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ABSTRACT: Initiated by the discovery of topological insulators, topologically non-
trivial materials have attracted immense interest in the physics community in the past
decade. One of the latest additions to the field, the material class of topological
semimetals (TSMs), has grown at an extremely fast rate. While the prototype TSM,
graphene, has been known for a while, the first 3D analogues of graphene have only
been discovered recently. This Review, written from a chemistry perspective, intends to
make the growing field of TSMs accessible to the wider community of materials
scientists and scholars from related disciplines. To this end, we describe key features of
TSMs, embedded in their electronic structure, and how they can be achieved based on chemical principles. We introduce the
different classes of TSMs and review their salient representatives. Finally, selected properties and potential applications of these
materials are discussed.

■ PREFACE

The recent rapid development in the field of topological
materials (see Figure 1) raises expectations that these materials
might allow solving a large variety of current challenges in
condensed matter science, ranging from applications in
quantum computing, to infrared sensors or heterogeneous
catalysis.1−8 In addition, exciting predictions of completely new
physical phenomena that could arise in topological materials
drive the interest in these compounds.9,10 For example, charge
carriers might behave completely different from what we expect
from the current laws of physics if they travel through
topologically non-trivial systems.11,12 This happens because
charge carriers in topological materials can be different from the
normal type of Fermions we know, which in turn affects the
transport properties of the material. It has also been proposed
that we could even find “new Fermions”, i.e., Fermions that are
different from the types we currently know in condensed
matter systems as well as in particle physics.10 Such proposals
connect the fields of high-energy or particle physics, whose goal
it is to understand the universe and all the particles of which it
is composed, with condensed matter physics, where the same
type, or even additional types, of particles can be found as so-
called quasi-particles, meaning that the charge carriers behave
in a similar way as it would be expected from a certain particle
existing in free space.
The field of topology evolved from the idea that there can be

insulators whose band structure is fundamentally different (i.e.,
has a different topology) from that of the common insulators
we know. If two insulators with different topologies are brought
into contact, electrons that have no mass and cannot be back
scattered are supposed to appear at the interface. These edge
states also appear if a topological insulator (TI) is in contact
with air, a trivial insulator. 2D TIs have conducting edge states,

whereas 3D TIs, which were discovered later, have conducting
surface states. TIs have already been reviewed multiple
times,13−16 which is why we focus here on the newer kind of
topological materials, namely topological semimetals (TSMs).
Nevertheless, we will refer to TIs and their properties, where
relevant, in the context of topological materials and contrast
them with TSMs.
The term “topological semimetal” is widely used and

basically includes all semimetals that exhibit some non-trivial
band topology. We will describe in more detail later in this
Review what “non-trivial topology” actually means. Since TSMs
are semimetals, they are characterized by a gap-less band
structure; i.e., they differ from normal metals by being charge
balanced, meaning the amount of electrons and holes
contributing to their conductivity is exactly the same.
The number of materials predicted to be TSMs is extremely

large;17−40 however, most of the experiments have only been
performed on a handful of materials. This is usually linked to
their chemical stability. Materials that can be grown easily and
are additionally stable in environmental conditions are
preferable to work with and, naturally, studied more
often.24,41−51 Additionally, if we ever want to make TSMs
technologically relevant or even scale them up, stability and
ease of fabrication are of crucial importance, while the earth
abundance, and hence, cost, of the materials should be kept in
mind as well.
Chemists are expected to have a natural feeling for the

stability, cost efficiency as well as level of difficulty to synthesize
materials. Therefore, they should be able to identify the next
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exciting material in this field that will potentially lead the way to
new types of quantum systems and electronics. However, in
order to understand whether a material is a TSM, a significant
amount of physical knowledge is required. Here, we will give an
introduction to the necessary physics by using chemical
principles, in addition to reviewing the known, experimentally
verified TSMs. We will also explain the reason for the exotic
behavior based largely on chemical principles, aiming to give
chemists a guide for predicting and synthesizing new TSMs,
and especially TSMs that are better candidates for future
applications.
This Review is structured as follows: We will start with

introducing the most famous TSM, graphene, from a chemical
perspective. This includes a bit of history of the development of
topological materials in general. We will then proceed by
conceptually explaining the hallmarks of the different types of
TSMs that have been reported to date, i.e., Dirac semimetals,
Weyl semimetals, Dirac line node semimetals, and non-
symmorphic semimetals. In the subsequent section we will
review the most important experimentally verified TSMs, and
finally we will briefly discuss some potential applications for
such materialspredicted ones, as well as first experimental
efforts toward these goals.

■ FROM GRAPHENE TO DIRAC SEMIMETALS AND
TOPOLOGICAL INSULATORS

Graphene is famous for many reasons, particularly for it being
the first example of an atomically thin material that could exist
in a free-standing way, i.e., without being supported by a
substrate.52 Besides its mechanical properties, it features exotic
electronic properties.53 The basis of graphene’s exotic
electronic structure are two linearly dispersed bands that

cross and form the so-called Dirac cone. This feature, as we will
see, originates in carbon’s special capability of forming
delocalized, conjugated π-bonds. Additionally, symmetry, i.e.,
graphene’s honeycomb structure, plays a crucial role. Models
based on a honeycomb arrangement of atoms have fascinated
theoretical scientists for a much longer time than the existence
of graphene was confirmed; graphene’s electronic structure was
predicted by Wallace as early as 1947.54 Duncan Haldane’s toy
model from 198855 that was the basis of him winning the Nobel
Prize of physics in 2016,56 was based on exactly such an
arrangement. Much later, in 2005, Kane and Mele extended this
model to graphene, thus starting the field of topology, which
has been growing immensely fast ever since.57

But let us first take a step back to look with a chemist’s eyes
at graphene and try to understand why it is so special. As
chemists we would think of graphene as an sp2-hybridized
network of carbon atoms. Thus, three out of C’s four electrons
are used to form the σ-bonds of the in-plane sp2-hybridized
carbon backbone (Figure 2a). The remaining electron will
occupy the pz-orbital, and since all C−C bonds in graphene
have the same length, we know that these electrons are
delocalized over the complete graphene sheet. Since graphene
is an extended crystalline solid, the pz-orbitals are better
described as a pz-band (Figure 2b). Since there is one electron
per C available, this pz-band is exactly half-filled (Figure 2c).
This intuitive description of graphene with a half-filled band,
explains its metallic conductivity but not the presence of a
Dirac cone in its electronic structure. Nor does a half-filled
band per se explain the unusual transport properties observed in
graphene, although half-filling is a very rarely found scenario, an
aspect we will come back to later. The reason for this model
failing to predict the Dirac crossing in graphene is that we

Figure 1. Timeline of recent developments in the field of topologically non-trivial materials.
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considered only a single C-atom as a basis. The unit cell of
graphene, however, contains two C-atoms, due to symmetry
reasons (Figure 2d). Since band structures are plotted vs the
wave vector k, which is inversely related to the size of the unit
cell, doubling of the unit cell will bisect the k-path (Figure 2f).
This scenario is very similar to Roald Hoffmann’s famous
description of a Peierls distortion in a hypothetical 1D chain of
H-atoms, and the reader is referred to this excellent paper for a
deeper discussion of band foldings.59

We can thus basically view graphene as a folded band
structure, analogous to Hoffmann’s 1D chain of H-atoms. But,
since graphene is a hexagonal 2D material and not a 1D chain,
we cannot draw the phases of the orbitals as easily as it is
possible for a chain of H-atoms. However, a simple tight
binding model (see references54,60−62) shows that the bonding
and the antibonding parts of the pz-band have to be degenerate
at the K point (the tight binding model is termed linear
combination of atomic orbitals (LCAO) in the chemists’
language). Thus, the simple intuitive way of folding the band
structure for a unit cell containing more than one atom can be
used to understand the basic electronic structure of graphene.
For a 1D chain of H-atoms, we would expect the next step to
be a Peierls distortion that alternately forms a stronger bond
between two neighboring atoms and, thus, opens a band gap
between the two degenerate states at the K point. Such a
distortion (see Figure 2g), which would result in different bond
lengths, is not observed for graphene. In chemical terms, the
distortion is prevented by the delocalized π-system that
stabilizes the perfectly hexagonal geometry energetically.
Employing the language of physics, we call the band degeneracy
and resulting Dirac crossing “symmetry protected”, since the
hexagonal geometry guarantees that all bond lengths are the
same, and thus, the bands have to be degenerate at K. Physicists
and chemists thus view this issue from a different perspective,
but come to the same conclusion.

There are several ways the band degeneracy at K could be
lifted in a honeycomb system, resulting in a band gap: (i) There
could be a distortion; i.e., the bands would localize in double
bonds, and the π-system would no longer be delocalized. This
would open a trivial band gap and turn graphene into a trivial
insulator. (ii) The electrons could be localized more at one
atom than at the other in binary honeycomb systems such as
for example in hexagonal 2D-BN sheets,63 where the electrons
prefer to be located at the more electronegative nitrogen atoms.
This also opens up a trivial gap, just as in (i). (iii) If a fourth
bond is formed, as for example in graphite fluoride,64 or in
hydrogenated graphane,65 the C-atoms will be sp3-hybridized
and the delocalized π-system destroyed; thus again, a trivial gap
will open (with a few exceptions; see Material Examples section
below). (iv) The fourth possibility would be to add relativistic
effects, i.e., spin−orbit coupling (SOC), which increases the
amount of mixing between orbitals. Thus, orbitals that were
orthogonal to each other and would not mix without SOC will
mix if there is large SOC, thus creating a band gap. This opens
a gap in a non-trivial way and creates a 2D TI, as discussed in
the 2D Materials section below. Note that for this to happen,
the π-system is still partly intact and not localized or fully sp3-
hybridized. This scenario was the basis of the Kane−Mele
model in 2005, the groundwork for the prediction and later
discovery of TIs.57 Technically, even in graphene, SOC should
open up a very small band gap, which is too small to be
observed experimentally.66 So why then are the most known
TIs not based on delocalized π-systems? It is obvious that the
higher homologues of graphene and, hence, its high SOC
analogues, are no stable compounds, as π-bonds become
inherently less stable if we go down the periodic table. Thus,
although many theoretical predictions of exciting properties in
hypothetical planar 2D sheets of silicene, germanene or
stannene appeared in high-impact journals,67−69 their realiza-
tion is extremely difficult. These materials will want to form a
fourth σ bond and thus buckle to ultimately become 3D Si (Ge,

