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Materials are essential and ubiquitous, playing a critical 
role in our daily lives. Materials are also a key compo-
nent of basic science, as demonstrated by the numerous 

Nobel Prizes awarded for the discovery and design of materials. 
Each prize has heralded an era in materials science, with promi-
nent examples including the Nobel Prize in Physics in 1987 
awarded for the discovery of high-temperature superconductivity 
in copper-oxide-based materials1 that spurred decades of research 
in high-critical-temperature materials, in 2007 for the discov-
ery of giant magnetoresistance2 that revolutionized information 
storage and led to immense research in magnetic materials, in 
2010 for experiments on graphene3 that opened up the active 
field of two-dimensional (2D) materials science, and in 2014 for 
the invention of bright blue light-emitting diodes4 that enable 
energy-saving white light sources. The prize in 2016 for the theo-
retical introduction of topological phase transitions and phases of 
matter5 recognized the work that ushered in an era of topological 
materials science.

Many discoveries in condensed matter physics rely largely 
on new connections between topology and electronic struc-
ture. Topology is the branch of mathematics, which is concerned 
with continuous deformations of geometric objects, for example, 
stretching or twisting but not tearing or breaking. A topological or 
topologically non-trivial material is one whose electronic or mag-
netic structure has features akin to knots or twists that cannot be 
untangled without breaking or changing the fundamental nature 
of the material. Topological materials science as a field is about 
finding, making and exploring properties of materials that can be 
understood more deeply under this lens, that is, in connecting the 
topologies of electronic and magnetic structures in reciprocal and 
real space to physical observables. New classes of quantum mate-
rials have been found in insulators and semimetals that exhibit 
non-trivial topologies, and these materials display a plethora of 
phenomena, including topological surface states; fermionic exci-
tations such as Weyl, Dirac or Majorana; and non-collinear spin 
textures such as skyrmions. A hallmark of many of these quan-
tum properties, which are derived from fundamental symmetries 
of the bulk, is that they are topologically protected, and some 
can be directly tied to non-equilibrium phenomena and extreme 
responses to external stimuli.

In the field of topologically non-trivial matter, theory very often 
guides experiments, both in predicting new phenomena and in 
discovering new materials. Most notably, advances in electronic 
band theory using symmetry indicators and the link between 
topology and local chemical bonding have allowed for the broad 
prediction and classification of the topology of electronic states 
of 2D and three-dimensional (3D) materials6–9. Computational 
searches employing topological quantum chemistry and other 
symmetry-driven methods, along with high-throughput density 
functional theory calculations and catalogued crystallographic 
symmetry information, have examined the band topology of over 
26,000 materials10–12, finding that roughly 27% of materials are likely 
to be topologically non-trivial. These searches tell us that there are 
likely to be many more materials with topologically non-trivial elec-
tronic structure than previously imagined, given the relatively small 
pool of materials experimentally determined to exhibit this prop-
erty to date. Equally interesting is the observation that while some 
of the compounds uncovered by these methods are yet to be realized 
or very recently synthesized, some of them have been studied for 
decades, and interpretation of their properties in topological terms 
has offered new insights. Topological quantum chemistry and other 
methods fill an essential gap in the discovery of materials by directly 
linking chemical compositions to topological properties. The next 
steps in the discovery of topologically non-trivial materials must 
involve developing design principles beyond the heuristics and 
compositional intuition of materials chemistry in order to assist in 
the discovery of materials with specific, optimized properties fully 
exploiting their topological nature.

