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Quantum Anomalies in Condensed Matter
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Quantum materials provide a fertile ground in which to test and realize
unusual phenomena such as quantum anomalies predicted by quantum field
theory. There are three important symmetries that are broken when classical
field theory is moved into the quantum regime, the scale anomaly, the axial
(chiral) anomaly, and the parity anomaly. Several potential device applications
may be realized by the discovery of quantum anomalies in condensed matter,
enabled by the new physics they embody, including ultra-sensitive dark matter
detectors, far infrared optical modulators, micro-bolometric detectors,
low-dissipation ballistic transporters, terahertz-based qubits, terahertz

theory. This specific breaking of symme-
try due to quantum fluctuations is re-
ferred to as a quantum anomaly. The
term anomaly as related to particle or
high energy physics, was first discov-
ered in the triangle diagram of Adler-Bell-
Jackiwl?! (Figure 1). All symmetries in
nature can have an anomaly in princi-
ple as long as certain constraints (such
as Wess-Zumino consistency conditions)
are met. A good number of anoma-

polarization state controls, passive magnetic field sensors, stable topological
superconductors that host Majorana fermions, and qubits topologically
protected against decoherence. In this perspective article, the definition of
these quantum anomalies is laid out, how little is known in the context of
condensed matter, and how quantum anomalies are predicted to manifest as
anomalous electronic, thermal, and magnetic behavior in experiments on
topological quantum materials, including Weyl and Dirac semimetals.
Furthermore, the importance that mechanical strain and defects will play in

modifying signatures of quantum anomalies is discussed.

1. Introduction

When a classical field theory is quantized, some symmetries that
are intact in the classical realm are broken in quantum field

lies are known in quantum field theory.
Some prominent examples are the chiral
anomaly [U(1) charge conservation], the
parity anomaly (parity symmetry), and
the scale/trace/conformal/Weyl anomaly
(scale invariance).

In this perspective, we focus on three
important symmetries that exist in clas-
sical field theory but are broken when
translated to the quantum regime in
the context of topological materials: ax-
ial (or “chiral”),>7) parity, 8! and scale
(or “conformal”)!>13] (summarized in
Table 1). One important implication of Emmy Noether’s theorem
is that any form of broken symmetry will lead to a non-conserved
current, J, or “signature.”! Thus, the symmetry-breaking pro-
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Figure 1. Triangle diagram of Adler-Bell-Jackiw denoting three interacting
bosons (wavy lines) showing Green’s functions (arrows). Each vertex rep-
resents the interaction of a gauge boson with a fermion line, thus forming
a closed loop. The calculation of this Feynman diagram, if non-zero, leads
to an anomaly. If the chiral symmetry is broken, i.e., left-handed and right-
handed fermions are treated differently, a chiral (or axial) anomaly results.

cess from classical field theory to quantum field theory results in
a “quantum anomaly,” and each known quantum anomaly leads
to a different non-conserved current (Table 1), which must be
measurable. This paradigm!’®! is gaining ground in both theory
and experiments on topological quantum materials such as Dirac
semimetals (DSMs) and Weyl semimetals (WSMs) as well as two-
dimensional (2D) materials with promise for electronic devices,
although it remains at the forefront of science with only a few
high-impact publications to date.

The study of quantum anomalies in condensed matter car-
ries an inherent and broader impact; few experimental tests exist
whereby scientists can probe quantum theory in General Relativ-
ity. In this sense, condensed matter offers another experimental
cradle to explore the fundamental physics of the universe at the
lab scale. This potential arises because symmetry is an organizing
principle of our world. Two aspects of symmetry that are impor-
tant in this perspective are conservation (of a physical property)
and breaking of symmetry in the classical and quantum worlds.
The Noether theory!'*! states that invariance under a certain op-
eration (for example continuous translation) leads to a conserva-
tion law (for example momentum conservation at low energies),
although we note that crystalline solids that break translational
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symmetry do retain discrete subgroups and that these discrete
symmetries do not lead to Noether symmetries. The classical ef-
fect of the spontaneous breaking of symmetry is a phase tran-
sition due to thermal fluctuations, for example, from the crys-
talline ice of snowflakes to liquid water. In the quantum world,
we have quantum fluctuations, and some states respect symme-
try while others may break it. The Noether theory of conservation
of classical currents (duJ# = 0) is replaced by Ward identities!"®! of
quantum averages ((dpJ* ) = 0). Thus, symmetries are conserved
in classical systems but can be broken in quantum systems, and
the anomaly emerges as a new principle to organize and under-
stand different quantum phases. The observable quantum effect
is a symmetry violation due to the quantum anomaly. This is so
important as a building principle of our world at a fundamental
level that the charge states of quarks (+2/3, -1/3), which compose
protons and neutrons, are defined by the charge needed to cancel
quantum anomalies globally for the theory to be sensible.