Figure 2. Intuitive approach for describing the electronic structure of graphene. (a) Real-space structure of graphene, highlighting the delocalized π-
system. (b) Orbital structure and band filling in graphene. (c) Corresponding electronic structure in k-space; only one atom per unit cell is
considered. (d) Unit cell of graphene, containing two atoms. (e) Brillouin zone of graphene. (f) Folded band structure of panel (c), in accordance
with the doubling of the unit cell. (g) Hypothetical version of distorted bands with localized double bonds. This type of distorted honeycomb can be
found in oxide materials such as Na3Cu2SbO6.
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Sn). Roald Hoffman describes this problem nicely in his
“silicene interlude” incorporated in a statement about nano-
science.70 We will discuss the experimental advances of such 2D
TIs and TSMs more in the 2D Materials section later.
Taking all known materials that are TIs into account, the TIs

that are not based on a conjugated π-system dominate, in fact.
The first prediction for this class of TIs was made by Bernevig,
Hughes, and Zhang (the so-called BHZ model) in 2006.71 In
their original paper they introduce the possibility of a band
inversion causing topological edge states. More than 20 years
before that, in 1985, the appearance of a band inversion in
Pb1−xSnxSe and Pb1−xSnxTe was predicted.72 The closest
analogy of a band inversion to chemical principles observed
in molecular systems might be complexes that contain an
inverted ligand field. It has been shown that it is indeed possible
that molecules can have ligand field splittings that are the
opposite to what is expected,73,74 i.e., 3 over 2 in an octahedral
environment. For an excellent review about inverted ligand
fields, please see ref 75. Similarly, bands can also be inverted,
meaning that the order in energy is different from what is
expected. Bernevig, Hughes, and Zhang used this idea to
predict HgTe to be a 2D TI if made thin enough, which was
experimentally confirmed soon after by Molenkamp et al.76

Due to the lanthanide contraction and the resulting inert pair
effect, the 6s-orbital in mercury is particularly low in energy;
thus, it can be below the Te 5p-states, and the bands are
inverted at the Γ point. The inert pair effect is not the only
possibility to have a band inversion, but many of the known TIs
are based on heavy elements such as Bi or Pb, thus using this
effect. The important difference between a band inversion in a
solid and a molecule is that a solid can have an inverted band
structure at one location in the Brillouin zone (BZ), but will be
“normal” in other parts. This is the crucial requirement for it
being topological. Since the BZ of a molecule only consists of
the Γ point, it can either be inverted or not, and it is not
possible to switch between an inverted and un-inverted
electronic structure, which is why molecules cannot be TIs.
Nevertheless, some topological features such as conical
intersections in the potential energy surfaces of reacting
molecules, giving rise to a Berry phase, have been shown to
affect chemical reactions.77−80

Note that also graphene has an inverted band structure, just
for a different reason than HgTe. Due to the band folding the
π*-band is below the π-bands in the second BZ. This can be
seen in Figure 2f (right panel), where the band structure is
plotted not only in the first, but also the second BZ. Thus,
graphene’s band inversion is within the delocalized π-system.
The inverted band structure is indeed the reason that SOC
would create a non-trivial gap in heavy graphene. Thus, band
inversions are in general a good thing to look for, if trying to
find new topological materials. Chemists may have an intuitive
understanding of when the order of the orbitals might be mixed
up and, consequently, a band inversion is likely to appear. From
molecules we know, for example, that the combination of a
quite electronegative metal and an electropositive ligand can
invert the orbital order (i.e., invert the ligand field, see above),
since a higher fraction of the bonding electrons can be
attributed to the metal.75 Thus, chemical intuition can help in
the search of new topological materials.

■ TYPES OF TOPOLOGICAL SEMIMETALS
Most TSMs have in common that their unusual band topology
arises from a band inversion. Unlike TIs, they do not have a

band gap in their electronic structure. There are several classes
of TSMs: Dirac semimetals (DSMs), Weyl semimetals
(WSMs), and nodal line semimetals (NLSMs). All these
kinds exist as “conventional” types; i.e., they are based on a
band inversion. In addition, they can also be protected by non-
symmorphic symmetry. The latter ones have to be viewed
differently, and we will discuss them after introducing the
conventional ones.

Dirac Semimetals. The prototype of a DSM is graphene.
The “perfect” DSM has the same electronic structure of
graphene; i.e., it should consist of two sets of linearly dispersed
bands that cross each other at a single point. Ideally, no other
states should interfere at the Fermi level. Note that in a DSM,
the bands that cross are spin degenerate, meaning that we
would call them two-fold degenerate, and thus the Dirac point
is four-fold degenerate. When discussing degeneracies within
this Review, we will always refer to spin orbitals. In any crystal
that is inversion symmetric and non-magnetic (i.e., time
reversal symmetry is present), all bands will always be two-
fold degenerate. Time reversal symmetry (T-symmetry) means
that a system’s properties do not change if a clock runs
backward. A requirement for T-symmetry is that electrons at
momentum points k and −k have opposite spin, which means
that the spin has to rotate with k around the Fermi surface since
backscattering between k and −k is forbidden. Introducing a
perturbation, e.g., an external magnetic field, lifts the spin
degeneracy and violates T-symmetry. Thus, if two bands cross
in an inversion-symmetric, non-magnetic material, there will be
a Dirac crossing, as long as the crossing is stable (see Figure
3a,b). The question we have to address is thus when such a
crossing can appear and whether the crossing is stable. When
two bands cross, it means that they are inverted after that
crossing point. Generally that is not really hard to achieve in a
solid, because bands have a bandwidth and are thus likely to
overlap as they move away from the Γ point. However, this
happens most commonly in open-shell systems, i.e., com-
pounds that are not charge balanced. In such systems, it will be
very hard to find a sole Dirac cone at the Fermi level, with no
other states crossing.
Thus, to realize charge balanced systems where bands are

nonetheless crossing within the BZ, we are looking for closed-
shell systems, where the energy of the bands of the closed-shell
overlap with the ones of the next, empty shell. Ideally, just two
bands cross at one point in the BZ. This means we are looking
for materials where the bonding and/or the electronegativity
difference is neither too weak nor too strong, because the latter
will induce a large gap between filled and empty states.
However, the next complication arises from the fact that not

every band crossing that appears due to overlapping shells is
stable. Crossings can be avoided, which basically means that a
gap is created at the crossing point. There is a simple rule to
understand whether a crossing is allowed or not; it depends on
the orbital (band) symmetry and whether mixing between the
orbitals (bands) is allowed. Take for example the molecular
orbital (MO) diagram of water. All three a1g-orbitalsone
arising from the ligand group orbitals formed by the two H’s
and the others from the O 2s- and pz-orbitals, respectively (see
Figure 3c)are allowed to mix, as they are assigned the same
irreducible representation in the C2v character table.
Similarly, if two bands that have the same irreducible

representation cross, they can mix, the crossing will be avoided,
and thus a gap will open (Figure 3a−d). If the two crossing
bands have different irreducible representations, the crossing
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will be allowed (allowed to mix is hence the opposite of allowed
to cross) (Figure 3e). Thus, in graphene, the π- and π*-bands
must have different irreducible representations, which is indeed
the case (in the absence of SOC).81 The point group along the
Γ-K line in graphene is C2v, and the π- and π*-bands can be
assigned to the irreducible representations a2 and b2,
respectively. At the K point, which has D3h symmetry, they
merge to a doubly degenerate e′′ irreducible representa-
tion.81,82,83 But why would SOC affect a degeneracy? In the
presence of a significant amount of SOC, point groups have to
be extended to (electron spin) double groups, which account
for half integer angular momentum states.84 One can picture it
as follows: Because the electron spin is coupled with the
angular momentum, one cannot just apply a simple vector
based symmetry operation anymore. In order to account for the
SOC, more complicated spinor-based operations are necessary.
While point groups only contain single valued (vector)
irreducible representations, double groups additionally contain
double valued (spinor) ones.85 Only the double-valued
representations are accessible in the presence of high SOC.
Since the number of double valued irreducible representations
is generally smaller than the amount of single valued ones, the
effective number of irreducible representations decreases in the
presence of SOC. For example, in the presence of SOC, the C2v

double group contains only a single irreducible representation
(e1/2), meaning that all orbitals are allowed to mix in a heavy
C2v molecule. We can also think about SOC as increasing the
likelihood of orbital mixing. Note that this only applies to non-
interacting systems, in the case of strongly correlated materials
more irreducible representations might be accessible in a
double group. Still, most TSMs are not (strongly) correlated,
which is why the rules discussed here can be applied to all
known topological materials. So we can look at all 32 point
groups, extended to double groups, and figure out when, in the
presence of SOC, crossings are possible. If we do this, we will
see that this is only the case if we have either a C3, C4 or C6
symmetry element (see also ref 25 for a discussion of this
matter), which is why we expect to find 3D DSMs only in
highly symmetric systems. When we determine irreducible
representations of bands, we need to look at the local point
group of where in the BZ the crossing is appearing. Thus, if we
are away from a high-symmetry line or point, the point group
will be of low symmetry; consequently, we can expect that most
crossings are avoided, especially in the presence of SOC. In the
case of graphene, a 2D material, the BZ is only defined for
directions within the 2D sheets, thus there is no possibility to
have an in-plane allowed crossing on a high-symmetry line in
the presence of SOC in 2D, since the maximal rotational axes
present in the local point groups of the high-symmetry lines is
C2. In 3D, we have more options, which led to the development
of 3D DSMs. 3D DSMs have four-fold degenerate points in
their electronic structure that are robust against SOC.
Let us briefly comment on SOC-induced gap opening. If a

crossing is avoided and gapped by SOC, this does not
necessarily mean a compound is trivial, since there can still be
the band inversion. Just as in the case of heavy graphene, this
could result in a TI and, thus, in conducting edge states that will
also be promising for device applications. Note, however, that
the material will not necessarily be a TI; it can also be trivial,
depending on the total number of band inversions, which have
to be odd in the case of TIs.
What interesting physics is to be expected from 3D DSMs?