Topological insulators
The classification of materials according to the topology of their 
respective electronic structures began with the discovery of topo-
logical insulating states arising from the spin–orbit interaction13–17. 
Band structure topology was found to become non-trivial in mate-
rials with large spin–orbit coupling if the conduction and valence 
bands are inverted, as explained and shown in Box 1. The inversion 
of the 6s states of Hg and 5p states of Te in HgTe is a prominent 
example of such a band inversion and can be alternatively viewed 
as a consequence of the inert pair effect in chemistry, which is 
the propensity for the two electrons in the outermost s orbital to 
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remain unionized in heavier elements. In a class of insulators with 
topologically non-trivial band structure, known as topological 
insulators (TIs), the surface is metallic despite the bulk being insu-
lating. The surface states of a TI contain 2D Dirac points, named 
as such because the Hamiltonian describing low-energy excitations 
near these points in momentum space can be written as the Dirac 
Hamiltonian for massless Dirac fermions in two dimensions. At 
these points, the energy disperses linearly with momentum, and 
the spin and momentum are locked to each other. These states are 
topologically protected, that is, stable against disorder so long as 
the overall topology of the electronic structure does not change, 
when the surrounding space (vacuum or normal insulator) is topo-
logically trivial. TIs can be identified in the bulk band structure by 
determining the Z2 topological invariant, which can take only two 
values, 0 or 1 for topologically trivial and non-trivial states, respec-
tively (see classification in Table 1). This calculation is done, for 
example, by employing the parity criteria18.

Since the predictions of protected edge and surface states in 
graphene19 and HgTe quantum wells20, topologically non-trivial 
surface states indicative of TIs have been observed in many mate-
rials, including HgTe quantum wells21 and Bi2Se3 (refs. 22,23). Many 
half-Heusler compounds were also identified as TIs by their band 

inversion analogous to that of HgTe, but with additional functional-
ities such as superconductivity, magnetism and the Kondo effect24,25. 
Ultrahigh mobilities, large magnetoresistance effects, and low 
bandgaps were all discovered in addition to superconductivity in 
high-quality single crystals of several materials in the half-Heusler 
family of YPtBi and LuPtBi (ref. 26), showcasing the versatility of 
these compounds beyond their topologically non-trivial nature. 
Weak TIs can be recognized as quantum spin Hall insulators stacked 
in three dimensions, with 2D Dirac cones existing only for certain 
surfaces. Therefore, these materials can be identified by the sensitiv-
ity of the metallic surface states to the cleaving surface. These have 
been identified in layered bismuth compounds such as Bi14Rh3I9 (ref. 
27) and Bi2TeI and in layered variants of the half-Heusler compounds 
such as KHgSb (ref. 28), which has subsequently become a promi-
nent host of hourglass fermions29, surface states that are protected 
by non-symmorphic symmetries and gain their name from the 
shape of their dispersions. Beyond bismuth-based and half-Heusler 
compounds that lack strong electronic correlations, predicted cor-
related TIs include the actinide materials30, correlated skutteru-
dites31 and BaBiO3 (ref. 32). In addition, there has been much work in 
recent years exploring the quantum anomalous Hall effect (QAHE) 
and axion insulator phase in magnetic TIs, including magnetically 

Box 1 | Explaining band inversion and the emergence of topology in materials

An insulator is a material with a large energy gap between its 
conduction and valence bands, usually prohibiting conventional 
electrical conduction. Depending on the size of the gap, these 
materials will be transparent, white or of a certain visible colour, 
which indicates the wavelength of light absorption in the mate-
rial. Semiconductors, which can be made to conduct under certain 
conditions, are materials with small bandgaps, and semimetals are 
materials with slightly overlapping bandgaps in different parts 
of the Brillouin zone. Because semimetals are not fully gapped, 
incoming light will be easily absorbed and quickly reemitted as 
in metals; as a consequence, these materials are typically black in 
colour and shiny.

