as non-interacting topological insulators are expected to show a magnetoelectric effect quantized in units of the
fine structure constant, such fractional topological insulators may be expected to show a magnetoelectric effect that
is quantized in rational fractions of the fine structure constant [113-115]. Such a fractional phase may be uniquely
identified by this fractional magnetoelectric effect.

A large part of the interest in “fractional” topological states results from the unusual quantum statistics of their
excitations. Quantum statistics is the fundamental quantum property of matter in our universe, describing how
particle wavefunctions are modified by simple motions of the particles in space. Our world is made out of fermions
and bosons. Their statistics govern the laws of matter, including its stability, and are at the root of the existence of
metals, superfluids and superconductors. However, it has been known for many years that in systems of reduced
dimensionality, other types of quantum statistics with exotic properties are theoretically allowed. A key goal will

be to make heterostructure devices that combine different materials in hybrid environments to realize states with
these properties.

In one- and two-dimensional systems, it has been shown theoretically that there are many-body states whose qua-
siparticles can exhibit anyonic (fractional) statistics [85, 116], as well as an even more exotic, non-abelian form of



quantum exchange (Fig. 2.2.1). This type of quasiparticles is only possible in topological many-body
states of matter with long-range quantum entanglement, of which non-abelian statistics is one of the most
spectacular manifestations.

A remarkable feature of non-abelian quasiparticles is that the quantum state of several quasiparticles cannot be
specified by their spatial locations (their coordinates). Instead, a set of non-abelian quasiparticles can be in several
possible states [117]. Under a process known as braiding, the state of a collection of such quasiparticles can be
turned into a superposition of several of the allowed states. It is this novel manifestation of quantum mechanics
that renders systems with non-abelian quasiparticles extremely useful for building quantum information systems
such as topologically-protected qubits and topological quantum computers [59, 118]. Just as a fermion cannot be
turned into a boson, a (quasi) particle with non-abelian statistics has properties that are protected from disorder,
local perturbations, and other local external factors [119]. The central goal of this line of research is to both find
such topological phases of matter and to engineer novel, robust, extensive, and scalable platforms using topological
and spintronics materials with the purpose of creating, isolating, manipulating and braiding novel excitations with
esoteric quantum numbers and statistics. There are a number of promising avenues for research.

Non-abelian statistics and Majorana fermions: As originally proposed by Ettore Majorana, the Majorana fermion is
a particle that is its own anti-particle. In the condensed matter context, of particular interest are Majorana fermion
zero-modes arising at end-points (and surfaces) of odd-parity superconductors and at their junctions with conven-
tional superconductors. The interest here is that topological singularities in vortices of p-wave superconductors and
edge states of p-wave superconducting wires, harbor Majorana zero modes [62, 120]. As a consequence, these
structures behave as non-abelian anyons (of the Ising type) and can serve as platforms for non-abelian braiding
operations. In the condensed matter setting, Majorana fermion zero-modes can emerge in topological supercon-
ductors as a special type of zero-energy, spatially-localized quasi-particle, formed by a coherent superposition of
electron and hole excitations with equal amplitude [63]. Theory predicts that Majorana fermion zero-modes can be
created in a wide array of spin-orbit-coupled materials in proximity to conventional superconductors [121]. These
materials include, but are not limited to, topological insulators (2D or 3D), nanowires (semiconducting or metallic),
and magnetic atom arrays. Recently, the observation of zero energy conductance peaks in these platforms provides
encouraging hints of Majorana fermion zero-modes [122].

Condensed matter materials are made out of fermions and bosons and do not usually contain exotic quasiparticles.
An exception has been the fractional quantum Hall effect. While for a long time it has seemed impossible to find

a scalable way to manipulate non-abelian quasiparticles, recent remarkable advances have turned this from only a
theoretical possibility into a probable 10-year reality. Rather than finding new, interacting materials in which the elec-
trons reorganize themselves into states with new non-abelian quasiparticles, the recent experimental advances have
focused on engineering these exotic phases using composite structures of different known materials. All the current
platforms involve either proximity-induced superconductivity and nanowire semiconductors with spin-orbit coupling in
the presence of a magnetic field, quantum spin Hall materials and proximity-induced superconductors [123, 124],
or magnetic materials that form ferromagnetic chains via coupled “Shiba” states on the surface of superconducting
lead [125]. In these engineered hybrid structures, these groups have seen the first glimpses of Majorana fermion
zero-modes, which endow these structures with non-abelian statistics [125]. These successes have made the isola-
tion, manipulation and braiding of the first exotic quasiparticle a possible, yet tremendously challenging, goal for the
next 10 years. More excitingly, this goal can be, at least conceptually, achieved in platforms, which form a topolog-
ical phase of matter out of simple, known materials. This allows for both lateral and vertical integration: laterally,
these hybrid, engineered structures can be scaled up to eventually produce logical devices; vertically, they can be
used to create platforms to manipulate and braid even more esoteric (but more robust) non-abelian quasiparticles
of the future, such as the proposed parafermions [126].