For one, we expect that the resulting Dirac electrons have a
very low mass (ideally 0) which will result in them being
extremely mobile, and thus these materials are very conductive,
depending on their charge carrier concentration. Mass-less
Dirac Fermions basically behave more like photons rather than
electrons, which intuitively can explain why they are so fast. We
will discuss the properties of DSMs more in detail below.
Another reason for the interest in DSMs is that if the bands are
spin split, they turn into WSMs. These host the Weyl Fermion,
which is a Fermion that is chiral and different from the usual
Dirac Fermions we know. Although this Fermion was predicted
to exist in 1929,86 it was only discovered in 2015,87−92  a big
discovery for both condensed matter physics and particle
physics.

Weyl Semimetals. The difference between a DSM and a
WSM is that, in the latter, the crossing point is only two-fold
degenerate.28,93,94 This is because in WSMs the bands are spin
split; thus each band is only singly degenerate. If a spin-up band
and a spin-down band cross, this results in a Weyl monopole,
meaning that there is a chirality assigned to this crossing. Since
there cannot be a net chirality in the crystals, Weyl cones always
come in pairs. The resulting Weyl Fermions are chiral in nature
and thus will behave physically different from “regular”
Fermions. One example of this manifestation is the chiral
anomaly, which we will discuss in the Properties and

Figure 3. Explanation of band inversions. (a) Rough density of states
(DOS) of transition metals. Band inversions are possible between the
different orbitals within one shell, but the material is likely to be
metallic. (b) Band inversion between an s-band and a p-band. (c)
Molecular orbital diagram of water. (d) Bands that cross and have the
same irreducible representation (irrep) gap. (e) If the irreducible
representations are different, the crossing is protected, but SOC might
still create a gap.
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Applications of TSMs section below. Here, we will focus on the
requirements necessary to realize a WSM.
In order to have spin split bands, we cannot have inversion

(I) and time-reversal (T) symmetry at the same time, since the
combination of these two symmetries will always force all bands
to be doubly degenerate. In I asymmetric, i.e., non-
centrosymmetric crystals, this degeneracy can be lifted with
the help of SOC; this is the so-called Dresselhaus effect.95 This
effect only appears away from the time-reversal invariant
momenta (TRIMs), which are high-symmetry points in the BZ
(only the ones where kx, ky, and kz are all either 0 or 0.5) (see
Figure 4a). At the TRIM points, T-symmetry still enforces two-
fold degeneracy. Thus, in inversion asymmetric compounds,
Weyl crossings appear away from high-symmetry lines. Since T-
symmetry is still present, the Weyl cones will be multiplied to a
minimum number of four. If further crystal symmetry acts on
them (i.e., rotates or reflects them), there can be many more
Weyl cones, for example there are 24 in TaAs and related
materials.87,96 In order to have a clean system to carefully study
the properties of Weyl Fermions, it would be highly preferred
to have as few Weyl cones as possible in the BZ. The second
possibility for creating a WSM would be to try to lose T-
symmetry28 (Figure 4a). This can be achieved easily by
applying a magnetic field; however, the effected (Zeeman) band

splitting is only relatively small, even for very high fields. Much
stronger splitting can be observed in intrinsically magnetic
samples. The magnetic order needs to be either ferro- or
ferrimagnetic, or some canted version of antiferromagnetism to
sufficiently break T-symmetry. There are not yet many
examples of magnetic WSMs. In order to predict a magnetic
WSM reliably, the exact magnetic structure should be known.
But so far, the amount of materials with published magnetic
structures is small compared to the total number of known
materials, which slows down the search tremendously. T-
symmetry breaking splits the bands with a different mechanism
than I-symmetry breaking (see Figure 4a), allowing for Weyl
cones to be on high-symmetry lines (see Figure 4b). Therefore,
it is possible to have just two Weyl cones in the BZ in a
magnetic semimetal (the lowest possible number due to
chirality), making these types of WSMs generally superior to
the inversion asymmetric ones. A material that just has two
Weyl cones, the so-called “hydrogen-atom” of the WSMs, has
not yet been found.
It is harder to predict a WSM with chemical principles. Since

the crossings are away from any high-symmetry regions in
inversion asymmetric semimetals, the search is very much
obscured. In the case of time-reversal breaking WSMs, chemists
can, however, be very helpful. They know which elements in a

Figure 4. Different ways to achieve a Weyl semimetal. (a) Effect of T- and I-symmetry breaking on a single band. (b) The same scenario for a Dirac
crossing. In the case of T breaking, two Weyl crossings will appear on the high-symmetry line at different energies. In the case of I breaking, they will
appear away from the high-symmetry line. (c) Schematic drawing of a type I (left) and a type II (right) WSM.
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material are likely to induce ordered magnetism and can even,
with the help of some rules (i.e., the Goodenough−Kanamori
rules,97−101 or the Bethe−Slater curve102−104), guess what type
of magnetic coupling we can expect. That will allow us to look
at materials that are known to exist but may have magnetic
properties that are unknown.
In addition to regular type I WSMs, the existence of so-called

type II WSMs105 has been confirmed in layered transition metal
dichalcogenides.106,107 Type II WSMs also have twofold
degenerate band crossings, but the cones are tilted (see Figure
4c) so that it is not possible to have a zero density of states at
the Fermi level; there will always be electron and hole pockets.
The Weyl point appears exactly at the contact between the
electron and hole pockets. Type II WSMs have been proposed
to behave electronically different form type I WSMs.105

Nodal Line Semimetals. There are examples of DSMs and
WSMs, where the four- or two-fold degeneracy is not just a
point, but a line or a circle.18,108−111 In contrast to a normal
DSM or (type I) WSM, where the Fermi surface should just be
a point (or several points), nodal line semimetals (NLSMs)
have loops or lines as Fermi surfaces (Figure 5). Thus, the

concentration of Dirac or Weyl electrons is much higher in
these materials, which makes them preferable candidates for
certain types of electronics, such as magnetic sensors.112

NLSMs can also host exotic, extremely flat “drumhead” surface
states that have been suggested to lead to superconductivity or
magnetism at the surface of these materials.113,114 For an
overview of NLSMs, the reader is referred to a recent review
article.115

In order to understand how to find materials that can be
NLSMs, it is useful to divide them in two categories: four-fold
degenerate Dirac NLSMs and two-fold degenerate Weyl
NLSMs (see above). For the latter case there are only very
few examples116 in non-centrosymmetric compounds, and no
magnetic ones are known yet. There are, however, quite a few
examples of Dirac NLSMs.17,18,22,24,117 They all have in
common that they are low SOC materials. Since a crossing
needs to be allowed over a full line or loop of k-points in the
BZ, SOC is very likely to gap it at lower symmetry points of this
loop/line. The known NLSMs are usually protected by mirror
planes, which means that the mirror plane is what allows the
bands to have two different irreducible representations. This
can only work without the presence of SOC, thus in order to
find NLSMs we need to look for materials with light elements
that still feature a band inversion. Compounds composed of
relatively light elements that were classified as a NLSM are
discussed in the Material Examples section below.

Non-symmorphic TSMs. There is a second, completely
different way of achieving TSMs that is not necessarily based on
a band inversion. Rather, this concept is based on non-
symmorphic symmetry elements. These are symmetries such as
glide planes or screw axes, which have the characteristic that
they include a translation. Thus, they only appear in space
groups, rather than point groups, since the spatial origin is not
conserved. The extra translation symmetry element doubles (or
further increases) the content of the unit cell. Therefore, we can
again think of the band structure of non-symmorphic materials
as being folded. This time, the induced band degeneracies that
appear at the BZ edges and corners will be forced to remain
degenerate as long as the non-symmorphic symmetry is
preserved. This means they could technically be lifted by a
structural distortion, but they are immune to gapping due to
SOC. The concept of inducing band degeneracies at BZ edges
in non-symmorphic space groups was first described by Michel
and Zak in 1999118 and was used by Rappe et al. to predict the
first 3D DSM in 2012.119 Young and Kane later expanded the
concept to 2D materials, where non-symmorphic symmetry
gives the advantage that the crossing can be stable in 2D, since
SOC shows no effect.120 Finally, it was shown by Bernevig et al.
that the concept can also be used to induce three-, six-, and
eight-fold degeneracies10 (the eight-fold ones were simulta-
neously characterized by Kane et al.121), and that these new
types of degeneracies can lead to exotic “new Fermions”. These
Fermions are supposed to behave differently in transport than
Dirac or Weyl Fermions, and in contrast to these, they do not
have any counterparts in high-energy physics. Thus, they can
only exist in the solid state, and it is a great challenge to realize
these new quasi-particles. It is also kind of intuitive why for
example a three-fold band degeneracy can be special  in this
case we have basically a Weyl Fermion with spin 1. The three-
fold degenerate new Fermions are the most exciting ones of the
potential new Fermions, as they are predicted to show surface
states that have not been seen yet and, in addition, these
Fermions should move unexpectedly under the influence of a
magnetic field.10 Note that three-fold degeneracies can also
appear accidentally in inversion-asymmetric crystals. There are
a few examples,122−126 but in these materials a doubly
degenerate band crosses a singly degenerate band, which does
not result in a “new Fermion”. It has been fully characterized
what kind of band degeneracy can be expected at which high-
symmetry line or point in all space groups,127,128 and it has
been tabulated in the Bilbao crystallographic server.85,129−131