In many ionic and semiconducting materials, the s electrons 
form the conduction band while the p or d electrons build the 
valence band. However, if the materials contain heavy elements, 
due to relativistic effects, the outer s electrons of the heavy 
elements can be lower in energy compared to the p or d electrons 
of the light elements. The result is a semimetal with overlapping 
conduction and valence bands that have been ‘inverted’ in terms 
of their energies and orbital characters (Box 1 figure, left), with 
a band crossing that is referred to as a nodal line. If this nodal 
line becomes gapped due to spin–orbit coupling, either fully as 
in topological insulators (Box 1 figure, top right) or everywhere 
except at certain points in the Brillouin zone as in Weyl and Dirac 
semimetals (Box 1 figure, bottom right), this band inversion 
still remains and results in non-trivial topology of the electronic 
structure. This is due to the band inversion playing a role in the 
Berry connection, the gauge potential associated with the Berry 
phase of the Bloch wave functions. In topological insulators, the 
Berry phase is quantized and directly corresponds to non-trivial 
topological description. In Weyl semimetals, the Berry curvature, 
the corresponding gauge field, diverges at the Weyl points, 
which are thus described also as monopoles and antimonopoles 
of Berry curvature in momentum space, with the integral of the 
Berry curvature over a sphere surrounding one Weyl node being 
equal to ±1. The Weyl semimetal phase, assuming momentum is 
still conserved, can only be gapped out if these monopoles and 
antimonopoles come together; in this way, the Weyl semimetal is 

topologically non-trivial. Thus, this mechanism of band inversion 
is the reason that many topologically non-trivial materials known 
today contain heavy elements.

Topological
insulators

SOC

Weyl
semimetals

Dirac
semimetals

Band inversion

Band inversion. Band inversion (left) facilitates the formation of topological 
insulators (top right) and Weyl and Dirac semimetals (bottom right). 
Overlapping valence and conduction bands of different orbital characters 
form a nodal line in the Brillouin zone where the bands cross in energy. 
Spin–orbit coupling can open a full energy gap, resulting in a topological 
insulator, or everywhere along the nodal line except for at special points, 
called Weyl or Dirac points, in Weyl and Dirac semimetals. In all of these 
cases, the band inversion stemming from the overlapping bands without 
spin–orbit coupling results in the non-trivial topology of these electronic 
structures. Figure adapted with permission from ref. 90, Annual Reviews.
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doped and intrinsically ferromagnetic and antiferromagnetic TIs. 
For an overview of these explorations, see the review in ref. 33.

Weyl and Dirac semimetals
Following the excitement surrounding TIs and its implication of 
new topologically protected electronic states came the predictions 
of 3D Weyl34,35 and Dirac36,37 semimetals. In these materials, the bulk 
states near the Fermi energy contain twofold and fourfold degen-
erate band crossings at Weyl and Dirac nodes, respectively. In the 
vicinity of these nodes, the dispersion is linear in momentum in 
all three spatial directions; thus, low-energy excitations near these 
nodes can be described quasi-relativistically by the Weyl and Dirac 
Hamiltonians. In Weyl semimetals, these nodes come in pairs of 
opposite chirality, or handedness, corresponding to the two forms 
of the Weyl Hamiltonian and can be alternatively defined as Berry 
curvature monopoles and antimonopoles, or sources and sinks, 
in momentum space (Box 1). The projections of these nodes on 
the surface are connected by topologically protected Fermi arc 
surface states. In Dirac semimetals, the 3D Dirac nodes are achi-
ral, as they are the sum of two Weyl nodes of opposite chirality 
at the same energy and momentum. This makeup of Dirac nodes 
allows for Fermi arc surface states in Dirac semimetals as well. 
Prominent examples of well-studied Weyl semimetals include the 
TaAs family38–41 and Td-MoTe2 (ref. 42), both non-magnetic and 
non-centrosymmetric, and of Dirac semimetals, Na3Bi (refs. 37,43) 
and Cd3As2 (ref. 44). Figure 1 highlights how the Dirac and Weyl 

physics that underlies these semimetals has a growing role in topo-
logical materials science.