Engineering states with parafermions and other exotic excitations: Hybrid structures using a generalized form

of proximity effect between other phases of quantum matter may lead to exotic states. Recent theoretical results
[127] suggest that hybrid structures of quantum spin-ice materials (a magnetic material in a spin liquid state lacking
long-range magnetic order) with a conventional superconductor results in a parity-odd (p-wave) superconductor at



its interface. In a different vein, it has been shown theoretically that a one-dimensional hybrid structure made of
edge states of fractional quantum Hall systems and insulating density waves traps non-abelian quasiparticles known
as parafermions [126], and potentially could be used to perform quantum computations. Clearly, the exploration of
hybrid structures, carefully engineered, is a direction of research from which exciting new and potentially revolutionary
discoveries may be made in the near future.

One of the major experimental challenges in exploring parafermions is the need to “proximitize” quantized Hall
states with superconductivity at high magnetic fields. Presently there are several promising platforms that are
believed to be able to do that. These include 2D systems made of graphene, InAs quantum wells, HgTe quantum
wells, and even GaAs which holds the record in terms of cleanliness and was recently proximitized for the first time
[128]. Another promising platform is the use of the quantum anomalous Hall system where coupling to quantum
Hall physics can be done at zero magnetic field. Theoretically, Hamiltonian engineering in hybrid structures can also
be used to create different types of parafermions that require symmetry protection [102]. These new types of sys-
tems host quasiparticles, which are non-abelian, exotic, and protected by discrete symmetries. One specific simple
example is the Z(8) Majorana phase [129], physically realizable in hybrid systems with mirror symmetry such as
nanowires or atomic ferromagnetic chains on the surface of superconductors. The quasiparticle excitations of this
state behave as a remarkable type of “spin” called projective representation. Scanning tunneling spectroscopy can
in principle be used to image these quasiparticles.

A key outstanding problem is the characterization of topological phases of matter and in particular exploring their
excitations. For topological superconductors, a direct test is provided by phase-sensitive measurements, which
should provide direct evidence for the order parameter symmetry. Yet other more subtle probes are needed to fully
characterize these states. For instance, time-reversal-breaking px+ipy superconducting states are predicted to have
charge-neutral chiral edge states of Majorana fermions. To detect such states requires sophisticated techniques
for measuring quantized heat transport. Such techniques have been employed in challenging experiments on the
edge states of certain fractional quantum Hall systems [130, 131], but so far not in topological superconductors.
Likewise new techniques are needed to image Majorana zero modes in topological superconductors, which will
require further development of scanning magnetometry techniques and improvement of the resolution of quasiparti-
cle tunneling spectroscopies adapted to these ends.

A first step in the development of functional topological devices is to identify the location of Majorana fermions in
hybrid devices. Much of the evidence for Majorana fermions has come from the observation of zero-energy states
in the conductance of tunneling contacts to topological semiconductor nanowires [122] and in chains of magnetic
atoms [125] via STM and spectroscopy. The latter experiments allow imaging of the location and internal structure
of the zero-voltage states. This technique can be applied to the search for Majorana bound states in Josephson
junctions bound to Josephson vortex cores where the junction phase shift is m.

A key goal of future work is to develop new modes capable of locating and tracking Majorana fermions in topological
systems. Possible approaches are a) charge imaging such as the scanning single electron microscope [132, 133],
which is sensitive to the compressibility of the quantum modes and can probe buried interfaces, b) scanning mag-
netic probes such as scanning nitrogen vacancy center microscopy, that are operable in a range of temperatures and
magnetic fields and has single spin sensitivity, and c) magnetic resonance force microscopy and scanning SQUID
microscopy, technologies that can be used to image vortices and magnetic states. Another powerful technique for
testing the unusual statistics of Majorana states is vortex interferometry via the Aharonov-Casher effect, i.e., a peri-
odic sensitivity of the vortex flux flow resistance of interfering vortex paths to the charge enclosed [123, 134]. Finally,
an important step in detecting Majorana fermions is measuring the Majorana spin. This will depend on the platform
used. In the nanowires, the magnetic chain platform, and the quantum spin Hall platform, the Majorana zero mode
has significant smoking-gun spin signatures which can be measured in spin-dependent tunneling, possibly using
spintronic devices.