Therefore, we could technically just look at materials in space
groups that are listed as being hosts for higher order
degeneracies and where such crossing points have to be
present, as they are demanded by group theory. In contrast to
“conventional” TSMs, the orbital character of the band does
not influence the band degeneracy, but solely the symmetry of
the space group and, hence, the presence of non-symmorphic
symmetry. Sadly, the most common problem with achieving
these proposals is that the Fermi energy is usually not at the
crossing point. In order to have a non-symmorphic “symmetry-
enforced” semimetal, the electron count must be such that the
Fermi level will be pinned to the degenerate point. Since the
band structure was folded to accommodate more atoms in the
unit cell, we would need a half-filled band (just like in
graphene) for the Fermi level to be located at the crossing point
(see also refs 25, 115, and 132 for a discussion of this issue).
Half-filled bands, especially when isolated, are usually extremely
unstable, with graphene being an exception due to its

Figure 5. Schematic band structure of (a) a Dirac cone and (b) a
nodal line. While the Fermi surface of the former is only a point, the
one of the latter is a loop.
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delocalized π-system. Half-filled d-bands are famous for
distorting and forming charge density waves, or the electrons
are so localized that the compounds become Mott insulators, in
order to avoid half-filling.133−135 Half-filled s- or p-bands
basically never exist; just like in the hypothetical 1D chain of H-
atoms, they will distort in order to form covalent bonds.59 This
is nicely summarized by the Jahn−Teller theorem which states
that a “non-linear molecule with a spatially degenerate
electronic ground state will undergo a geometrical distortion
that removes that degeneracy, because the distortion lowers the
overall energy of the species”.136 Like in molecules, this can be
applied to solids if the Fermi level resides at a multiply
degenerate band crossing point. Thus, the electron filling in
non-symmorphic materials is usually such that the whole band
is filled and the Fermi level lies in the trivial gap. If the Fermi
level is not within a band gap, the compound is usually metallic
and has enough Fermi surface pockets to stabilize a non-
symmorphic crossing relatively close to the Fermi level. In this
case, the transport signature of the trivial pockets will obscure
the signal of the exotic Fermions. This problem has so far been
the greatest challenge in observing the transport signatures of
Fermions that are the result of band degeneracies enforced by
non-symmorphic symmetry. There are, however, materials
known that show accidental non-symmorphic crossings close to
or at the Fermi level. These materials are not symmetry-
enforced SMs. We will discuss them in the Material Examples
section below. Ordered magnetism will have more of an effect
on non-symmorphic materials than “just” breaking time reversal
symmetry. In addition to ferro- and ferrimagnetism, anti-
ferromagnetism can also affect the band degeneracies because it
introduces new symmetry elements. The spin order creates
symmetry, and this symmetry can be either symmorphic or
non-symmorphic. If magnetism is included, the 230 space
groups extend to 1651 magnetic groups. First works on trying
to classify all possible band degeneracies enforced by symmetry
in magnetic groups have been published,137 but not many of
these potential “magnetic new Fermions” have been explored
yet. We were able to show recently that it is possible to use
antiferromagnetic order in CeSbTe to merge two four-fold
degenerate bands (each point being represented by a four-
dimensional irreducible representation) to an eight-fold
degenerate point, represented by an eight-dimensional
irreducible representation.138 The cause of this is the extra
screw axis induced by the spin order. More information about
CeSbTe can be found in the Material Examples section. To
summarize, the field of magnetic non-symmorphic materials is
still young and will need much further investigations, but
already now holds a lot of promises for the future.

■ A QUANTUM CHEMICAL APPROACH TO
TOPOLOGY

Recently a new description of topological materials was
introduced by a group of theorists at Princeton University. It
allows to predict topological materials just by considering the
type of atomic orbitals located on a certain Wyckoff position in
a known space group.139 For this, they classified all possible
elementary band representations (EBRs) in all 230 space
groups. An EBR is a classification of the symmetry or
irreducible representation of an orbital if it is repeated in a
crystallographic lattice. Let us, for example, consider a simple
cubic lattice of hydrogen, where we just have one 1s-orbital
located on the 1a Wyckoff position (0,0,0) in space group
Pm3 ̅m. These 1s atomic orbitals would generate one EBR. If we
would consider p-orbitals as well, all orbitals that have the same
irreducible representation in real space (such as a1 or b2) would
each form a separate EBR. We can also think of EBRs as the
molecular orbitals in a solid. An EBR is thus a set of bands; i.e.,
several bands can belong to a single EBR, just like several
molecular orbitals can have the same irreducible representation
(i.e., there are three t2g-orbitals in octahedral transition metal
complexes). Although an EBR is formed by the same type of
orbitals in real space (i.e., s, p, or d), it can yield a sum of
different irreducible representations at each point in k-space.
Since bands are extended in space, the irreducible representa-
tion of an EBR can change in k-space. One can imagine this if
one considers that the symmetry at different k-points can be
different; i.e., the Γ point is more symmetric than a k-point on
the Γ-X line.
All 10 403 possible EBRs have been fully characterized for all

space groups and all maximal Wyckoff positions (i.e.,
crystallographic special positions). The Bilbao crystallographic
server can be used to obtain the EBRs for a material of
interest.85,140−142 But how can we use EBRs to classify if a
material is topologically non-trivial? Let us assume we have an
EBR that consists of four bands. It could be that all four bands
can be connected at a certain k-point in the BZ; in that case the
material will be trivial, and the Bilbao crystallographic server
will mention that this is a fully connected EBR. If, however,
only two of the four bands are connected, then there is a
possibility that there is a complete gap within a single EBR. In
this case the EBR would be called disconnected, and we will
have a TI. Disconnected EBRs cannot exist in an atomic limit,
which is analogous to the fact that molecules cannot be TIs, as
explained earlier. The Fermi level also plays an important role.
If the Fermi level lies within a single, connected EBR, the
material will be a semimetal. Graphene is an example for this
case. If now such a half-filled EBR gets disconnected (i.e., a gap
opens), the material becomes a TI. This can happen with a
“tuning knob” such as SOC or strain/pressure (with no
accompanied symmetry change). However, materials that need

Figure 6. Schematic drawing of elementary band representations (EBRs). Two EBRs mix to create a topological insulator. The Γ labels represent the
irreducible representations.
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>1% strain to access their TSM states are likely to be incredibly
challenging to be experimentally realized. TIs are therefore
materials where a disconnected EBR is only partially filled but
the material still has a band gap. There is a second possibility to
create a TI, if two EBRs are involved. Two different EBRs can
overlap and create a band inversion that way, as shown in
Figure 6. If the EBRs reopen after inverting to form a band gap,
we have a “composite” band representation, where the two
groups of bands together are a sum of two EBRs, but neither
the bands above nor below the gap correspond to a single EBR
(see Figure 6). An example for this scenario is Bi2Se3.
Using the Bilbao crystallographic server, it is now possible to

get a list of irreducible representations that can exist at high-
symmetry points. Then the EBRs can be built by connecting
the irreducible representations by hand, in a way that is
compatible with the group representations, just as we would
connect the atomic orbitals with the same irreducible
representations to molecular orbitals. Thus, with such a list of
EBRs and pen and paper, we can guess if we have a topological
material  before performing an electronic structure
calculation.

■ MATERIAL EXAMPLES
The experimental search for topologically non-trivial materials
is usually driven by theoretical models that predict unusual
electronic properties in crystalline solids. These models identify
features such as band crossings, band inversions, Dirac cones,
Weyl nodes, etc. as the fingerprints of topology in the
electronic band structure of candidate materials. Thus, the
obvious, but tedious way to find suitable candidate materials is
by screening electronic band structures of known materials.
Thinking within chemical reason can speed up the search, for
example by looking for patterns in structural motifs. Structures
based on honeycomb lattices like in graphene or square lattices
as found in many DSMs can therefore be a good starting point
to develop ideas for synthesizing novel materials. As solid state
chemistry is always related to crystallography and, for sure,
electronic structure theory, chemists have all the tools it takes
to predict and synthesize new topologically non-trivial
materials. Once a known compound is predicted, the
experimental challenge of confirming the prediction by angle-
resolved photoemission spectroscopy (ARPES) and transport
measurements on appropriate crystals begins. As we describe
above, employing chemical intuition together with crystallo-
graphic concepts opens a possibility for more chemists to join
the field of topologically non-trivial materials. After the first
experimental confirmation of a TSM41,42,143,144 the number of
further contenders, either predicted or verified, increased
rapidly. Below we will provide a short overview of TSMs but
restrict ourselves to examples that are experimentally verified
and well-studied, as listed in Table 1.
3D Dirac Semimetals. The first DSM to be experimentally

verified was Na3Bi, a compound that was synthesized and
structurally characterized by Brauer and Zintl in 1937.166 It
crystallizes in the hexagonal space group P63/mmc. The
structure can be regarded as an AB-stacking of 2D honeycomb
layers composed of Na and Bi, where the Bi-atoms are further
coordinated along the chex-axis by Na-atoms that are located
between the layers, resulting in a trigonal bipyramidal
coordination sphere for Bi (see Figure 7). This compound
was predicted to be a 3D DSM in 2012 by band structure
calculations.167 A pair of bulk Dirac points that are located
along the Γ-A line in the first BZ was subsequently confirmed

by ARPES. A band inversion caused by SOC of Na 3s and Bi 6p
states near the Γ point on this high-symmetry line has been
identified as the origin of the 3D Dirac state.143

At about the same time, the low-temperature polymorph of
Cd3As2 was also confirmed to be a DSM by different groups by
means of photoemission spectroscopy.41,42,144 Cd3As2 exists in
three different polymorphs. The structure of the low-

Table 1. List of Experimentally Verified Topological
Semimetals and Their Classification Reviewed Herein

material class reference

Na3Bi DSM 143
Cd3As2 DSM 41, 42, 144
PtSe2 DSM-II 145
α-Sn on InSb(111) DSM 146
TlBiS1.5Se0.5 DSM 147
Pb0.77Sn0.23Se DSM 148
TaAs, TaP, NbAs, and NbP WSM-I 88, 89, 91, 149, 150
YbMnBi2 T-breaking WSM 151
Sr1−yMn1−zSb2 (y, z < 0.1) T-breaking WSM 152
2H-WTe2 WSM-II 107, 153, 154
LaAlGe WSM-II 155
TaIrTe4 WSM-II 156
Sn2Co3S2 T-breaking WSM 157, 158
PbTaSe2 NLSM 116
ZrSiX (X = S, Se, Te) NLSM 24, 46, 49, 132, 159
ZrGeTe NLSM 160
ZrSnTe NLSM 161
HfSiS NLSM 159, 162
CeSbTe NLSM 138
PtSn4 NLSM 163
InBi non-symmorphic SM 164
few-layer o-P DSM 165

Figure 7. (a) Crystal structure of Na3Bi. (b) First Brillouin zone with
high-symmetry points and highlighted Dirac points. (c) Bulk band
structure. (d) 3D intensity plot of the ARPES spectra at the Dirac
point. Panels b and d reprinted with permission from ref 143.
Copyright 2014 The American Association for the Advancement of
Science. Panel c reprinted with permission from ref 168. Copyright
2017 Springer Nature.