The differences between Weyl and Dirac semimetals, related to 
the chirality or achirality of their respective nodes, come from sym-
metry (Table 1). Under both time-reversal symmetry and spatial 
inversion symmetry, every state in the Brillouin zone is at least dou-
bly degenerate due to Kramers’ theorem. Both of these symmetries 
are upheld in a Dirac semimetal, thus Dirac points exist only along 
high symmetry directions. However, breaking at least one of these 
symmetries in a material can generate a Weyl semimetal. Thus, one 
can think of transforming a Dirac semimetal into a Weyl semimetal 
by breaking one of these symmetries, splitting one achiral Dirac 
node into two chiral Weyl nodes. In addition, unlike Weyl semi-
metals, Dirac semimetals are not protected topologically but only 
by underlying crystallographic symmetry and otherwise become 
gapped. This is because in a Dirac semimetal, the Weyl nodes, 
whose chiralities are directly related to positive or negative topolog-
ical charges, are already brought together at Dirac nodes and sum to 
zero. Thus, the topological charge is zero everywhere in momentum 
space, and the Dirac semimetal is topologically trivial. These differ-
ences in symmetry and topology have direct and profound conse-
quences on the properties of these semimetals.

Due to their topological protection, Weyl semimetals can be 
identified using methods that do not apply to Dirac semimetals. An 
important parameter used to identify these materials theoretically 
is the Chern number, which in topological materials science is the 

Table 1 | Classification of topological materials

Classification Symmetry Band inversion

Topological insulators

E
k

Z2 Time reversal Odd times

High order Crystalline symmetry Even times

Crystalline TI Crystalline symmetry ≥1

Classification Symmetry Band crossing

Dirac and Weyl semimetals

Dirac semimetal Rotation Rotation axis

Weyl semimetal (non-magnetic) Inversion symmetry broken Accidental degenerate point

Weyl semimetal (ferromagnetic) Time reversal broken

New fermions Nodal line semimetal Mirror Mirror plans

Non-symmorphic Brillouin zone edge

New fermion Rotation and non-symmorphic High-symmetry point

Chiral topology Mirror symmetry broken Arbitrary point (chiral Weyl fermion)

High-symmetry point (multiple Fermion)

A summary of the classification of topologically non-trivial materials by electronic structure and material symmetry. The left-most column of schematics represents the electronic dispersion characteristic 
of (top to bottom) topological insulators (TIs), Dirac and Weyl semimetals, and materials hosting new fermions that lack high-energy counterparts.
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integral of the Berry curvature over a surface (Box 1). The sphere sur-
rounding a Weyl node in momentum space will have a Chern num-
ber of ±1, and the Fermi arc is a manifestation of the chiral edge states 
of the Chern insulator planes that enclose the node. A perhaps more 
tangible signature of a Weyl semimetal, which has been explored 
extensively by experimentalists for the TaAs family, is the chiral mag-
netic effect, a result of the chiral anomaly (Fig. 1). The chiral anomaly 
is a phenomenon well known in relativistic quantum field theory in 
which the number of particles of each chirality are not separately 
conserved due to the presence of a topologically non-trivial gauge 
field45–47. In Weyl semimetals and certain driven Dirac semimetals, 
the chiral anomaly is predicted to lead to a negative magnetoresis-
tance through the chiral magnetic effect due to the chiral zero modes 
of the Landau levels at the Weyl nodes and thus can be detected in 
transport measurements. A critical component in these measure-
ments is the ability to synthesize high-quality samples. We would like 
to highlight here that there is tremendous opportunity for new mate-
rials chemistry approaches to enter the field of topological materials 
science to diversify the synthesis methods and chemistries accessible.

Magnetic Weyl semimetals
Though the first experimentally observed Weyl semimetal, TaAs, 
is a non-magnetic and non-centrosymmetric material (breaking 

spatial inversion symmetry), the first predicted Weyl semimetals 
were magnetic, namely, the pyrochlore iridate Y2Ir2O7 (ref. 34) and 
HgCr2Se4 (ref. 48). While HgCr2Se4 has yet to show a Weyl semi-
metal phase experimentally, some of the pyrochlore iridates have 
since shown signatures of the phase in transport experiments49–51, 
and there has been much more work in just the past few years that 
has identified other magnetic Weyl semimetals. These include the 
LnPtBi family of half-Heusler compounds, wherein Weyl nodes can 
be induced via a magnetic exchange field. GdPtBi and NdPtBi have 
been shown to become Weyl semimetals only in applied fields of the 
order of ~2 T (refs. 52,53), and both compounds show two strong sig-
natures of the chiral anomaly that are absent in their non-magnetic 
analogue YPtBi: a large unsaturated negative quadratic magnetore-
sistance for fields up to 60 T and an unusual intrinsic anomalous 
Hall effect (AHE)53.