Basic logical operations with Majorana fermions generally require exchanging them in space, which is the process
of braiding. This requires moving the Majorana fermions. In networks of topological semiconductor nanowires, in



which the Majorana fermions are bound to the ends of the wires, this can be done by gating the wire into and out of
the topological regime in Tjunction structures. In networks of Josephson junctions, in which the Majorana states are
bound to Josephson vortices, this can be done by moving the vortices by controlling the phase, current, or voltage
across the junctions. Various logic gates can be realized by manipulating the Majorana and parafermion modes in
different sequences. Likewise, quasiparticle interferometers that are sensitive to the fractional statistics, which have
been used (so far with modest success) in fractional quantum Hall devices [135, 136], should be further developed.
Of particular promise are devices that can test the behavior of a large assembly of Majorana and parafermion zero-
modes. The theoretical studies of these setups have until now been very qualitative, and more predictive studies are
needed to guide experiments.

Parity: Information is encoded in the parity of the Majorana fermion pairs. It is the non-local storage of this informa-
tion that protects it against dephasing. The parity is a measure related to the charge of the pair when annihilated,
or in Josephson junction devices to the sign of the sin(¢/2) component in the current-phase relation [137]. One

of the major experimental challenges is to determine ways to readout the parity of Majorana states after braiding
exchanges. Many schemes have been proposed: coupling of the Majorana states to a charge-sensitive quantum-dot,
coupling them to a qubit, or reading the instantaneous critical current that is sensitive to the sign of the sin(¢/2)
Josephson supercurrent. Achieving parity transitions in braiding operations would provide a direct test of the exis-
tence of Majorana modes and their most important property, which is non-abelian statistics. It would also open the
door to further development of electronic circuitry for topologically-protected quantum computing.

Although the braiding operations introduce no errors, the possibility of parity transitions induced by interactions with
quasiparticle excitations will limit the operation of quantum computing. One of the major goals is to determine and
reduce as much as possible the detrimental effects of quasiparticle excitations and enhance the parity lifetime.
Measurement of the parity lifetime in Josephson junction systems can be determined by measuring the frequency-
dependence of the Josephson current-phase relation: The sin(¢/2) component is averaged out by parity transitions.
In nanowire systems, this can be estimated from the single-electron charging energy to the wire.

Topological Spintronics Devices: Another class of hybrid Tl devices is those interfacing with ferromagnetic materials.
New functionalities can be anticipated from the extreme spin-orbit coupling (spin-momentum locking) of topological
surface states. For example, spin polarized current injection from a magnet into a Tl should lead to an electrical cur-
rent along a specific spatial direction in the TI, or, using the reciprocity of this effect, one can use spin-orbit torque
from the Tl to switch an adjacent ferromagnet. Similarly, because the pair of helical edge states that run along the
edge of a two-dimensional Tl circulates in opposite directions for electrons of opposite spins, it is easy to envision
simple devices where these channels can be used. For example, the channels could be used to measure the polar-
ization of an incoming current or to split a current into its polarization component. Channels might also be used to
switch current on and off, or change the direction of change the direction of flow depending on polarization.

Research into spin injection has started only recently. It is challenging to convincingly demonstrate spin injection in
Tl materials. To obtain spin injection, several groups have attempted to use the spin torque technique to overcome
the resistance mismatch between ferromagnet and Tl, but clear evidence of spin current injected into a Tl has yet

to be provided. Simple dc spin injection and detection in a non-local geometry would be a very welcome demon-
stration-of-principle, but it has so far proven very hard to obtain tunnel barriers of sufficient quality and in the right
resistance range. Spin-orbit torque has been invoked to explain switching phenomena in a magnetic T, but switching
of an external magnet remains to be accomplished.



2.3 PRD 3 — DRIVE AND MANIPULATE QUANTUM EFFECTS
(COHERENCE, ENTANGLEMENT) IN NANOSTRUCTURES FOR
TRANSFORMATIVE TECHNOLOGIES

The most important and interesting processes in nature are heterogeneous and out of equilibrium, including by
necessity those behind our energy and technological systems. Under these conditions quantum materials have
distinct and unusual behaviors that present fundamental scientific challenges and unique opportunities for energy-
relevant technologies. The goal of this priority research direction is to explore the transport and non-equilibrium
properties of quantum matter and the properties of heterogeneous and finite size structures formed from quan-
tum materials. The Heisenberg uncertainty principle ensures that quantized energy levels shift as quantum
materials are truncated or confined. This effect can be utilized to shift the color of a light emitting diode or to
match the absorption of photovoltaics to the solar spectrum. Finite size effects are amplified and gain variety
when properties depend fundamentally on electron interactions. Confinement and defects can then extinguish or
enhance distinct materials properties because of symmetry breaking and anisotropic interactions at interfaces.
Another relevant feature of quantum materials is their frequently exotic quasi-particles, which, within the confines
of the material, are as real as electrons and photons are in vacuum. However, solid state quasiparticles —
phonons, magnons, spinons, visons, skyrmions, and magnetic monopoles, for example — have distinct collective
and transport properties that characterize the underlying quantum matter and can be exploited for applications
including information storage, transmission, and energy efficient processing based on electron spin rather than
charge. We perceive a tremendous potential for energy-relevant technological impacts that can be achieved by

understanding and controlling the unfamiliar properties of heterogeneous quantum systems far from equilibrium.