Chemistry of Materials Review

DOI: 10.1021/acs.chemmater.7b05133
Chem. Mater. 2018, 30, 3155−3176

3163

http://dx.doi.org/10.1021/acs.chemmater.7b05133


temperature (LT) polymorph can be described as a supercell of
a distorted anti-fluorite type with ordered Cd vacancies. The
space group of the low-temperature form has been debated
until 2014, even after the experimental confirmation of it being
a DSM. In 1964, the space group had been reported to be
I41/acd (no. 142), but a proper determination of the atomic
positions was missing.169 Four years later the space group was
proposed to be I41cd (no. 110) on the basis of single crystal X-
ray data.170 The lattice parameters were in line with the
structure reported earlier, the only difference being a missing
center of inversion in the latter. This center of inversion plays a
crucial role with respect to the electronic structure  its
absence would cause bands to be spin split. Indeed, a re-
examination of the structure by Cava et al. in 201445 confirmed
the centrosymmetric space group I41/acd. Although the
calculated band structure in the correct space group is similar
to the previously reported one in the non-centrosymmetric
setting of the structure,171 there is an important difference:
Spin-splitting is prohibited due to inversion symmetry, hence
all bands are two-fold degenerate as in the 2D analogue
graphene.
A further binary compound that was found to be a DSM is

PtSe2, a compound that has been known since the 1920s.172

This layered material crystallizes in the CdI2-type structure and
was characterized as a type II DSM (i.e., the Dirac cone is tilted
as in type II WSMs).145 Interestingly, not only compounds, but
also certain allotropes of elements are potential materials with
non-trivial band topology. In 2013 physicists from Würzburg
concluded from ARPES spectra that α-Sn grown on InSb(001)-
surfaces shows the characteristic band structure features of a
strong TI, although there was no evidence for a band gap.173

Further investigations by another group on epitaxially produced
thin films of α-Sn on InSb(111) concluded this allotrope to be
a 3D DSM from ARPES spectra, again as a result of lattice
mismatch.146 Further measurements will be needed to resolve
this discrepancy.
Early predictions claim Au2Pb to turn from a DSM to a Z2-

topological metal at low temperatures. A Z2-topological metal is
a semimetal that has a continuous pseudo band gap in the
vicinity of the Fermi level (but with bands crossing EF) and that
hosts topological surface states. The DSM state is predicted to
appear in the cubic high-temperature phase which becomes
stable above 100 K. Interestingly, the low-temperature
polymorph is superconducting at low temperatures (Tc =
1.18 K).174 Electronic structure investigations on ternary 1:1:1
compounds of the ZrBeSi-type and the LiAlGe-type also
identify candidates for DSMs, such as BaAgBi, YbAuSb, or
LaAuSb, and further predictions on a variety of materials were
made in refs 25 and 26. However, none of these predictions has
been experimentally verified as yet. Another general idea to
realize a DSM are solid solutions of compounds that are trivial
insulators at one end (x = 0) and topological insulators on the
other end (x = 1). At a certain value of x, a critical point with a
DSM state should be reached. This seems difficult to realize,
since a very precise control of the x-parameter is necessary.
However, two experimental observations of the DSM state
were made on the systems TlBiS2−xSex (x = 0.50)147 and
Pb1−xSnxSe (x = 0.23).148 Another possible member of the
family of 3D DSMs is the layered compound ZrTe5. However,
the question whether it is a TI or DSM is still discussed
controversially.175−177 Theory predicts that this material is very
strain sensitive and undergoes a phase transition from a weak to
a strong TI via a DSM state.178 Finally, CuMnAs was the first

anti-ferromagnetic DSM predicted. In the antiferromagnetic
phase, while T-symmetry and I-symmetry are broken
individually, the product of both still holds, which leads to
four-fold degenerate Dirac cones in its antiferromagnetic
state.179 Some early experimetal evidence for this proposal
exists.50

Weyl Semimetals. As outlined above, WSMs are harder to
predict and identify via band structure calculations, since Weyl
points are often not located at high-symmetry lines or planes in
the BZ. The first class of materials predicted to be WSMs were
T-breaking iridates with pyrochlore structure, R2Ir2O7 (R = Y,
Pr)28 but an experimental confirmation is still missing. In 2015,
the family of the isotypic monopnictides, TaAs, TaP, NbAs, and
NbP, was predicted and experimentally confirmed via ARPES
to host type I Weyl crossings through I-symmetry break-
ing.88,89,91,149,150 Their crystal structure was determined first by
powder180 and later by single-crystal X-ray diffraction.181 They
crystallize in the non-centrosymmetric space group I41md (no.
109) with two crystallographically inequivalent positions. Both
atom types have a six-fold trigonal prismatic coordination
sphere that is face- and edge-linked in the (110) direction,
resulting in 1D infinite edge- and face-linked prisms forming
2D layers. Along the c-axis, these layers are rotated by 90° and
edge-linked to the layers below and above (see Figure 8). A

hint to the existence of Weyl points in these systems is given by
a scalar-relativistic electronic structure calculation (where SOC
is turned off): Without SOC, band crossings occur at high-
symmetry lines, forming a nodal line. When SOC is applied, the
nodal line is gapped, as no crossing appears along the Γ-Z line,
where a C4 rotation axis protects the crossings in the presence
of SOC. Due to the lack of I-symmetry, SOC also induces a
spin-splitting, and thus the nodal line is not fully gapped, but
some Weyl crossings arise away from high-symmetry lines. The
first ternary compound confirmed to be a magnetic T-breaking
WSM by Cava et al. was YbMnBi2.

151 Sr1−yMn1−zSb2 (y, z <
0.1) is structurally similar to YbMnBi2 and a further magnetic
compound characterized as a T-symmetry-breaking WSM.152

Another T-breaking WSM is the half-Heusler compound
GdPtBi. Weyl nodes are observable in this material in the
presence of a magnetic field. This compound further shows
evidence for the chiral anomaly.182

Figure 8. (a) Crystal structure of TaAs. (b) Brillouin zone. (c) Band
structure without and (d) with SOC. (e) Photoemission spectrum
with overlaid calculated band structure. (f) Calculated and measured
Fermi surface, displaying the Fermi arcs, which are the signature to
identify WSMs. Panels b−d reprinted with permission from ref 149.
Copyright 2015 Springer Nature. Panels e and f reprinted with
permission from ref 91. Copyright 2015 Springer Nature.
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Even the popular binary transition metal dichalcogenides
host WSMs: WTe2, the material with the highest non-saturating
magnetoresistance,183 as well as MoTe2, a superconductor with
pressure-dependent Tc,

184 are the most prominent examples
that were predicted to be type II WSMs.105,185,186 MoTe2 is
found to crystallize in three polymorphic structures  the
hexagonal 2H (α), the monoclinic 1T′ (β), and the
orthorhombic Td (γ) modifications187188  whereas for
WTe2, only the orthorhombic form is reported.189 From
band structure calculations different electronic ground states
are obtained for the three MoTe2 polymorphs. The 2H-phase is
a trivial semiconductor with a band gap of 0.81 eV, the 1T′-
phase is classified as a TI, although the ground state is found to
be semimetallic due to a pseudo gap with bands crossing EF and
the Td phase is predicted to be a WSM analogous to
WTe2.

185,190 The orthorhombic phases of both were inves-
tigated by ARPES to reveal the Fermi arcs and, based on the
predictions, classified as type II WSMs.107,153,154 Some
ambiguity regarding these results should be mentioned,
however. Balicas et al. measured the Fermi surface of MoTe2
with quantum oscillations and found that the Fermi surface is
drastically different from what was predicted from density
functional theory (DFT). According to their analysis, no Weyl
nodes can be found in orthorhombic MoTe2.