In the large family of magnetic full-Heusler compounds, Weyl 
nodes are predicted to be rather common. In fact, many crossings 
close to the Fermi level in the band structures of ferromagnetic 
centrosymmetric compounds have been shown to be Weyl nodes. 
Co2YZ (with Y = V, Zr, Nb, Ti, Hf; Z = Si, Ge, Sn)54,55 and Co2MnAl 
(ref. 56) have all been predicted to be Weyl semimetals with Weyl 
nodes near the Fermi energy and each having, as a consequence, 
a giant AHE stemming from the divergent Berry curvature at the 
Weyl nodes57. A large AHE was predicted with Berry curvature cal-
culations58 and then verified experimentally via transport measure-
ments59 for the Co2MnZ (Z = Ga, Al) Heusler compounds. Though 
at the time of the prediction, it was not clear that a large Berry cur-
vature was a consequence of any Weyl nodes or nodal lines, it was 
speculated that the Dirac crossing in Co2VSn could be related to 
a large Berry curvature58. Measurements of the AHE in thin films 
of Co2MnAl are in good agreement with theory, and in Co2MnGa, 
a large anomalous Hall angle up to 12%59 and a giant anomalous 
Nernst effect have been observed60,61.

Another recently identified Weyl semimetal is the half-metallic 
magnetic shandite compound Co3Sn2S2 (ref. 62). Owing to the large 
Berry curvature in Co3Sn2S2 stemming from its Weyl nodes and 
weakly gapped nodal lines, as well as due to a relatively low charge 
conductivity, both the anomalous Hall conductivity and anomalous 
Hall angle have been measured experimentally to have values of 
up to 1,130 S cm–1 and 20%, respectively62. This easily grown mag-
netic Weyl semimetal serves as an ideal platform for studying Weyl 
physics, and its Berry curvature-induced intrinsic AHE makes it a 
candidate for finding the QAHE in 2D insulating systems yielding 
dissipationless edge currents.

Angle-resolved photoemission spectroscopy (ARPES) and 
scanning tunnelling microscopy experiments revealed intrin-
sic time-reversal symmetry broken Weyl semimetal states in the 
Heusler compound Co2MnGa (ref. 63) and the shandite compound 
Co3Sn2S2 (refs. 64,65). Thus, the connection between the topologically 
non-trivial states and enhanced Berry curvature of these materials 
and their observed anomalous transport effects becomes crucial. 
These materials have natural advantages of high magnetic order-
ing temperatures, clearly defined topologically non-trivial band 
structures, low charge carrier densities, and strong electromag-
netic responses, and thus show great promise for studying quantum 
effects, as the design of a material that exhibits a high-temperature 
QAHE via quantum confinement of a magnetic Weyl semimetal 
and its integration into quantum devices is the next step. Realization 
of the QAHE at room temperature would be revolutionary in over-
coming limitations of many of today’s data-based technologies, 
which are affected by large electron scattering-induced power 
losses. Such a discovery would pave the way to a new generation of 
low-energy consuming quantum electronic and spintronic devices.

In addition to the magnetic Weyl semimetals discussed so far, the 
Weyl semimetal phase has also been discovered in the non-collinear 
triangular antiferromagnets Mn3Z (Z = Ge, Sn)66 and Mn3Ir (ref. 67).  