2.3.1 Introduction

Seventy years after the invention of the transistor, the average person now relies on more than 100 billion silicon-
based transistors to conduct his or her energy and information intensive life. While the essential bulk characteristic
of semiconducting silicon is chemical and electrical tunability, the technological impact is associated with nano-
structuring of electronic functionality.

Compared with silicon, quantum materials offer a staggering variety of electronic properties: Collective phenomena
give rise to extreme non-linear responses to stimuli, and ordered states host a variety of exotic quasi-particles that
exhibit quantum coherence and entanglement properties from which, for example, the almost magical computational
capabilities of quantum computing might be realized. As silicon-based information technologies approach physical
limits set by dissipation, density, and speed, it is natural that we should look to this rich class of materials as a
potential basis for an energy efficient extension of the information technology revolution.

As has been the case for silicon, nano-structuring of quantum materials will be key to their technological application
and is a focus of this priority research direction. Beyond miniaturization, spatial confinement of quantum materials
also presents the means to dramatically altering their physical properties, turning a metal to an insulator, a para-
magnet to an antiferromagnet, or a magnet to a superconductor as required within a specific device. Using such
tuning it may also be possible to drive a nanoscale volume of a quantum matter to a critical point that separates



such phases to greatly amplify the effects of stimuli. Assembling monolayers with controlled relative rotations and
distinct chemical sequences, or interfacing layers of quantum materials with desired properties, offers a route to
tailored electronic functionality in the nano-structured volume or at interfaces.

Whereas semiconductors host electrons and holes, quantum materials harbor an array of exotic quasi-particles that
could form the basis for information storage, transport, and processing. A few such phases are exemplified in the
subfield of magnetism. Skyrmions are compact topologically protected bubble-like textures that appear in ferro- or
antiferro-magnetically ordered states and have well-defined dynamical properties. Magnons carry a quantum of
magnetism that can be controlled and manipulated with high-energy efficiency. Spinons are topologically protected
excitations of spin liquids with distinct quantum dynamics potentially applicable for quantum computation. Magnetic
monopoles, the magnetic equivalent of electric charge, while not yet detected as fundamental particles in nature,
have been realized as stable collective particles in a curious magnetic state of the pyrochlore crystal structure that
mimics water ice. The exploration of generalized transport of these and many other collective quasi-particles in
nano-structured quantum matter combines abundant opportunities for fundamental discovery with a realistic oppor-
tunity to enable radical new low-power spin-based information storage and processing devices.

Stimulating quantum materials with femtosecond light pulses opens a new dimension in the space of quantum
materials. Metastable states of matter that do not exist in equilibrium can be formed to achieve a specific electronic
functionality at the designated time, desirable materials properties such as superconductivity can be enhanced by
the coherent excitation of specific vibrational states (phonons), and magnetic bits in nanostructures can be indi-
vidually switched with spatially patterned optical driving fields. Given that our fiber optic communication systems

are based on pulses of light, the rich nature of interactions between light and quantum matter offers outstanding
opportunities for fast and energy efficient transfer of information from optical encoding to assemblies of magnons,
skyrmion, spinons, or monopoles for information processing within a quantum material.

Nano-structured quantum materials offer an exciting space within which to create a new class of ultra-fast comput-
ing systems with seamless linkages to optical communication systems. Based on the spin rather than the charge of
the electron, such systems also have the potential for a new level of energy efficiency. The application of advanced
collective properties of quantum materials is shifting the traditional boundaries between fundamental and applied
research. Thus the scientific challenges that we discussed in the next section, when overcome through work under
this priority research direction, can have a rapid impact on applications. An excellent example is afforded by the phe-
nomenon of giant magneto resistance (GMR), which is the basis for the modern hard disk. In the decade following
the initial scientific discovery and before award of the corresponding 2007 Nobel Prize, 5 billion hard disks based
on GMR read heads were already in service. Quantum materials offer extraordinary opportunities for groundbreaking
technological progress to improve the energy efficiency and the performance of the information processing systems
that are the basis for modern society.

