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Editorial
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Solid state physicists have long classified the electronic
bands of crystals according to their irreducible represen-
tations within the relevant space group. However, the
concept of topology was first introduced into electronic
structure theory in the 1980s in connection with the
quantum Hall effect. While arguments could be made
to explain the extreme precision of the quantised con-
ductance [1], topological considerations provide a much
deeper understanding of the conditions leading to the ex-
istence of protected edge states [2].

More than a decade ago, the family of quantum Hall ef-
fects was extended by the quantum spin Hall effect [3, 4],
arsing from topological considerations in connection with
the band structure of specific solids. In the first reali-
sation of the quantum spin Hall effect, one-dimensional
transport was realised on the edges of a HgTe quantum
well with a thickness that was specifically designed to
achieve a topological inversion in the band gap of the
material. Soon after, it was shown that metallic surface
states on certain insulators can be protected by the bulk
band topology, leading to a three-dimensional version of
the quantum spin Hall effect, the so-called topological
insulator [5]. Materials with this property included well-
known thermoelectrics such as Bi2Se3 and Bi2Te3. Sim-
ilar to the situation of the quantum Hall effect, the idea
that the bulk band structure could enforce the existence
of certain type of electronic surface states was not new
[6], and even properties such as the protection of surface
state electrons against back-scattering had been demon-
strated [7] – but the derivation of these ideas from topo-
logical principles was new and lead to the discovery of
many other “topological” materials, such as topological
semimetals, nodal-line semimetals and materials realising
quasiparticle versions of Dirac and Weyl fermions.

The electronic structures of topological materials are
fascinating for a number of reasons. From a fundamen-
tal point of view, they emphasise the possibility of re-
alising hitherto elusive particles proposed in high-energy
physics, for example the Majorana or Weyl fermions –
as quasiparticles in a solid. From a purely practical per-
spective, the Dirac cone-type electronic structure often
encountered in topological materials raises hopes to ex-
ploit the materials in novel energy-saving electronic de-
vices. Graphene, the simplest material showing a Dirac
cone dispersion feeds this hope because of the ultra-high
carrier mobility that can be achieved due to an elec-
tronic structure with a helical (pseudo)-spin structure,

a vanishing phase space for scattering at charge neutral-
ity and, critically for practical applications, a very high
Debye temperature (unfortunately, this is not typically
found in other topological materials which often contain
heavy atoms to boost the spin-orbit coupling strength).
High carrier mobilities are indeed found in many topolog-
ical semimetals, at least at low temperature. Moreover,
some of these materials show a huge and non-saturating
magnetoresistance with possible applications in magnetic
sensing.

While transport properties are of central practical im-
portance for topological materials, it is extremely chal-
lenging to infer the topological nature of the electronic
structure from transport experiments alone, except for
the strictly one-dimensional quantum spin Hall or quan-
tum anomalous Hall effects that are characterised by a
quantised edge conductance. Transport signatures of
metallic surface states on topological insulators are al-
ready much harder to find for several reasons: (1) the
band gap of the materials can be small, leading to a large
number of intrinsically excited carriers; (2) the materials
have a tendency to be degenerately doped and therefore
essentially metallic – also in the bulk; (3) the topological
surface states are protected against back-scattering, but
there is a finite probability for scattering in any other di-
rection, resulting only in a small increase in mobility as
compared to a spin-degenerate two-dimensional electron
gas; (4) the interesting topological states might be re-
alised in (projected) band gaps far away from the Fermi
energy and therefore not accessible to transport experi-
ments. An illustration of these situations is shown in Fig.
2 in Ref. [8] in this Focus Issue.