Chiral anomaly Axion insulators

Non-equilibrium
responseFloquet and

driven states

Dirac and 
Weyl physics

New topologyWeyl semimetals

Fig. 1 | Dirac and Weyl physics. Dirac and Weyl physics is ubiquitous 
in topological materials science and related phenomena. Because the 
dispersion near Dirac and Weyl points is linear in momentum (centre; 
shown in two dimensions in momentum space for conceptual clarity), the 
low-energy excitations near these band touchings are well described by the 
Dirac and Weyl Hamiltonians, respectively. In Weyl semimetals (bottom 
left), Weyl nodes come in pairs of opposite chirality in momentum space, 
and the separation of oppositely handed nodes is what protects the Weyl 
semimetal phase topologically. The existence of chiral fermions (top left) 
in a Weyl semimetal suggests that these materials and certain driven 
Dirac semimetals will exhibit the chiral anomaly, which can manifest in 
a so-called chiral magnetic effect when the material is in the presence 
of parallel electric and magnetic fields. In addition, Weyl nodes can be 
induced or moved in energy and/or momentum by electromagnetic driving, 
allowing for Floquet (periodically driven) Weyl phases (middle left) and 
non-equilibrium responses (middle right; out-of-equilibrium electrons 
illustrated in red). In the presence of correlations, a Weyl semimetal can 
be gapped into a less-explored topological phase, the axion insulator 
(top right). We similarly expect Dirac and Weyl physics to filter into new 
topological phases (bottom right) that are continuing to be discovered.
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These antiferromagnets similarly have Weyl nodes at the Fermi 
energy and non-vanishing Berry curvature, and, accordingly, a large 
AHE has been observed in h-Mn3Sn (ref. 68) and h-Mn3Ge (ref. 69) 
via magnetotransport investigations even at room temperature. A 
common understanding is that the AHE is proportional to the mag-
netization, and in agreement with this simplified picture, the AHE 
is absent in nearly all antiferromagnets that have zero magnetiza-
tion. However, the observation of the AHE in these antiferromag-
netic Weyl semimetals reveals the deeper connection between the 
AHE and the Berry curvature, as well as the corresponding correla-
tion between the AHE and Weyl semimetals.

Further, magnetic or magnetically driven Weyl semimetals, 
which lack time-reversal symmetry, can also offer different ave-
nues of scientific exploration than the inversion-breaking type. 
Ordinarily, time-reversal symmetry would require a minimum of 
four Weyl nodes in the material; with this symmetry broken, inver-
sion only requires a single pair, allowing for the possibility of a mini-
mal or ideal Weyl system. A material realization of such electronic 
structure has been identified in EuCd2As2, and it has been suggested 

that this minimal Weyl system would be ideal for studying specific 
contributions to the AHE and other quantum effects.

Outlook
Looking ahead, we present emerging directions spanning new fer-
mions in chiral crystals, nonlinear optics in Dirac–Weyl semimetals, 
as well as optically driven and cavity-dressed topological materials 
science. We anticipate that each of these will grow into a new field 
in the next few years.

New fermions in chiral crystals. Chiral crystals are of special inter-
est because of their unique properties, including their ability to host 
new fermions (Table 1). In a chiral crystal, the atoms making up 
the material follow an imaginary spiral staircase-like pattern. While 
the staircase rotates clockwise in one system, it runs anticlockwise 
in the counterpart system, and these systems, termed enantiomers, 
are mirror images of one another. In the P213 space group (no. 198), 
of the B20 structure type, the so-called Rarita–Schwinger fermion, 
which obeys the relativistic field equation for spin-3/2 fermions,  
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Fig. 2 | Large responses of topological materials. Topological materials can exhibit extreme responses to external fields and other stimuli, as illustrated 
here with experimental results. a, Temperature: Nernst signal –Syx versus temperature in magnetic Weyl semimetal (WSM) Co2MnGa under a magnetic 
field B = 2 T. Measurements of the heat current (Q) along different crystallographic directions are shown for different applied field directions. The 
anomalous Nernst effect is the generation of a transverse voltage in a magnetic material due to a thermal gradient and plays a fundamental role in 
spin-caloritronic devices. b, Light–matter interactions: measured second-order nonlinear optical conductivity components |σzxx|, |σxzx| and |σeff| = |σzzz + 4σxzx 
+ 2σzxx| of non-centrosymmetric WSM TaAs as a function of incident photon energy, with |σxyz| of GaAs, is multiplied by 100 and plotted for comparison. c, 
Correlations and distortions: longitudinal magnetoconductance Δ(dI/dV) of WSM (TaSe4)2I versus magnetic field B at 80 K for different applied voltages. 
Well-described by quadratic fits at low magnetic fields, these measurements suggest the presence of an axion phason arising from a charge-density wave 
gapping the WSM. Theoretical and computational descriptions of such correlations are underway. d, Electrochemistry: hydrogen evolution reaction (HER) 
activities for WSM NbP compared to standard HER catalysts Ni, Pt-TiO2 and Sr0.9NbO3 scaled by the surface area of the catalysts. The robustness of Fermi 
arc surface states in WSMs make them a promising material catalyst for electrochemistry, as these states are topologically protected and do not degrade 
with the surface. e, Electric and magnetic fields: anomalous Hall conductivity (σH