191 Since quantum
oscillations measure the Fermi surface more accurately than
ARPES, these results are significant and should not be
disregarded. The two-dimensional monolayers of these
materials, which are also of interest in this context, are
discussed in the 2D Materials section below. LaAlGe, another

ternary compound that crystallizes in the LaPtSi-type structure,
was recently confirmed to be a type II WSM. In this case, the
photoemission data was interpreted without the help of band
structure calculations.155 Further, TaIrTe4

192 was verified to be
a type II WSM by ARPES.156

Very recently a compound with shandite-type structure,
Sn2Co3S2, was added to the list of magnetic T-breaking WSMs.
This material with a Co-Kagome ́ lattice, which was first
described by Zabel et al.,193 attracted the interest of solid state
scientists due to its half-metallic ground state;194,195 i.e., in the
spin-polarized ground state one spin channel is metallic, while
the other is semiconducting below Tc = 177 K. This particular
magnetic state is important for spintronic applications. Recent
theoretical and experimental investigations revealed six pairs of
Weyl points in the metallic spin channel.157,158

Nodal Line Semimetals. Although there are numerous
predictions for NLSMs (e.g., the antiperovskite Cu3PdN,

17

Ca3P2,
18 CaP3,

19 β-PbO2,
20 CaAgPn (Pn = P, As),21 TiB2, and

ZrB2,
22 alkaline earth metals (Ca, Sr, and Yb),23 SrSi2

196), there
are only very few experimentally verified ones: PbTaSe2,

116

PtSn4,
163 and ZrSiS as well as the isostructural compounds

ZrSiSe, ZrSiTe, HfSiS, and ZrSnTe.24,46,49,132,159,161,162 The
first synthesis and structural characterization of PbTaSe2 was
carried out by Eppinga et al.197 It crystallizes in the non-
centrosymmetric space group P6 ̅m2 (no. 187). The structure is
derived from 1H-TaSe2 by intercalating Pb in the van der Waals
gap. PbTaSe2 is a Weyl nodal line semimetal, where SOC does
not gap the line node. In addition, PbTaSe2 is superconducting
below 3.8 K,198 and the line node has been visualized with

Figure 9. (a) Crystal structure of ZrSiS. (b) Brillouin zone in space group 129, with highlighted degeneracy enforced by non-symmorphic symmetry.
(c) Bulk band structure of ZrSiS. The two degeneracies enforced by non-symmorphic symmetry at the X point are highlighted in blue (above EF)
and orange (below EF). (d) Effect of the c/a ratio of isostructural and isoelectronic analogues of ZrSiS on the non-symmorphically induced
degeneracies at X. While most compounds exhibit these crossings below and above the Fermi level, there are two exceptions: HfSiTe and ZrSiTe. (e)
ARPES spectrum of ZrSiS near X along Γ-X. Two bands cross at X due to the non-symmorphic symmetry. Above the crossing, a very intensive
surface state205 is visible. Panel b reprinted with permission from ref 207. Copyright 2017 Elsevier. Panel c adapted and panel e reprinted with
permission from ref 24. Copyright 2016 Springer Nature. Panel d reprinted with permission from ref 132. Copyright 2016 IOP Publishing.
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ARPES.116 However, PbTaSe2 is not a pure NLSM; i.e., it has
trivial bands interfering at the Fermi level, and so far, no
exciting transport properties have been reported, presumably
for that reason.
The compound PtSn4 was first synthesized and structurally

characterized by Schubert et al.199 However, a redetermination
of the crystal structure revised the space group from Aba2 (no.
41) to Ccca (no. 68).200 PtSn4 possesses a layered structure of
edge-sharing PtSn8 quadratic antiprisms, with an AB stacking of
the layers. This intermetallic compound has been discovered to
be a NLSM due to its unusual transport properties that
motivated the study of its electronic structure.163 Note,
however, that PtSn4 is a rather unusual type of NLSM, as it
has an arc rather than a loop of Dirac states.
Finally, ZrSiS and related compounds have a diamond-

shaped line node at the Fermi level, and there are no trivial
bands interfering, which is why these materials show the
expected transport behavior (see Transport section
below).24,47,48,112,201,202 The family of ZrSiS and related
compounds crystallizes in the PbFCl-strcuture type, space
group P4/nmm (no. 129), known from the mineral Matlockite.
A square net of Si-atoms is located in the ab-plane, and two ZrS
layers composed of quadratic ZrS4 pyramids are sandwiched
between the Si nets. In ZrSiS-type materials, the line node at
the Fermi level is gapped by SOC, which is why the lighter ones
are the “better” NLSMs.24

We should mention that CaAgAs and CaAgP have been
predicted to be NLSMs as well,21 and the electronic structure
of CaAgAs has been confirmed with ARPES.203,204 In addition,
some typical transport phenomena have been observed in
CaAgAs.117 NLSMs have recently been reviewed by Ali et al.,115

and thus we refer the reader to this reference for further
detailed descriptions of the crystal and electronic structures of
these materials.
Non-symmorphic Topological Semimetals. Although

non-symmorphic symmetry opens exciting opportunities, the
experimental evidence for these types of semimetals is currently
limited to a very few cases. This is mostly related to the
challenge of having the Fermi level at the crossing point, as
discussed above. ZrSiS has been the first material where a
crossing point that is a result of non-symmorphic symmetry has
been imaged with APRES.24 This crossing, however, is below
the Fermi level, at the X point. In space group 129  the one
ZrSiS is adopting  a four-fold degeneracy at the X, M, R, and
A points of the BZ (note that the R and A points are above X
and M, respectively) is enforced by symmetry (see Figure 9).205

ZrSiS and isostructural compounds are charge balanced, which
is why these crossing points appear above and below the Fermi
level and ZrSiS is not a symmetry-enforced semimetal. Such
crossings appear in any non-symmorphic compound, but in
ZrSiS they are close enough to the Fermi level to be imaged
with ARPES. It has been shown with APRES that along the X-R
(and M-A) line (along kz) the bands remain four-fold
degenerate. Further, it has been proposed that in a monolayer,
a perfect Dirac cone protected by non-symmorphic symmetry
could be obtained, since there is no kz dispersion.

201,206 These
materials are therefore potential candidates for 2D DSMs,
where SOC does not gap the crossing. What is problematic
though is that within one layer, the bands are four-fold
degenerate along the X-M line without SOC. Due to this
degenerate line, the feature around the crossing will not have a
cone line shape, but will be very anisotropic. SOC can be used
to lift the degeneracy along the X-M line, while it will not affect

it at the high-symmetry points. This effect has experimentally
been seen in isostructural and heavy CeSbTe.207

Further, it is possible to use chemical pressure to shift the
non-symmorphic degeneracy to the Fermi level, which has been
evidenced in ZrSiTe, where the larger Te-atoms cause the c/a
ratio to increase. The increase in c/a ratio shifts the bands in
such a way that the four-fold degeneracy at X happens to be
exactly at the Fermi level in ZrSiTe (Figure 9d).132 This way, a
half-filled band is not necessary, but the crossing is not the only
state at EF, a few pockets interfere. Nonetheless, chemical
pressure might be a useful tuning knob to realize exciting
predictions in topological materials, such as new Fermions in
non-symmorphic materials.
Lastly, as mentioned above, the effect of magnetism on non-

symmorphically protected band structures has been studied in
CeSbTe. This compound, which is also isotypic with ZrSiS,
features anti-ferromagnetic and fully polarized ferromagnetic-
like phases, and thus several magnetic groups can be accessed.
Depending on the magnetic group, the band degeneracy can be
split or merged, resulting in many changes within the
topological properties. It has been shown that magnetism can
also result in new Fermions. In CeSbTe both three-fold and
eight-fold degenerate states can be achieved by introducing
magnetic order.138

Besides the ZrSiS family, experiments have also been
performed on SrIrO3, which was predicted to have a non-
symmorphic line node. In the experiments it seems, however, as
if there would be a trivial gap in reality.208 In addition, InBi has
been shown to host non-symmorphically protected Dirac nodal
lines that span a wide energy range along high-symmetry
lines.164

2D Materials. As we discussed in the first half of this
Review, graphene is the archeotypical TSM, but it also linked to
the prediction and discovery of TIs. There have been immense
research efforts to make heavier versions of graphene to realize
2D TIs. Since this involves some interesting chemistry, we
briefly present an overview in this section. Further, this section
will discuss the advances on topological 2D materials that are
structurally different from graphene. The big hype on 2D
materials triggered by graphene lead researchers to take a closer
look at the heavier graphene analogues of group 14 elements. A
nice review about the graphene homologues by Akinwande et
al. is recommend to the reader.209 Indeed, the manufacturing of
so-called 2D “Xenes” with X = Si, Ge, and Sn was proven to be
possible in several cases. However, two major aspects make
silicene, germanene, and stannene differ from graphene: (i) It is
so far not possible to obtain single free-standing layers of these
materials without any substrate, and (ii) a buckling of the
honeycomb layer is more stable than the ideal planar geometry.
The buckling is a consequence of the larger bond lengths in
silicene, germanene, and stannene. Only if the sheet becomes
buckled, the atoms get close enough such that the pz-orbitals
that form the delocalized π-system still can overlap. Never-
theless, the formation of a delocalized π-system is disturbed,
resulting in mixed sp3- and sp2-hybridization (see Figure 10).
The features of the electronic structure of the heavy Xenes are
similar to those of graphene. Linear dispersing bands around K
and K′ exist, and a small direct band gap is opened and
increases with increasing atomic number. From first-principles
calculations, the band gap of silicene, germanene, and stannene
is found to be non-trivial; i.e., these free-standing Xenes would
be 2D TIs. However, the band gap of silicene is predicted to be
extremely small (1.5−2.0 meV)67 and therefore cannot be
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detected experimentally. As mentioned above, none of the
heavier analogues of graphene were obtained as free-standing
2D monolayers yet. A lot of effort was spent on growing
silicene, germanene, and stannene on suitable substrates.
However, the electronic properties of epitaxially produced
Xenes differ from the predicted ones for the free-standing layer.
The interaction with the substrate causes reconstructions, and
the degree of buckling varies in a broad range, depending on
the kind of substrate. For example, from ARPES measurements
it is evident that silicene grown on Ag(110) and Ag(111)
surfaces shows linearly dispersing bands, but a trivial gap of
approximately 0.6 eV is opened at K.210,211 Thin-film growth of
Xenes thus offers many possibilities to manipulate the
electronic structure of potential topologically non-trivial low-
dimensional systems.
A chemical way to stabilize 2D nanosheets of the group 14

elements was explored by Goldberger et al.212 Starting from the
Zintl-phase CaGe2, which contains a 2D X− polyanion that is
isostructural to the layers in trigonal As, they were able to
synthesize the so-called “Xanes” XR (X = Si, Ge, Sn; R = H or
organic ligand)covalently functionalized, buckled X sheets
with sp3-bonded X-atoms.213 Due to sp3-hybridization, a trivial
global band gap is opened, and a direct transition at the Γ point
is observed. A possible way to drive Xanes into TIs is predicted
by Li et al.214 They show with full-relativistic DFT calculations
(SOC included) that iodine functionalization of a Ge layer
causes an inversion of bands at Γ. The origin of the non-trivial
topology is therefore not the delocalized π-system as in
graphene, but inverted σ-bonds. Thus, there is a possibility to
create TIs based on the buckled versions of the heavier
analogues of graphene, but the band inversion will be based on
σ-bonds, rather than π-bonds, and in that sense these materials
are somewhat more similar to HgTe than to graphene.
Going from group 14 to group 15 elements, the

orthorhombic allotrope of phosphorus, also known as black
phosphorus, has been intensely investigated during the past few
years, mainly due to the fact that it is the precursor to
phosphorene, the exfoliated 2D version of the layered bulk
material. It is thus not surprising that this material has been
heavily explored in the context of TSMs. The electronic
structure of few layer o-P can be manipulated by K-doping, thus
leading to a tunable band gap, caused by the giant Stark
effect.165 At high doping concentrations, a semiconductor-to-
semimetal transition occurs, the band dispersion in kx becomes
linear, and a Dirac crossing that classifies this system as a DSM
is revealed by ARPES.