Because the universe is quantum, a better understanding of
these anomalies (and their signatures in different systems)!'’-20]
is pivotal to improving the overall quantum field theoretical
framework. However, these anomalies are not readily testable in
field theory in most cases, and their nature means that, in a quan-
tum system, the coupling constants are dependent on measure-
ment. For example, it is known that the scale anomaly depends
on the energy at which it is measured, but the measurement
is so technically challenging that the scale anomaly has never
been definitively measured in any solid material. Likewise, the
parity anomaly has only recently been observed in a single semi-
magnetic topological insulator (TI) heterostructure.l?!! Thus, the
challenge to the scientific community is two-fold: both new ex-
perimental methods are needed to enable the measurement of
anomalous currents and new theoretical approaches are needed
that will enable their interpretation in condensed matter.

One immediate consequence of the quantum anomalies is to
dictate whether a quantum state can exist. The quantum state
cannot exist if the quantum anomalies cannot be cancelled glob-
ally. As a simple example, the chiral anomaly forbids the existence
of truly one-dimensional (1D) wires with only left or right-moving
electrons. This arises from the fact that the number of left and
right-moving modes must be the same because the electron en-

Table 1. Overview of the current state of research regarding the three main anomalies that arise when classical field theory symmetries are broken in the

quantum regime.

Quantum Measured? / in Expected Signature Dependency: from predicted quantum anomaly Devices enabled by quantum anomalies
Anomaly condensed matter? to a measurement
Axial Anomaly yes | yes negative longitudinal J x (E'B)B ® farinfrared optical modulators
magneto resistance Fukushima et al., Phys. Rev. D 2008, 78, 074033; e |ow-dissipation ballistic transporters
Nielsen & Ninomiya, Phys. Lett. B 1983, 130, ® terahertz-based qubits
389-396. ® terahertz polarization state controls
Parity Anomaly yes [ yes half-integer quantum J=(2€?/h)Eya ® passive magnetic field sensors
anomalous Hall effect Dudal et al., Sci. Rep. 2022, 12, 5439. ® stable topological superconductors that
host Majorana fermions; noise-impervious
topological quantum computers
® qubits protected against decoherence
® quantum resistance standard
Scale Anomaly yes [ no anomalous J < BX(VT/T) ® ultra-sensitive micro-bolometric detectors

magneto-thermoelectric
current

Chernodub et al., Phys. Rev. Lett. 2018, 120, e dark matter detectors

206601.
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ergy dispersion is periodic in momentum space. However, topol-
ogy comes to our rescue and makes the seemingly impossible
task possible. The chiral anomaly is cancelled by bulk topology,
which results in the quantum Hall effect in 2D systems. Conse-
quently, the edges of the quantum Hall system represent a new
quantum state that does not exist in a truly 1D lattice, leading
to dissipationless conducting channels at the edges. This phe-
nomenon can also be realized in Chern insulators without apply-
ing a magnetic field and is known as the quantum anomalous
Hall effect (QAHE).[2223]

One issue that arises in the field of quantum anomalies in
topological materials is that research approaches are based on
methods that rely significantly on chance encounters of the cou-
pling constants to acquire data of interest under lab-scale per-
turbations. As an example, some established magneto-thermal
measurements in low-direct current (DC) magnetic fields rely on
thermal gradients (e.g., the Nernst or Seebeck effect),[22 but
none have been performed in ultra-high pulsed magnetic fields
where exotic physics governs transport.[?”] Although challenges
exist in adapting magneto-thermal measurements techniques in
low fields to these ultra-high magnetic fields, many can be mit-
igated through the use of pulse magnets that produce a flat-top
field on the order of 1-2 s.2#%! Using such longer pulse mag-
net systems while also controlling the electronic band structure
through strain in strain-tunable systems may allow measure-
ments of quantum anomalous currents at ultra-high magnetic
fields.