A), the charge conductivity (σ) and the anomalous Hall angle (σH
A/σ) of 

ferromagnetic WSM Co3Sn2S2 at zero magnetic field versus temperature. The anomalous Hall effect describes the formation of a transverse voltage in 
the absence of a magnetic field when an applied electric field is applied and has been directly linked to the Berry curvature of a material’s band structure. 
Figure reproduced with permission from ref. 60, Springer Nature Ltd (a); ref. 87, APS (b); ref. 88, Springer Nature Ltd (c); ref. 89, Wiley (d); and ref. 62, Springer 
Nature Ltd (e).
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and other multifold fermions resulting from threefold- and sixfold- 
degenerate band crossings were discovered as new kinds of quasi-
particles in candidate materials RhSi, CoSi (ref. 70) and AlPt (ref. 71) 
via ARPES studies.

In conventional Weyl and Dirac semimetals, quasiparticle excita-
tions are described by the Weyl and Dirac equations, respectively, 
which originate from the different field of high-energy physics. 
However, in these topologically non-trivial chiral crystals, some 
of the quasiparticle excitations have no corresponding analogy in 
high-energy physics and are therefore described as new fermions72. 
Some of these new fermions carry a maximal topological charge or 
Chern number of 4, which is four times larger than that of the con-
ventional Weyl fermion71,73. This leads to several remarkable prop-
erties, including a giant quantized circular photogalvanic current, a 
chiral magnetic effect, and other transport and optical effects which 
are forbidden in Weyl semimetals. In addition, the electrons on the 
surfaces of these crystals exhibit a highly unusual helicoid structure 
that spirals around two high-symmetry momenta, and the complex 
band topology results in very long Fermi arcs, which are orders of 
magnitude larger and more robust than those of any known Weyl 
semimetals. These investigations also find very large topologically 
non-trivial energy windows, where no trivial bands intersect with 
the Weyl cones, to be in chiral crystals.

This is an exciting time to be working on topologically 
non-trivial materials. As shown in Fig. 2, these materials exhibit 
extreme responses to external stimuli, which is worth exploring 
further. We now highlight open questions in this field with an 
emphasis on interdisciplinary topics. Weyl semimetals have shown 
exceptional promise in just the past few years of active research, 
and tuning these materials with electrolytic gating using, for exam-
ple, ionic liquids is of particular interest. This would help eluci-
date the response of the Weyl nodes under a strong electric field 
and present yet another avenue to explore the extreme response of 
these systems. We hypothesize that this response would be quite 
different from conventional Dirac semimetals. In the spirit of 
optoelectronic control of topologically non-trivial materials, using 
these materials in nanophotonic and quantum optical architec-
tures could be rewarding. For example, the low loss in Weyl and 
Dirac semimetals could make them attractive in nanoplasmonic 
devices. Similarly, based on the spectral band of response, these 
materials could be used in spin–photon interfaces coupled with 
quantum emitters.