The group 6 TMDs MoTe2 and WTe2 that were already
mentioned above as bulk materials show different electronic
characteristics as monolayers. The semiconducting state of 2D
1T′-TMDs was earlier predicted to be non-trivial.215 From the
2H-bulk phase to 1T′-MoTe2, the monoclinic high-temperature
phase, the structural change is explained by a Peierls distortion
of the Mo-atoms, but the Peierls distortion does not open a
band gap. The band gap opening is a quantum confinement
effect, i.e., a result of reducing the bulk phase to a few-layer 2D
system, as described by band structure calculations and revealed
by transport measurements that show a metal-to-semi-
conductor transition.216 In monolayer WTe2, the predictions
about the 2D ground state have been probed by means of
transport measurements. The interior does indeed become
insulating, and metallic conductivity of the edge states is
observed in a monolayer but absent in a bilayer.217 This is a
strong evidence for 2D 1T′-WTe2 being a 2D TI.

■ PROPERTIES AND APPLICATIONS OF TSMS
Surface States. The prominent electronic structural

features of TSMs are in the bulk  unlike in TIs, where the
surface states are the feature of interest. However, surface states
can also play an important role in TSMs. Most prominent are
probably the so-called Fermi arcs that appear on surfaces of
WSMs. These arise due to the different chirality of the Weyl
monopoles; the two monopoles will be connected by a surface
state.28 This surface state will be an open arc rather than a
closed loop as is usually the case for surface states. This open
orbit cannot exist by itself, which is why the electrons in such a
Fermi arc surface state will enter the bulk to connect to another
Fermi arc on the bottom surface.28 The two arcs on opposite
surfaces will form a loop to complete the path for the electrons.
This path has been experimentally seen to exist: Analytis et al.
took as sample the DSM Cd3As2 (note that DSMs become
WSMs if a magnetic field is applied) and used a focused ion
beam for sample thinning such that the surface states dominate
the transport.43 From the resistivity measured under an applied
field, the authors were able to extract a signature that
corresponds to electrons moving along the Fermi arcs and
shuttling through the bulk to reach the corresponding arc on
the other surface.
Non-symmorphic materials can also show surface states,

either as semimetals or insulators. If the bulk is insulating, in
rare cases the bulk bands can be connected in a special way that
forces surface states to appear, which are topological.218 There
are a few cases of such non-symmorphic TIs, but only one,
exhibiting the “hourglass” surfaces state219 (called this way
because it is shaped like an hourglass), has been seen
experimentally.220 Semimetals that are non-symmorphic can
also show surface states: ZrSiS and related materials all show
very prominent surface states in their ARPES spec-
tra.24,46,132,161,162,221 These arise if a non-symmorphic symme-
try element is broken at the surface and thus the degeneracies
in the bulk are no longer enforced at the surface. This results in
2D “floating” bands that exist only at the very top layer of the
surface. While these states are topologically trivial, they are
different from other surface states that appear commonly, such
as Shockley states or quantum well states.205

Transport. A lot of attention is given to the electrical
transport properties of TSMs. Soon after the confirmation that
Cd3As2 is indeed a DSM, Ong et al. reported ultrahigh electron
mobility in samples that were grown out of a Cd flux.222 The
mobility reaches nearly 107 cm2 V−1 s−1 at 5 K, which is about 2

Figure 10. From flat sp2-hybridization in graphene to slight buckling as
found for the Xenes (X = Si, Ge Sn), and functionalization to sp3-
hybridized X in Xanes.
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orders of magnitude higher than what is found in a free-
standing monolayer of graphene.223 They also found evidence
that this high mobility arises from a protection from back
scattering. After this study, similar high mobilities have been
found in many more DSMs and WSMs (see, e.g., refs 48, 224,
and 225), and it seems now to be a commonly observed
property in TSMs. High mobility usually also causes high
transversal magnetoresistance, since these two properties are
connected via MR (ratio) = 1 + μavB

2.225 Thus, high and
unsaturated transversal magnetoresistance is another common
property of TSMs.183,226 The high mobility is also the reason
why quantum oscillations already appear at small fields in
TSMs. While such oscillations appear in any material that has a
Fermi surface at low temperatures and very high fields,
materials with low electron masses and consequently high
mobilities show these oscillations at fields that are accessible in
a common laboratory, and they can persist to temperatures of
nearly 100 K.202

The sample quality still matters, however (i.e., crystallinity,
defect concentration, possible side phases, etc.). While the
common features are often even observed in lower quality
samples, which suggests that they are indeed induced by the
special electronic structure, the values of carrier mobility can be
increased by several orders of magnitude if the crystal quality is
improved.225 In the case of Na3Bi, for example, quantum
oscillations are only visible in high-quality crystals grown out of
a Na-flux.227

Another prominent transport feature of TSMs is the chiral
anomaly. This feature should arise in WSMs (or DSMs under
an applied field) when a magnetic field is applied parallel to the
current direction.9 In this case, it was predicted that the Weyl
Fermions will switch their chirality, which will lead to a negative
magnetoresistance. This effect has been observed first in
Na3Bi

11 and later in many more DSMs and WSMs.44,228−230

However, doubts have been cast on the analysis in certain cases,
since more effects can lead to a negative magnetoresistance and
very careful alignment of contacts is crucial and further tests
have to be performed to be certain that the observed effect
really stems from the chiral anomaly.182,231,232

In the nodal line semimetal ZrSiS, besides high mobility and
magnetoresistance, an enhanced correlation effect under high
applied magnetic fields was observed.202 This observed,
apparent gain of electron mass under the influence of a
magnetic field has yet to be understood from a theoretical
perspective.
Optical Properties. The linear band dispersion in TSMs

also effects their optoelectronic properties. Optical conductivity
measurements can be used to distinguish between conven-
tional, 3D and 2D Dirac electrons.233 2D Dirac electrons
exhibit a frequency-independent optical conductivity, which
was shown for graphene.234 In 3D Dirac (or Weyl) systems the
optical conductivity changes linearly with the frequency, which
has been shown for TaAs,235 Cd3As2,

236 and ZrTe5.
176 The

nodal line semimetal ZrSiS, while formally being a 3D system,
has been shown to exhibit a frequency-independent con-
ductivity.237 Since a nodal line is a 2D object, this behavior is
expected, and thus it can be concluded that nodal line Fermions
behave more like graphene than 3D DSMs. Trivial materials do
not exhibit such simple types of “power-law” optical
conductivities, and more complicated terms are necessary for
their description.
As mentioned above, linear band dispersions have the

potential to absorb photons with arbitrarily long wavelength.

Other desirable features for next-generation optoelectronic
devices such as infrared photodetectors,6 especially those used
in high-speed optical communication systems, are fast carrier
transport and short lifetimes of the photogenerated charge
carriers. These result in short intrinsic response times of the
device, thus allowing for operation at high frequencies.
However, it is not possible to produce a photocurrent from

just exposure to light in an ideal Dirac spectrum. As in trivial
materials, the photocurrent vanishes without an external electric
field. This is the case for ideal 2D DSMs because excitations are
symmetric around the Dirac cone. Since I-symmetry can be
broken and a Weyl cone can be tilted in 3D, with the result of
asymmetric excitations around the cone, the situation is
different in type II WSMs. A large photocurrent proportional
to the absorbed radiation is predicted to be stable up to room
temperature  without applying a potential. In order for this
scenario to become reality, we would need type II WSMs that
are “clean”; i.e., no other bands are interfering with the tilted
Weyl cone at the Fermi level. Such materials have not yet been
discovered.
The quality of sensing and detecting devices relies on the

intrinsic optical properties of the applied materials, and a steady
process for optimization of their performance is relevant for
technological applications. The potential of the 2D analogue of
Cd3As2, graphene, as a high-performance photodetector was
intensively investigated with respect to operation speed and
broadband response.238−243 In this context, first steps have
been made to create ultra-fast broadband photodetectors as
well as mid-infrared optical switches based on Cd3As2.

244−246

Cd3As2 hosts all necessary promising properties that already
make graphene an attractive photosensitive material, while it
offers the further huge advantage that it interacts with light way
better due to its 3D nature. Photodetectors based on a Au−
Cd3As2−Au architecture exhibit an ultrafast photocurrent
response of 6.9 ps, which is one order of magnitude faster
than commercially available state-of-the-art systems. This
extremely short response time is attributed to the very fast
relaxation time of photoexcited carriers in Cd3As2. Rapid
photorelaxation has been seen in all kinds of different types of
DSMs.247 The future for applications of TSMs in optical
devices thus seems bright.