2.3.2 Scientific Challenges

While traditional methods of condensed matter physics focus on the equilibrium properties of an infinite volume of
homogeneous matter, a full understanding of quantum materials as they occur in nature and technology includes
the exploration of finite size effects, surface effects, the effects of impurities, and the response to stimuli, large and
small. Motivated by fundamental scientific curiosity or the practical interests of an application engineer, this focus
complements and builds upon that of the two prior PRDs.

Extrapolation from the pristine crystalline bulk of a ‘simple’ material such as semiconducting silicon to realistic
conditions is under excellent theoretical and experimental control. It is a different story, however, for quantum
materials. Even in the bulk, predicting the superconducting or the magnetic transition temperature or the nature
of the entangled state of a quantum magnet are significant challenges. Understanding collective properties under
realistic conditions including finite sample sizes and finite defect densities is a profound challenge of fundamental
and practical importance.



However, the concept of band engineering by assembling layers at the atomic scale either through molecular beam
epitaxy or by stacking graphene-like atomic mono-layers as so-called moiré solids looks promising as a route to
rational design of quantum matter.

An interesting aspect of quantum materials is their extreme sensitivity to specific small perturbations. Much like the
extreme sensitivity of silicon to doping, once under experimental and theoretical control, such sensitivity can be of
great importance in applications. For example illumination of Bi,Se,/SrTiO; heterostructures can produce laterally
patterned electronic surface states.

Because quantum materials harbor such a broad array of exotic quasi-particles, the study of the associated trans-
port properties, namely the directed flow of quasi-particles within quantum materials in the bulk or in nano-struc-
tured forms, is a rich area of science with close connections to applications. Spin currents might, for example, be
employed to alter magnetic structures, and this might be a route to realizing neuromorphic computing, where the
ability of brain cells to alter their connectivity is mimicked.

Another area of intense focus and promise is the application of antiferromagnetic materials for information storage
and processing. There are multiple potential advantages including lower energy consumption, higher speed, and
higher density. The information would be stored in domain structures that might be associated with states related to
each other through mirror reflection. The scientific challenges that must be met to realize this vision are associated
with understanding transport of quasi-particles through such magnetic structures and the associated domains, and
this turns out to be an extraordinarily rich and exciting area of inquiry.

The skyrmion might be considered the ultimate atomic sized domain structure. In a range of magnetic solids with
magnetic order and inversion symmetry breaking either within the bulk or as a consequence of an interface or a sur-
face, these spin textures that resemble a rolled up hedgehog are remarkably stable once formed, and they may even
form spontaneously. The physics of skyrmions, including their rich interactions with electrical currents, are again an
area with profound intellectual challenges and tremendous potential for applications.

Moving beyond steady-state transport to conditions far from equilibrium, quantum materials present a plethora of
surprising behaviors. Under the stimulation of intense pulsed lasers, it is possible to induce metastable phases,

or states of matter that rely on the presence of large amplitude electromagnetic fields. Superconductivity can be
strengthened by non-linear excitation of specific vibrational modes, which can both help to understand the origins of
superconductivity and how to strengthen it in thermodynamic equilibrium and might serve as a means of switching
quantum materials properties during the operation of an electronic device.

The focus on time-dependent non-equilibrium phenomena in the solid state developed from a different area of
science, namely that of atomic, molecular, and optical (AMO) physics, where such effects are used to manipulate
and probe ultra-cold atomic gases. An exciting marriage of several of these concepts is relevant to the electronic
and nuclear spin dynamics of the nitrogen-vacancy (NV) defects in diamonds. The relatively long quantum coherence
times of these systems along with the ability to manipulate their quantum entanglement through interactions with
photons makes NV systems an exciting area of fundamental inquiry, as well as a potential arena for storing, replicat-
ing, and processing quantum information.

2.3.3 Research Thrusts

The PRD is organized into three main “thrusts” that progressively deviate from homogeneous equilibrium condi-
tions. The first thrust deals with spatially non-uniform quantum materials. At the atomic scale materials always
come in atomic chunks, but here we consider structure on longer length scales from nanometers to fractions of
a millimeter (Thrust 3a). In the second thrust (Thrust 3b) such structures are subject to boundary conditions that
lead to a flow of energy, charge, and spin and of the unique quasi-particles that define the quantum material. In
the third thrust (Thrust 3c) we consider quantum materials far from equilibrium as they are stimulated by intense
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Figure 2.3.1: Tuning parameters afforded in heterostructures of highly scaled correlated materials and the phenomena that they control.

electromagnetic pulses and form strongly interacting systems of photons and matter so that the focus becomes
the time evolution of interacting quantum systems.