In the search for new materials, we observe that the probability of 
materials with heavy metals and small gaps (<1 eV) being topologi-
cally non-trivial is high. Many of these materials also exhibit higher 
order topologies and new phases like the axion insulator, which 
has an odd Z2 classification like normal TIs but is protected not by 
time-reversal symmetry but by some other symmetry. Questions 
regarding long-range correlations and the competition between 
different topologically non-trivial and correlated phases are being 
tackled via a combination of theory, computation and experiments. 
We suggest that relativistic effects in materials could also yield mag-
netic systems beyond the Weyl and Dirac systems discussed here, 
giving rise to chiral materials that need not be nanostructured to 
break reciprocity and would have interesting implications for elec-
trochemical applications of topologically non-trivial materials.

Nonlinear optics with topological materials. Topologically 
non-trivial materials also offer a rich material phase space for 
extending the nonlinear optical effects of graphene, including 
through the engineering of their topology and Berry connection 
and curvature74. The potential advantages of such materials com-
pared to graphene can be intuitively understood from the band 
structure. While the extraordinary optoelectronic properties of 2D 
materials are commonly ‘diluted’ by small overlap with an optical 
mode, 3D topologically non-trivial materials can have near-unity 

overlap with optical modes. Inversion-symmetry breaking Weyl 
semimetals are of particular interest, as they allow for the genera-
tion of even-order nonlinear responses which can be enhanced 
by divergent Berry curvature at the Weyl nodes. Even-order har-
monic generation would be useful, for example, in the applications 
of photocurrent generation and parametric down conversion used 
in entangled photon generation. Giant second-harmonic genera-
tion75 and a colossal bulk photovoltaic effect ascribed to a shift 
current response76 have already been observed in the inversion 
symmetry breaking type-I Weyl semimetal TaAs77 and attributed 
to Berry curvature effects. Topologically non-trivial materials thus 
offer substantial improvements over existing nonlinear materials, 
though the precise combination of topologically non-trivial prop-
erties that would produce the strongest nonlinear effects remains 
an open question.

Optically-driven and cavity-dressed topological materials. 
Theoretical predictions have revealed pathways towards control of 
microscopic parameters in complex and topologically non-trivial 
materials. This includes mode-selective enhancement, control of 
the amplitude and phase of order parameters, and Floquet-driven 
symmetry-protected topological edge states. In tandem, numer-
ous experimental advances have investigated electromagneti-
cally induced non-equilibrium states in quantum materials. These 
include the observation of coherent phonons78 and Higgs order 
parameter oscillations79,80, vibrationally enhanced transition tem-
peratures in superconductors81, the observation of Floquet bands 
in the TI Bi2Se3, photoinduced metastability in the charge density 
wave material 1T-TaS2 (ref. 82) and valley selective control in transi-
tion metal dichalcogenides83. These examples extend to numerous 
other materials that exhibit a marked sensitivity to small external 
perturbations84. Indeed, the phase space for ‘on-demand’ control of 
quantum materials is vast both with respect to the materials and 
modalities that can be pursued85. Furthermore, we envision possi-
bilities for dressing topological materials to achieve strong coupling 
effects, providing yet another pathway to interrogate and manipu-
late their response86.

Light-mediated manipulation of topological quantum matter is 
particularly attractive, as it enables control at fundamental times-
cales and access to non-equilibrium states of matter. Ultrafast opti-
cal methods have been recently used as a tuning knob to induce 
insulator-to-metal transitions, topological phases, ferroelectricity, as 
well as transient superconductivity in copper oxides and organic crys-
tals. This provides a tantalizing opportunity to explore new quantum 
phases, particularly in the case of transient superconductivity, though 
key questions remain on the underlying excitation mechanisms, as 
well as on how to stabilize such short-lived electronic phases. The 
transient response of topological materials could be measured with 
advanced optical and scattering methods, such as time-resolved THz 
spectroscopy and time-resolved resonant inelastic soft X-ray scatter-
ing. We expect that a similarly rich set of non-equilibrium phenom-
ena exist in Weyl and Dirac semimetals and axion insulators, making 
a combination of ideas from topological materials science and driven 
quantum matter an exciting next step.
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