2. Discussion

2.1. Chiral Anomaly

The anomalous non-conservation of a chiral current in a phys-
ical system is referred to as the chiral anomaly. In the case of
particle physics, the “charge-parity (CP) violation” — or CP non-
conservation — provides direct evidence for the existence of the
chiral anomaly. Evidently, the very fact that the observable uni-
verse contains vastly more matter than antimatter is likely a con-
sequence of the chiral anomaly. The chiral anomaly was first ex-
plained by the calculations of Adler-Bell-Jackiw!"*) in the context
of quantum electrodynamics. The chiral or axial symmetry is bro-
ken by quantum corrections calculated via the triangle diagram
(e.g., Figure 1).

To illustrate the basic notion of the chiral anomaly, let us con-
sider a 1D metal. Its Brillouin zone is also 1D, and periodic in
momentum, k. Its energy dispersion E(k) is a periodic function
in k, which means that the number of times that E(k) crosses
the Fermi energy must be an even number. In condensed mat-
ter systems, we are usually only interested in low-energy states
around the Fermi energy. Suppose we linearize the dispersion
around the Fermi energy, we obtain an equal number of left and
right-moving chiral modes, as shown in Figure 2a. Imagine we
do not have the knowledge about the full spectrum of the sys-
tem, and we only know these low-energy chiral modes near the
Fermi energy. It may appear that the number of fermions for
each chiral mode is separately conserved. Indeed, in the low-
energy Hamiltonian, we can define a symmetry operator such
that it commutes with the Hamiltonian. However, in the pres-
ence of an electric field, E, it is obvious from the full spectrum
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Figure 2. Chiral anomaly in one space dimension. a) Left- (n,, blue) and
right- (ng, red) moving fermions are conserved without an electric field for
charged fermions such as electrons. b) In the presence of an external elec-
tric field, E, 1D chiral fermions are pumped in the direction of the field at
a rate of E/z, which results in a non-conservation of left and right-moving
charged fermions separately.

of E(k) that electrons are pumped from one chiral branch to
the opposite chiral branch. However, if we only know the spec-
trum around the Fermi energy, then it becomes mysterious that
fermions at one branch disappear and reappear at the other
branch, which seems to be anomalous, hence the name chiral
anomaly. The rate of transferring electrons from one branch to
the other branch is given byl'”! 9,n, — o,n; = E/x, where n;
and ny are the number of left and right-moving electrons, re-
spectively. In terms of the full E(k) spectrum, there is nothing
anomalous, which means that the anomaly must cancel glob-
ally.

A single chiral mode cannot appear in a 1D system due to
the chiral anomaly. However, it can appear as a boundary of a
2D system as manifested in quantum Hall systems, such as de-
picted in Figure 3. For an electron gas under a strong perpendic-
ular magnetic field, the electrons’ motion forms closed Landau
orbitals, and the spectrum of electrons becomes Landau levels.
Each Landau level has a band topology characterized by a topo-
logical invariant called a Chern number. When electrons fully oc-
cupy a certain number of Landau levels, the system develops pre-
cisely quantum Hall conductance in units of the quantum con-
ductance, €?/h, where ¢ is the elementary charge and h is the
Planck constant. It is the chiral edge mode at the boundary of
the Hall system that is responsible for the Hall quantization, and
the number of chiral edge modes is determined by the bulk topol-
ogy. These chiral edge modes are truly 1D in nature and exhibit
the chiral anomaly at the edge. In contrast to the modes in a 1D
system, where an arbitrarily weak disorder causes the modes to
be localized, these topologically protected chiral edge modes can-
not be localized by disorder. These chiral edge modes are allowed
because of the bulk topology, which allows for the cancellation of
the chiral anomaly at the edge and is known as anomaly inflow.
Specifically, in the presence of an electric field in the x direction,
the left-moving electrons are pumped into the right-moving elec-
trons, similar to the process shown in Figure 2b. In quantum Hall
systems, this pumping is through the bulk and is nothing but the
transverse Hall current. The consequence is that the quantum
Hall system as a whole does not have an anomaly. Our discus-
sion here only focuses on non-interacting physics, and we will
not discuss the possibility of the fractional quantum Hall effect
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Figure 3. Chiral anomaly in a quantum Hall insulator. The boundary of
the material is anomalous, hosting 1D chiral edge modes, which sepa-
rates left and right movers along opposite edges. The chiral anomaly at
the boundary is canceled by bulk topology through anomaly inflow, i.e.,
bringing about charge pumping from left movers (blue) to right movers
(red) through the Hall current due to bulk topology. This schematic reveals
the deep and close connection between anomaly and topology.

due to electronic correlations. The discussion here is also appli-
cable to Chern insulators.