Thrust 3a: Employ Nanoscale Structuring to Elucidate and Exploit Coherence and Entanglement

The 20th century technology revolution in electronic, photonic, and magnetic materials was enabled by extraordinary
control over the properties of materials for which a theoretical framework with near-perfect predictive capabilities
was already in place. In contrast, the scientific understanding of how to control the unique phenomena exhibited by
quantum materials, which arise from strong electron correlations and non-trivial topological electronic states, is still
in its infancy, and studies have largely been limited to bulk materials. The premise of this thrust is the realization
that nano- and heterostructures allow for new ways of controlling and understanding the phenomena exhibited by
quantum materials and for creating new quantum states that do not exist in higher dimensions. The key approaches
of this thrust include control of dimensionality through electrostatic confinement, layer-by-layer thin film growth meth-
ods, and nanopatterning; control of carrier densities through field effect, modulation doping, or the use of polar/
non-polar interfaces; orbital control and exploitation of proximity effects at interfaces and in hybrid structures; and
band engineering in van-der-Waals heterostructures. Key outcomes include (i) understanding how to systematically
utilize scaled and heterostructured quantum materials to enhance existing properties and realize new physical
behavior and (ii) highly tunable structures that provide strong constraints on the theoretical models, leading to the
long-sought predictive models for these materials. Ultimately, such highly scaled quantum materials will enable
entirely new classes of energy-efficient, spintronic, and electronic materials that utilize the wealth of phenomena
associated with strong electron correlations, topological energy states, and spin-orbit coupling.

Scientific objective: The scientific objective of this thrust is the rational design of quantum materials and control
over their properties by exploiting quantum confinement and low dimensionality at heterointerfaces and in nanoscale
geometries. A major challenge one encounters in quantum materials lies in the cooperation and competition of key
variables, such as dimensionality, spin, charge, collective modes, order parameter symmetry and fluctuations, and
lattice degrees of freedom, all of which are crucial in promoting new emergent states (Fig. 2.3.1). In bulk materials,
it is, however, very difficult to access and control these key variables independently. For example, low-dimensionality
can promote new states by breaking inversion symmetry or suppressing other electronic and magnetic instabilities.
Structural deformations (Fig. 2.3.2), which control the electronic and orbital degrees of freedom, typically cannot be
systematically tuned in bulk materials without altering material chemistry. This complicates theoretical understand-
ing of the underlying electronic phenomena and the rational design of new correlated quantum matter. Scaled quan-
tum materials offer a different way of controlling structural deformations via confinement, orientation, and strain,
which provides unique opportunities to develop a quantitative understanding of the interplay between electronic
correlations and structure.
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Figure 2.3.2: Schematic showing the control of orbital polarization in octahedrally coordinated LaNiO; or manganites, using strain and
confinement. The top row shows the structural deformations and the bottom row the relative occupancy of the d-orbitals. The actual
(experimentally measured) changes in the orbital polarization are on order of tens of percent or less.

Highly scaled, heterostructured quantum materials allow for important parameters to be independently controlled in
ways that have barely been explored. For example, carrier densities can be manipulated without chemical doping in
the active volume through the field effect, modulation doping, or the use of polar/non-polar interfaces. The dimen-
sionality of the electron system and that of the critical fluctuations can, in principle, be controlled through elec-
trostatic confinement and layer-by-layer control afforded by modern thin film synthesis techniques. In many cases,
however, high-quality thin film synthesis is proving to be a significant challenge in its own right, due to the inherent
complexity of the materials. Proximity effects at interfaces can be used to introduce specific types of magnetism, to
control orbital polarization, and to alter unit cell symmetry. Heterostructures and field effect devices caused a para-
digm shift in conventional semiconductors, and no less is expected in the arena of correlated and complex quantum
matter, topological materials, and 2D crystals.

The thrust is to develop and exploit nano-structuring as a means of controlling relevant parameters of quantum
materials systems — including quantum fluctuations, lattice symmetry, orbital polarization, and magnetic or orbital
order — and their interplay so as to understand and form new states of matter.

Three research challenges are central to rational design of highly scaled quantum matter:

® How can we tune the “character” of individual electronic states in quantum materials? Correlated
electronic materials display great sensitivity to the type and shape of electronic orbitals and to the
associated bandwidths, all of which are impacted by nano-structuring.

How can we tune the number of electrons in a solid? Nano-structuring allows for electrostatic gat-

ing that can alter the electronic landscape of quantum materials without introducing disorder and
lattice distortions. Due to the short screening length in oxides, atomically thin layers are ideal for
manipulating the local effects caused by carrier injection and/or depletion on exchange, orbital, and
lattice interactions. In this way quantum criticality may be accessed through gating. In 2D van der
Waals materials, the carrier density can also be modulated along the vertical growth direction using
adjustable band alignments at heterointerfaces and by exploiting the relative twist degree of freedom
between layers. The large thickness dependence of the electronic band structure of these 2D materials
also lends itself to lateral modulation of carrier density.