Catalysis. Topology can have implications far beyond the
transport properties of materials. This is particularly evident for
chemistry happening at the surface of a material, as it is the
exotic surface states that are the hallmarks of the non-trivial
topology of the bulk bands of TIs, WSMs, and possibly also
DSMs. Depending on the nature of the system, topological
surface states (TSSs) are protected by the bulk crystal
symmetry (time-reversal, non-symmorphic etc.) and are thus
robust against backscattering and localization effects by (non-
magnetic) impurities, point defects, and the like. This feature
distinguishes TSSs from trivial surface states, which are highly
sensitive to the details of the surface and heavily influenced by
defects or other kinds of disorder, or surface reconstruction. As
a direct consequence, topological materials are set to provide a
perfect platform for studying surface-related phenomena such
as heterogeneous catalysis, where the state of the surface is one
of the most important, but also most difficult to describe,
parameters influencing catalytic activity. This is particularly true
for catalysis studied in “realistic” environments, i.e., surfaces
under ambient conditions or even surrounded by solvents, and
thus far away from idealized UHV conditions. Bearing the
unique robustness of TSSs in mind, let us consider the more
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specific influence of topology on catalysis. Take for example
transition-metal-catalyzed surface reactions. Here, the rate-
determining step often involves interfacial charge transfer from
the metal electrode to an adsorbate which in turn influences the
binding strength to the metal surface. In addition, inefficient
charge migration in electrodes with low conductivity can lead to
substantially lower apparent catalytic activity relative to a highly
conducting electrode. Both interfacial charge transfer and
charge transport can be influenced by topology, as will be
discussed in the following. Trends in catalytic activity are often
rationalized by d-band theory, which assumes that the nature of
the metal−adsorbate interaction is determined by the hybrid-
ization of the metal d-band with the bonding σ-orbital of the
adsorbate. The occupation of the resulting bonding and
antibonding metal−adsorbate d-σ-states, and thus the binding
strength in turn, is determined by the occupation and, hence,
energy (relative to the Fermi level) of the d-band center.248,249

This means that stronger metal−adsorbate bonding occurs for
higher d-band centers and weaker bonding for lower d-band
centers, which will have particularly pronounced effects if the
rate-determining step in heterogeneous catalytic reactions is
given by the adsorption free energy of the gaseous or liquid
reactant. This is the case for (electro)catalytic reactions
following the Sabatier principle, for example hydrogen
adsorption on metal electrodes in the hydrogen evolution
reaction (HER). Plotting an observable for the catalytic activity,
such as the exchange current density in electrocatalytic HER,
against the adsorption free energy of hydrogen for different
transition metals, will result in an activity scaling relationship
known as “volcano plot”, which can similarly be observed for a
number of reactions involving oxygen- and carbon-based
adsorbates. Bearing this model in mind, it is intuitive that
TSS can be an additional source of modifying catalyst−
adsorbate interactions, as first pointed out by Chen et al.250 In
this work it was predicted by theoretical calculations that the
TSS of Bi2Se3, covered by a thin layer of Au, would act on the
adsorption energy of CO and O2 on Au@Bi2Se3 in two
different ways, depending on the relative energies of the surface
Dirac cones and the antibonding 2π*-orbitals of the adsorbates:
While electrons are transferred from the antibonding 2π*-
orbital of CO to the TSS to strengthen the Au-CO bond, they
are transferred from the TSS into the 2π*-orbitals in the case of
O2 adsorption. Although the latter again enhances the Au−O2
binding strength, the opposite direction of static electron
transfer leads to more facile dissociative desorption of O2 from
the surface. It is obvious that such modifications of the binding
energies will have pronounced effects on catalytic conversions
in which surface adsorption and dissociation of reactants are
rate-determining steps, like in CO methanation or water
oxidation. Similar findings were reported by Yan et al., who
studied the interactions between different metal nanoclusters
with the Bi2Se3 substrate, and between the clusters and O-
atoms adsorbed to their surface via calculation of the
adsorption free energy, Ead(O). It is found that irrespective of
the metal, the presence of TSSs enhances the binding energy of
oxygen in all cases, albeit to a different extent. As a
consequence, TSSs can be considered an additional variable
for tuning the metal−adsorbate interactions besides the
inherent interaction strength given by d-band theory. In the
specific case investigated here, the catalytic activity toward
oxidation is found to be enhanced through the TSS for Au,
which shows an intrinsically weak Au−O binding strength,
while the catalytic activity is significantly decreased for Pt and

Pd, as the metal−oxygen binding becomes too strong in the
presence of TSS, thus slowing down the desorption process of
the products, which becomes rate limiting. Quite intuitively,
this trend can be transferred to the hydrogen evolution
reaction, which likewise follows the Sabatier principle and is
thus sensitive to the intrinsic metal−adsorbate binding strength,
modified by the presence of TSSs.251 Overall, these predictions
not only underpin the possible role of TSSs as a tunable
“electron bath” and additional parameter to adjust the catalyst−
adsorbate interactions, but also highlight that  contrary to d-
band theory which implicitly assumes similar sp-contributions
for all transition metals  the sp-band-derived contributions of
the TSS can have a significantand differingeffect on the
surface reactivity of transition metal catalysts, through either
extrinsic (e.g., via the substrate) or intrinsic contributions.250

Looking at the electronic properties of topological materials,
however, the impact of topology on catalysis may not be limited
to robust surface states and modified surface−adsorbate
interactions. Intrinsic charge transport properties such as
exceptionally high charge carrier mobilities associated with
the linear dispersion around the Dirac points can play an
additional role in enhancing the catalytic activity of
topologically non-trivial materials. This can best be understood
by considering electrocatalytic or photocatalytic reactions such
as water splitting or CO2 reduction where charge carriers of a
semiconductor (i.e., the photoabsorber in photocatalysis) or a
metal (electrocatalysis) have to be efficiently separated to
prevent charge recombination, transported to the surface, and
subsequently injected into a surface-bound substrate. Thus, the
high conductivities as well as high charge carrier mobilities of
DSMs and WSMs render them interesting candidates for
catalytic conversions; however, the above complex sequence of
elementary steps involving both surface and bulk properties
calls for a suitable model system that allows to disentangle the
effects of topology from trivial effects of surface chemistry and
geometry, which is extremely challenging. Ideally, one would
study a single material that can be switched from a trivial to a
topologically non-trivial state, for example by applying strain,
with changes in surface structure and chemistry, bulk
conductivity, etc. being minimal. Systems with such properties
are not yet known but could be approximated, for example, by
solid solutions in which certain compositions are predicted to
be topological while others are not, depending on x,
temperature, and pressure (e.g., Pb1−xSnxSe, Pb1−xSnxTe, or
Bi2Se3−xSx). The first experimental study aimed at carving out
the effects of topology on catalysis was reported by Rao, Felser,
and co-workers, who demonstrated photocatalytic activity for
the hydrogen evolution reaction in the dye (Eosin)-sensitized
WSMs NbP, TaP, NbAs, and TaAs (see Figure 11).7 While all
systems were found to be active for HER, the trending activity,
which shows a maximum for NbP producing 500 μmol g−1 h−1

of hydrogen, was rationalized by the differences in the Gibbs
free energy of H adsorption at the surface of the catalysts,
ΔGH* (see d-band model discussed above), which was found to
be lowest for NbP. In addition, among the transition metal
dichalcogenides with similar metallicity and ΔGH* values, trivial
1T-TaS2 was found to be inactive for HER while topologically
non-trivial 1T′-MoTe2 showed substantial HER activity.
Unfortunately, this study does not provide unambiguous
proof that topology is in fact at the heart of the observed
catalytic activity, and why, it still underlines the potential of
DSM and WSM in (photo)electrocatalysis. Similar predictions
can be made for TIs, while their bulk band gap may open
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additional perspectives for (non-sensitized) photocatalytic
conversions. An additional variable for increasing the activity,
as the authors of the above study point out, is morphology:
particle size reduction on going from single-crystalline to
polycrystalline samples results in a twofold increase in activity.
While this observation is not unexpected given the increased
accessibility of active surface sites, it may be taken as a first hint
that enhanced surface-to-volume ratios and higher defect levels
do not adversely affect the surface protection of topological
catalysts. Indeed, it has recently been shown that symmetry
protected TSS are still present in TI nanoparticles where the
Dirac cones at the surface are no longer continuous but break
down into discrete states.252 The importance of this finding for
the prospects of topological catalysis in the long run cannot be
ranked highly enough, since catalytic activity, being a surface-
related phenomenon, typically scales with the surface-to-
volume ratio and, hence, size-reduction by nanostructuring is
widely used as a convenient tool to further amplify catalytic
activity. Transformations catalyzed by topologically non-trivial
materials may be influenced by another degree of freedom
inherent to TIs and WSMs, namely the chiral spin texture of
TIs and WSMs, i.e., the fact that neither the TSS in TIs nor the
chiral bulk states and surface Fermi arcs in WSMs are spin-
degenerate. This could have far-reaching implications  yet to
be demonstrated  in catalytic conversions where the
overpotential of certain reaction steps is sensitive to the spin
state of the intermediates or products involved, such as in the
water oxidation reaction.253−255 Spin-selective catalysis-driven
by light, electrochemically or even thermally  is thus yet
another field in which topological materials could make a
difference by means of their inherent spin-polarization.

■ OUTLOOK
The field of topological semimetals, while growing fast, is still in
its infancy. However, new theoretical predictions of so far
unknown phenomena and exciting physical properties in these
materials are evolving rapidly. Materials that could be
topological are also predicted immensely fastbut very often

the experimental realization does not follow. Thus, the
involvement of chemists with a feeling for materials that are
accessible and can be grown reliably is key to advance the field.
In this spirit, this Review serves as a guide for chemists and
materials scientists to understand the basic principles of
topology in general and the requirements TSMs should fulfill
in particular. Armed with these insights, chemists should be
able to provide a solid materials basis for this already
burgeoning field, with the ultimate goal that topology in
materials science is made accessible to a broader audience, and
more chemists can join in. Finally, there are exciting possible
applications for topological materials in different areas, while
experimental evidence for them is still sparse. Clearly, in order
to realize the full potential of topological materials, a larger
library of confirmed compounds is of high demand, and
materials scientists are needed to unravel the vast promise
topological matter has to offer in terms of new applications in
quantum science, optoelectronics, catalysis, and beyond.
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■ NOTE ADDED AFTER ASAP PUBLICATION
There was an error in Figure 2 in the version published ASAP
April 30, 2018. The corrected version was published ASAP May
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