The chiral anomaly also exists in three-dimensional (3D) sys-
tems. One important example is that of WSMs. In these mate-
rials, we have an even number of topologically protected band
crossings, known as Weyl nodes. These Weyl nodes serve as sinks
or sources for Berry curvature in momentum space. In the pres-
ence of a magnetic field, the motion of the Weyl fermions in the
plane transverse to the applied magnetic field is confined, and
the system forms Landau levels while the motion along the field
direction is unrestricted. This results in dispersive Landau lev-
els as shown in Figure 4. What makes Weyl fermions special is
that the zero-th Landau level is chiral, similar to the chiral modes
in 1D wires (lattices) and 2D quantum Hall systems. In other
words, the application of a magnetic field effectively reduces the
dimension of the system from 3D to 1D due to the quenching of
the electron dynamics in the transverse direction. As in the 1D
case, application of an electric field parallel to the magnetic field
pumps electrons from one chiral branch to the opposite branch.
Here we would like to emphasize that the chiral anomaly can-
cels globally in WSMs, because the Weyl nodes with opposite chi-
rality must appear in pairs as required by the Nielsen-Ninomiya
fermion doubling theorem.3%3!l The chiral anomaly leads to an
observable effect in topological semimetals, such as negative lon-
gitudinal magnetoresistance (NLMR),[*) and the chiral magne-
toelectric effect,’] which have been observed in experiment,l’!
see refs. [32-34] for a comprehensive review. However, the attri-
bution of NLMR to the chiral anomaly has been debated theo-
retically due to current jetting artifacts.[**] Recently, it has also
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been shown that the chiral anomaly is an underlying mecha-
nism for the observed large phonon magnetic moment in Dirac
semimetals.?¥] This work demonstrated that giant moments
can be achieved with high carrier density and mobility, and that
the effect is measurable by Raman spectroscopy under magnetic
fields in the experiment.

2.2. Parity Anomaly

In a physical system, if the classical action is invariant under a
change of parity, but the quantum theory is not invariant, then
we have a parity anomaly. It can occur in gauge theories with
fermions in even spatial dimensions. Haldane in his 1988 semi-
nal paper!*®] presented a 2D lattice model for the quantum Hall
effect without an external field (or Landau levels) as a condensed
matter realization of parity anomaly.

Let us consider Dirac fermions in 2D, which can be realized
in graphene, as an example. Around the Dirac point in the mo-
mentum space, the pseudospin associated with the spinor has a
vortex structure with winding number equal to one, as depicted in
Figure 5a. The parity anomaly states that it is impossible to have
a single Dirac cone in the 2D Brillouin zone when the time re-
versal symmetry is present. This can be seen by drawing a small,
closed loop around the Dirac point, where there is a winding of
the spinor along the loop. Now we enlarge the loop gradually
while maintaining the Dirac point in its center, so the winding
number does not change. However, since the Brillouin zone is
periodic and compact, this means that we can contract the loop
eventually. This leads to a contradiction for having a winding
number along the loop. Therefore, a single Dirac cone in a 2D
Brillouin zone, when the time reversal symmetry is preserved, is
not possible due to the parity anomaly. This is why in graphene,
there are four Dirac cones due to the spin and the valley degrees
of freedom. One signature of the parity anomaly is the appear-
ance of a half-quantized Hall conductance, i.e., o, = ¥2-¢*/h. This
half-quantized Hall conductance has been observed in graphene,
where 0= 2-¢?/h. Here, the factor of 2 is due to the contribution
from four Dirac cones under a magnetic field. In condensed mat-
ter systems, the low-energy physics is governed by energy near
the Fermi energy. One may realize the parity anomaly by keep-
ing one Dirac fermion near the Fermi energy while gapping out
the other Dirac fermions. This idea has been discussed by Dun-
can Haldane in his Nobel Prize-winning paper,[*®] where parity
anomaly is achieved at the topological phase transition between
the Chern insulator and the trivial insulator.