® How can we tune electronic interactions? Approaches include dimensionality control, which is closely
tied to the first approach, since orbital states are highly sensitive to the dimensionality. With the



advent of high-quality quantum materials heterostructures, dimensionality can be tuned with methods
such as atomic layer control and electrostatic confinement. Other approaches include band engineer-
ing in 2D heterostructures, interfacial spin-orbit coupling, and the use of interfacial polarity. Band
engineering extends a methodology that is well established in semiconductor heterostructures, but
that is much more powerful within the context of 2D van der Waals materials. Here, stacking diverse
monolayers gives access to a much larger phase space of band structures.

Characterization of such engineered materials and structures is now possible through new spectroscopic and micro-
scopic techniques that reveal electronic and lattice configurations on sub-nanometer length scales (see 3.6.2). At
the level of synthesis, unprecedented control of samples is possible through thin film growth techniques, such as
molecular beam epitaxy (MBE), and 2D synthesis techniques that allow atomic precision design of layered struc-
tures (see 3.6.1).

Tuning the “character” of individual electrons in quantum materials: The phenomena exhibited by correlated
materials depend sensitively on the atomic orbitals from which the electronic structure is derived. Important orbital
characteristics include directionality, polarization, and quantum nature. Orbital overlap, controlled by subtle structural
distortions, determines the electronic kinetic energy, which in turn determines phenomena such as hopping param-
eters, metal-insulator transitions, and exchange interactions. Relativistic spin-orbit coupling can induce intrinsically
complex orbital wave functions, which lead to pronounced quantum effects such as the accumulation of phase as
electrons move through the solid. In correlated magnetic materials, the interactions between individual moments
determine their antiferromagnetic or ferromagnetic character while anisotropy is controlled by the orbital configura-
tions. Tremendous excitement was generated when it was appreciated that manipulation of such factors in hetero-
structures may allow for the design of unconventional superconductors [139, 140].

While the orbital configuration of quantum materials are essential for functions, options to manipulate this configura-
tions without changing crystal structure and/or composition are severely limited in conventional bulk synthesis. For
example, in rare earth nickelates the crystal symmetry, orbital degeneracy, and bandwidth, which control the metal
insulator transition, are controlled by the rare earth ion on the perovskite A-site. Using thin film techniques, where
the atomic layers can be deposited precisely in a wide range of geometries, subtle perturbations can be introduced
through interfacial symmetry, coupling, and coherency strains, so the orbital polarization can be explicitly controlled.
One approach involves combining layers of different thickness and with different rigidity. Interface coherency then
causes the lattice of sufficiently thin, electronically active layers to be effectively frozen, to suppress or enhance
distortions and thus stabilize a desired orbital configuration. Because the spin interactions are heavily influenced
by the preferred orbital orientations, new spin and depth-dependent orbital textures may arise in these systems.
Another potential approach to controlling the orbital state of quantum materials involves the use of electromagnetic
radiation, which can directly influence electronic parameters.

Tuning the number of electrons in a single solid: Like their conventional semiconductor counterparts, scaled
quantum heterostructures allow for control of the electronic carrier densities. Strong electron correlations start to
dominate phenomena in quantum materials only at very high electron densities, in narrow bands, and for sufficiently
strong electron Coulomb repulsion energies. The extreme case is the Mott insulator. More interestingly, however,
rapid changes of the physical properties occur as the electron density is “doped” away from the Mott insulating
state. Some of the most exotic — and least understood — phenomena in condensed matter physics occur in the
proximity of this Mott insulating state, such as high-temperature superconductivity, metal-insulator transitions,
pseudogap phenomena, charge ordering, and tunable magnetism. In many of the most interesting systems, carrier
density tunes the materials across quantum phase transitions that may promote new exotic states of matter [141].
Control of carrier density may also enable the realization of entirely new states in correlated quantum materials.
For example, it may be possible to realize quantum spin liquids by doping low-dimensional, quantum antiferromag-
netic insulators.

In bulk materials, chemical doping (sometimes better described as alloying) is the only way to manipulate equilib-
rium carrier densities. This method, however, introduces disorder, lattice distortions, and sometimes even nanoscale



inhomogeneities that are very difficult to detect. Furthermore, since the material is fundamentally altered, it can-
not be tuned in situ, as would be needed for devices that utilize the change in properties that occur as the carrier
density is tuned. Scaled quantum materials allow going beyond the alloying paradigm by using techniques that have
been highly successful in semiconductor technology, such as modulation doping and electrical gating. Electrostatic
doping can thus provide a well-defined route to exotic conducting and superconducting states of matter.