A key experimental technique for the identification and
study of topological electronic states has therefore been
angle-resolved photoemission spectroscopy (ARPES), of-
ten with additional spin resolution (SARPES). This tech-
nique offers access to the detailed E(k) dispersions of
occupied electronic states in the solid. In this way, it
can be used to observe not only topological states at
the Fermi level but also those at higher binding ener-
gies. Its momentum resolution provides an immediate
route to distinguish between what is often a multitude of
topologically trivial and non-trivial states, while its sur-
face sensitivity makes it uniquely suited to study topo-
logical surface states. The capabilities of (S)ARPES are
ideally matched to theoretical predictions of topological
surface band structures that are either full calculations
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or merely based on an inspection of the bulk topologi-
cal invariants, leading to testable predictions of the basic
surface state dispersion topology such as the number of
Fermi contours encircling a high symmetry point. More-
over, the spin information obtained from SARPES can
reveal predicted properties such as a helical spin tex-
tures. Finally, ARPES is able to experimentally distin-
guish between two-dimensional surface states and three-
dimensional bulk states, as well as to search for specific
three-dimensional bulk features, such as Dirac or Weyl
points. As such, it has proved instrumental in the study
of topological materials in recent years.

This Focus Issue of Electronic Structure assembles a
collection of articles which, while quite small, provide an
excellent overview of the state-of-the-art in ARPES from
topological materials.

The review by J. Hugo Dil [8] is focused on SARPES of
topological materials. It summarises the technical capa-
bilities and limitations of spin determination in ARPES
and how the approach relates to ARPES experiments
exploiting circular dichroism. The technical introduction
is followed by a summary of the most important contri-
butions form SARPES for different types of topological
materials such as topological insulators and semimetals.
The discussion of the results is matched with an accessi-
ble description of the physics leading to a particular spin
texture.

The contribution by P. K. Das et al. discusses trans-
port and band structure properties of the transition
metal dichalcongenide (TMD) WTe2 [9]. This material
has been named as a candidate for hosting type-II Weyl
fermions but, as the paper points out, these quasiparti-
cles are expected to be found above the Fermi level and
it is not currently possible to draw a firm conclusions on
their realisation in WTe2 based on the observed surface
states alone. Nevertheless, WTe2 shows intriguing trans-
port properties often associated with topological materi-
als, in particular an extremely large and non-saturating
magnetoresistance that can be ascribed to the perfect
balance between tiny electron and hole pockets at the
Fermi level. The material could therefore find important
applications in the detection of magnetic fields.

The paper by O. J. Clark and coworkers discusses a
long overlooked and intuitive mechanism for generating
topologically protected states that result from the dif-
ferent k⊥ dispersions of p orbital-derived states along
high-symmetry directions of the Brillouin zone, leading
to topological surface states and bulk band crossings that
are protected by crystalline symmetries. The principles
are illustrated using calculations and ARPES data from
TMDs, emphasising that the strength of the spin-orbit
coupling is not crucial for the creation of the topologically
protected states. The paper concludes with a discussion
of the idea’s generality and gives several other examples
of topologically protected states that can be explained
using the proposed framework. The use of (S)ARPES is

particularly important in this work because many of the
predicted states exist far from the Fermi energy.

The Focus Issue is concluded by an original research
paper by S. Roth et al. which discusses the synthesis
of a two-dimensional nodal line semimetal (Cu2Si) such
that it is encapsulated between the substate it is grown
on and a protective layer of graphene. Interestingly, the
material retains its promising electronic properties in this
configuration.

After more than ten years of intense research, the bulk
band structure topology in the single-particle picture, the
resulting topological surface states and their detection
with (S)AREPES now comprise a rather mature field. So
mature, in fact, that J. Hugo Dil points out that “just
because something can be classified by topology does not
necessarily render it interesting” [8].

Still, there are still many open questions and poorly
understood aspects of band structure topology. Ex-
amples are the interplay of topology with magnetism
or other kinds of (non-equilibrium) symmetry breaking,
such as the presence of transport currents [10]. Also,
most of the currently explored materials can be well-
described in a single-particle picture and the interplay
of band topology and strong correlations needs to be
explored. Finally, a particularly interesting aspect of
topological band structures arises upon transient band
structure engineering by ultrashort light pulses, leading
to fascinating situations that are yet to be probed by
ARPES, such as the so-called Floquet topological insu-
lator in graphene [11].
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