A true realization of a single Dirac cone, or parity anomaly, has
only been achieved after the discovery of 3D TIs. At the surface of
the T1, there exists a single Dirac cone. Similar to the case of edge
state in a quantum Hall system, the parity anomaly at the surface
is canceled by the bulk topology, and globally, there is no anomaly.
However, sensible physics must be local in space. We can have a
subsystem with a parity anomaly if we only probe the surface state
of the 3D TI. In this sense, the surface state of the 3D TI repre-
sents a new state of matter that cannot exist in any 2D system. The
parity anomaly of the surface state gives rise to half-quantized
Hall conductance when the surface state is in the proximity of
a magnetized material. Recently, experimental signatures of the
parity anomaly have been observed in a semi-magnetic TI?!l
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Figure 4. a) Graphical depiction of the chiral anomaly in a 3D Weyl semimetal under an applied external magnetic field, with higher order Landau levels
shown in gray and zero-th chiral Landau levels shown in blue (07) and red (0%). b) Zero-th Landau levels assume different chemical potentials (uL, 0,
blue and pug, 0%, red) when an external electric field is applied. This leads to the chiral anomaly in 3D with experimental consequences related to charge

pumping, such as negative longitudinal magnetoresistance.

wherein they demonstrated the half-integer quantization of Hall
conductance using a synthetic heterostructure and terahertz
magneto-optical spectroscopy. The latter has one surface state
gapped and massive due to magnetic doping, whereas the other
surface state is gapless, massless, and non-magnetic. Another in-
teresting possibility is the realization of topological superconduc-
tivity with Majorana fermions localized in the vortex cores when
the surface state is in close contact with a superconductor.[*]
There are ongoing experimental efforts to realize this topologi-

Figure 5. a) Schematic showing the impossibility of putting a single vortex
on a torus due to the parity anomaly. The vortex core is highlighted by a
circle. b) The combination of the parity anomaly together with supercon-
ductivity may lead to a surface that hosts novel and anomalous quantum
states, such as Majorana fermions, that have not been reported in 2D sys-
tems. Reproduced with permission.[*!] Copyright 2015, American Physical
Society.
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cal superconductivity by fabricating a superconductor-T1 hybrid
structure. The zero-bias conductance peak observed in scanning
tunneling microscopy of certain iron-based superconductors!*’!
is argued to be due to this mechanism. One major motiva-
tion behind these efforts is to realize Majorana fermions, which
are promising for robust topological quantum computation
(Figure 5b).

To have the parity anomaly at a surface, it is important to tune
the system into a STI phase, which can be achieved through tun-
ing the Fermi mass. Ultrafast optical pulses may offer a new
way through which to tune the Fermi mass to allow measure-
ment of signatures of the parity anomaly. Femtosecond laser
pulses have been shown to impulsively excite short-lived (sub-
ns) single-cycle acoustic wave packets that propagate through the
material volume with concomitant dynamic strains of more than
1%. Poisson effects are negligible, and the possibility of sam-
ple damage is greatly reduced, thus, dynamic strain can be seen
as a powerful tool to drive topological phase transitions in lay-
ered topological semimetals.[*>* Coherently driving the lattice
structure using ultrashort pulses of light!*#¢! has been demon-
strated to result in a topological phase transition through the
accompanying lattice distortion.[*’] Because symmetry-retaining
and symmetry-breaking strain profiles can change the elec-
tronic structure, DSMs and WSMs directly excited with acous-
tic strain waves (thermal expansion from laser heating),/**->0]
optical transducers,*'°2 and transient grating techniques!**! all
show possibility to enable highly directional strain fields that al-
low targeting of specific resonances and transparency windows
needed to tune the Fermi mass. It can be combined with QAHE
transport measurements. The theoretical framework for achiev-
ing ultrafast optical control of the parity anomaly, whose signa-
ture is the half-integer QAHE,['! is based on recently developed
Floquet theory for controlling a material’s Hamiltonian/>*%%! via
light-matter interactions.l®! In this approach, density functional
theory (DFT) calculations must be used to obtain band struc-
tures to derive a Hamiltonian whose parameters can be laser-
tuned to support Dirac fermions. Then the quantum anomalous
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current can be calculated using the Boltzmann transport equa-
tion and quantum field theory, and the combined approach may
allow one to obtain evidence of strain control over the parity
anomaly.