A major challenge is that large carrier densities need to be modulated (on the order of 1x10%** cm=2 [142]), which,

in conventional field effect devices is limited by permittivity of the gate dielectric. Fortunately, within the family of
perovskite oxides, several high permittivity oxides exist, though they often come with their own challenges, such as
field-dependent dielectric constants. Innovative heterostructure approaches may be needed, but these have barely
been explored, often due to the lack of very basic information, such as band offsets. Electrolytic “gating,” whereby a
bias is used to induce large changes in carrier concentration and bonding environment through either electrostatic
or electrochemical processes, provides a route to significantly alter electronic and magnetic behavior. In oxides, for
example, the ability to dynamically insert and remove oxygen through external stimuli [143] can provide a means to
reversibly traverse phase boundaries between different electronic and magnetic states in a single sample.

In van der Waals heterostructures that combine different 2D materials, the unpinned band alignment at heterointer-
faces provides another powerful “control knob” for the carrier density. This knob can be controlled using either an
externally applied electric field or by exploiting the ability to change the twist angle between alternating 2D layers in
a stack. Such flexible control over the charge density distribution could have profound influence on properties such
as magnetic order, superconductivity, and metal-insulator transitions. How will these phenomena develop in the
presence of further quantum confinement such as in nanowire or quantum dot geometries? This remains an open
question, full of exciting possibilities that have yet to be explored.

Surface adsorbates (i.e., alkali metals, such as K or Cs) provide an alternate route to carrier doping of atomically
thin materials or the surface layers of quantum materials. One advantage to surface adsorbates is the high carrier
densities (10** cm?) that are achievable at the surfaces of materials [144], which can even exceed the density
possible by ionic liquid gating. This could also provide a promising alternate pathway to doping materials where
chemical substitution results in trapped states or chemical disorder. This approach has already been successfully
employed to dope monolayer van der Waals materials, and it could also help in the search for more exotic states
of matter. For example, there are indications that superconductivity can be induced at the surface of Sr,IrO, with K
adsorbed on the surface [144]. In contrast, La-substitution for Sr instead results in carrier localization and no hints
of superconductivity.

Interfacing oxides with 2D van der Waals materials remains a relatively unexplored area with several recent discov-
eries that are still incompletely understood. For instance an anomaly in resistivity measurements for a single layer
of FeSe on SrTiO,; was reported and interpreted as indicative of superconductivity at a surprisingly high temperature
[145,146]. Another discovery is that illumination of Bi,Se,/SrTiO; heterostructures can lead to a laterally patterned
chemical potential in the surface states of the Bi,Se, and optical patterning of magnetic domains in Cr-doped
(Bi,Sb),Te, [147]. Phenomena such as these are dependent on the complex charge transfer that occurs at highly
heterogeneous interfaces.

Tuning interactions: Reduced dimensionality has long been known to promote new phases and new states of
matter. Quantum confinement effects are generally important when the characteristic energy associated with
confinement dominates. Given that a defining feature of correlated matter is competition between energy scales,
confinement can be used to disentangle competing degrees of freedom. This is again an idea that remains to be
explored. Low-dimensionality enhances quantum and thermal fluctuations, the thermodynamic density of states,

and the phase space available for electronic scattering. The degree to which these play a role in high-temperature
superconductivity and quantum criticality remains a matter of scientific debate. In particular, quasi-2D and 1D have
been invoked in extensively studied systems, such as the cuprate and Fe-based superconductors and in organics. In
bulk materials, reduced dimensionality usually occurs serendipitously and can be controlled only to a certain degree.
For example, it is well known that in the layered Ruddlesden-Popper structures of correlated oxides, the ground state



can be changed dramatically as a function of the number of rock salt layers per unit cell. In the manganites and
nickelates, the ground state can change from a ferromagnetic metal to an insulating state with nanoscale charge/
spin ordering. Engineered, atomically thin analogs of these materials could allow for more precise tuning between
such competing states, or even the realization of additional phases that are not possible in bulk form.

Electronic dimensionality may be different for different degrees of freedom (spin, charge, and lattice). In real material
systems, there is a host of other effects that influence electronic correlations. An example is when the surfaces of
a thin film break inversion symmetry. This breaking of symmetry in turn leads to Rashba spin-orbit coupling. In the
absence of strong electronic correlations, the spin-orbit coupling can lead to spin-split states at the Fermi energy in
an electron gas, and this can in some circumstances favor unconventional pairing of electrons in a superconducting
state at low temperatures. On the other hand, if strong correlations are present, a magnetic insulating stat