2.3. Scale Anomaly

The scale (or conformal or trace or Weyl) anomaly breaks the
conformal symmetry of the classical theory. It relates to the gen-
eration of mass by quantum mechanics. It also means that a
measurement depends on the scale of energy and/or distance
at which it is measured. The Lagrangian for massless Dirac
fermions is scale invariant and invariant under a rescaling trans-
formation. With quantum fluctuations (particle-hole excitation
screening), the effective charge is modified at different energies
or distances, which leads to a scale anomaly. For the case of
graphene, this leads to a renormalization of velocity,®’] which
has been shown experimentally.[®! In topological materials, the
scale anomaly can manifest as an edge current under an external
magnetic field 3% and as charge accumulation under an external
electric field.l>”!

One approach to observing the scale anomaly is grounded
in Luttinger’s!®! demonstration that statistical thermal diffusion
constants equate to certain zero-momentum correlation func-
tions of the energy-momentum current (i.e., the constants that
couple to the gravitational field), which is now made action-
able due to the recent discovery of DSMs, 56! which are also
topologically invariant over a significant momentum and en-
ergy range.[%062] Thus, if a temperature gradient VT drives a
DSM system out of equilibrium, a gravitational potential ® can
compensate, such that VT/T = -V®/c?, where ¢ is the speed
of light. Theoretically, measurable thermal and thermoelectric
effects!®*] in DSMs are related to quantum anomalies, even in
the complete absence of gravitational fields or space-time cur-
vature. Figure 6a illustrates the scale anomaly, where a sim-
ple and concise theory predicts that in a DSM, a temperature-
gradient-driven anomalous electric current will arise in an ex-
ternal magnetic field B as J = e2v;BxVT/(1872Th),!'*! where v,
is the Fermi velocity at the Dirac nodes (Figure 6b, inset). Al-
though real materials have impurities that complicate the mea-
surement and interpretation of anomalous currents, we note that
strain in DSMs can be used to precisely tune through a topo-
logical phase transition and enforce a purely Dirac linear E(k)
dispersion by controlling the electronic band gap.[*>43:64-66] Ad.
ditionally, a recent report has demonstrated the observation of
Luttinger liquids in twin boundaries of monolayer MoS, thin
films.167]

Theoretical calculations predict that the signature of the scale
anomaly in the DSM Cd,As, will be as high as 2.7 yA in 60 T
high pulsed magnetic field experiments (Figure 6b), and that a
similar effect will be observable in another DSM HfTe; at ~16
nA. Upper and lower limits are based on a typical range of tem-
perature gradients reached in the experiment (0.01-0.3 K pm™),
with a base temperature range of 0.75-4 K for Cd;As, and 65
K for HfTes. For clarity, we note that the quantum anomalies
discussed here are unrelated to general reports of transport sig-
natures that deviate from condensed matter theory (colloquially
termed “anomalies”).
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T T T T
3D Dirac  Top view of
semimetal lower cone

Anomalous current predicted, J [uA]

External magnetic field, B [T]

Figure 6. a) Schematic of the scale anomaly measurement. Reproduced
with permission.l'?] Copyright 2018, American Physical Society. b) Pre-
dicted scale anomaly signature in the DSMs Cd;As, and HfTeg supports
the viability of an experimental approach in high magnetic fields. (Inset)
Schematic of a DSM band structure with Dirac nodes.

2.4. Distinguishing Between Trivial and Non-Trivial Electronic
Bands

To realize the physics of such bands, experimentalists must be
able to drive the material into the right phase to observe quantum
anomalies. For observing quantum anomalies, we must have
truly Dirac (massless) fermions. One viable approach to achieve
Dirac fermions is to tune the system from a STI to a weak topo-
logical insulator (WTI) through strain, where the massless Dirac
fermion appears at the critical point between these topological
phases. Topological bands have a distinct and additional contri-
bution to electronic transport, optical, and magnetic properties,
and it is possible that there could be a coexistence of trivial and
non-trivial bands in any given topological material. The presence
of other trivial bands at the Fermi surface will complicate the ob-
servation of the QAHE, and other transport signatures. Thus, dis-
tinguishing between topologically trivial and non-trivial bands in
the search for quantum anomalies must be performed through
integrated theory and experiment. Theoretically, analytical calcu-
lations are used to determine whether a band is topological by
calculating its Chern number; for example, if the Chern number
is zero, it is trivial, and if it is non-zero, it is non-trivial.

Figure 7 illustrates one very promising way of realizing Dirac
cones by strain tuning between WTI and STI states.[®] A Ti is
an insulator by definition, and thus it is certain that other trivial
bands are not playing any role in transport. By tuning between

© 2025 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 7. Strain tuning between the STl and WTI phases in a) ZrTeg and
b) HfTe; based on DFT calculations. At the critical expansion, the DSM

electronic phase can be realized. Reproduced under terms of the CC-BY
license.[%8] Copyright 2017, The Authors, published by Springer Nature.

these two TI states, it is guaranteed that an isolated Dirac cone
will appear near the Fermi surface. In angle-resolved photoemis-
sion spectroscopy (ARPES), one can actually visualize these lin-
ear bands and determine what is topological and what is trivial,
as well as the separation of the cones in energy.[*”) ARPES has re-
cently been used to validate the experimental band structure shift
froma STI to a WTT in HfTe; with mechanical strain tuning, even
in the presence of non-negligible tellurium vacancies.”’! Theo-
retically, tellurium vacancy defects have been shown to account
for the difference in reported experimental spectroscopic mea-
surements, transport properties, and topological phases of ZrTe;
and HfTe which have obfuscated attribution of anomalous trans-
port to broken chiral symmetry,”!l owing in part to the strong
strain sensitivity of these materials and the local strain fields gen-
erated by the vacancies. Additionally, theorists have shown that
strain leads to a topological phase transition in Cd;As, using
DFT.I72

3. Outlook: Potential Devices Enabled by Quantum
Anomalies

Several potential device applications may be enabled by the new
physics of the quantum anomalies upon their reproducible dis-
covery, centering on applications in microelectronics and quan-
tum computing (Table 1). For example, the scale anomaly will en-
able ultra-sensitive micro-bolometric particle detection for ther-
mal imaging. In micro-bolometry, the noise equivalent thermal
detection (NETD) limit is governed by the thermal coefficient
of resistance (TCR), where NETD « TCR™!. In the DSM HfTe;,
TCR peaks at ~4% K~! at 90 KI?7%] (two times higher than the
industry-leading amorphous silicon). However, in a future scale-
anomaly-based detection scheme, NETD will be governed by the
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change in anomalous current with temperature (9]/9T)/], and be-
cause the Fermi velocity of DSMs can be tuned by ~5 times!”?!
when the electronic band structure changes between gapless and
gapped,”* sensitivity will increase by more than two orders of
magnitude even at low static magnetic fields — one order of mag-
nitude higher than the most sensitive TCR-based process of elec-
tron tunneling. Likewise, the parity anomaly has the potential
to accelerate quantum information science, as it can exist as a
surface state in a Dirac material. Thus, when a DSM is put in
contact with a superconductor, it forms a topological supercon-
ductor that can host Majorana fermions,[*!) which may enable a
decoherence-resilient topological quantum computing platform.
In addition, the chiral (axial) anomaly will allow a new type of
terahertz (THz)-based qubit with optical readout!’>’®! and enable
novel high-performance electromagnetic devices. For example, in
a WSM, effects closely related to the axial anomaly have enabled
control over the THz polarization state.””] Theoretical predic-
tion also hints that device applications in far infrared modulators
could be enabled by two unique axial anomaly effects: currentata
distance and the resonant transparency of electromagnetic wave
propagation in WSMs and DSMs.[87%] Lastly, we note a recent
report that claims to observe the braiding of Majorana fermions
in hybrid superconductor-semiconductor nanowire devices. %!
These topologically protected boundary states can be compared
to Weyl fermions in 3D systems and support the possibility that
quantum anomalies may play a fundamental role in ensuring the
robustness of quantum information. Any one of these potential
applications would be a breakthrough for next-generation preci-
sion quantum sensing and detection.

4, Conclusion

A classical symmetry can be broken in the quantum world, which
gives rise to an anomaly. Because quantum anomalies need to
be canceled globally, they are closely related to topology, which
enables new physical manifestations in both quantum field the-
ory and condensed matter. Thus, quantum anomalies are an im-
portant organizing principle for the physical world, specifically
in the classification of quantum phases by anomalies in a vari-
ety of quantum materials. In this way, quantum anomalies act
as design principles for novel quantum states, which may enable
new device technologies centering on quantum information sci-
ence and microelectronics applications. Itis an emerging frontier
of materials science and condensed matter physics with possible
analogs in photonics.
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