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The behavior of electrons in ordinary
metals is dominated by physics near
the Fermi surface. Indeed, many of the
first successes of the quantum theory
of solids, such as understanding the
large specific heat of metals, followed
from applications of the Fermi sur-
face concept. Great effort has been
devoted in recent years to semimetals
in which the Fermi surface shrinks to a
set of Dirac or Weyl points, where four

or two bands cross respectively. 3D crys-
tals with both kinds of band structure
have been found in recent years, which
completes a search that began in the
1930s with the work of Conyers Herring.

The focus of this article is on the
optical properties of Weyl semimetals in-
cluding TaAs and related compounds, for
which much of the initial theoretical [1]
and experimental [2] work was carried
out in China; given space limitations,

we refer the reader to longer reviews [3]
for a fuller treatment of the basics and
literature. The unusual electronic struc-
ture of Weyl semimetals leads to novel
optical properties that may be the clear-
est demonstration of how these materi-
als differ from ordinary metals and insu-
lators. Experiments have already shown
strong second-harmonic generation and
photocurrent effects in the most studied
Weyl material TaAs, and these may lead
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to optical applications of this and related
materials. Theoretical work on topologi-
cal materials is contributing to improved
understanding of non-linear optics in
more ordinary solids.

The notion of a Weyl fermion was
introduced soon after Dirac’s famous
theory of the electron. Hermann Weyl
pointed out that, in a relativistic theory,
massless fermions can have a fixed helic-
ity, while massive fermions cannot, be-
cause boosting to a frame moving faster
than the fermion will reverse its helic-
ity. In solid-state terms, this means that
a system with broken inversion or time-
reversal symmetry can support two-band
crossings. Corresponding to the fixed he-
licity is a topological invariant, the in-
teger flux of Berry curvature through a
small sphere surrounding the Weyl point
[4]. Weyl points hence have an integer
topological ‘charge’, and the total charge
of all Weyl points in a crystal is zero
(the Nielsen-Ninomiya theorem). Their
topological charge leads to a Fermi arc
surface state [S] whose observation in ex-
periment is often the first signature of a
new Weyl material.

A considerable challenge has been to
identify unique properties beyond band
structure that result from the existence of
Weyl points. Such properties would be
analogous to the quantized Hall effect in
2D materials or to the quantized magne-
toelectric polarizability in 3D topologi-
cal insulators, which define those states
beyond one-particle physics. One moti-
vation for this perspective is to explain
why non-linear optics is a particularly
valuable probe. Linear response in a sin-
gle electromagnetic field is believed not
to lead to unique behavior in Weyl ma-
terials. This is perhaps not too surpris-
ing since the quantum Hall effect in-
volves both E and B fields, as does the
quantized magnetoelectric effect. One
linear response that was conjectured for
Weyl materials, the ‘chiral magnetic ef-
fect’ (distinct from the chiral anomaly,
which is an E - B effect), turns out to
be related to natural optical activity or
gyrotropy, and to be controlled by the
orbital magnetic moment of Bloch elec-
trons rather than by band topology [6,7].
Non-linear responses, however, includ-
ing standard non-linear optical proper-

ties, are already verified to be exception-
ally strong in Weyl semimetals [8-10],
in addition to having unique features of
topological origin.

It may be useful to recall some rele-
vant basic facts about the optical prop-
erties of solids. How a metal responds
to electromagnetic fields can be intu-
itively divided into ‘intraband’ and ‘in-
terband’ effects. Light of low frequency
and long wavelength can be treated by
the semiclassical equations of motion in a
normal metal, once these equations are
extended to include Berry curvature and
orbital moment effects. A true semimetal
with point Fermi surfaces is a special case
where semiclassical behavior need not
apply, since the Fermi surface changes
dramatically under even a small change in
Fermi energy. (This is a qualitative differ-
ence between Weyl and Dirac semimet-
als and common semimetals such as bis-
muth, which have small electron and hole
Fermi surfaces.) Hence considerable ef-
fort has gone into quantum calculations
of the optical response of Weyl semimet-
als [11-13], whichin general depend sen-
sitively on wave function properties such
as Berry curvature.

The possible optical responses can
be narrowed down simply on symmetry
grounds, however. The most studied
Weyl semimetals break inversion sym-
metry but do not break time-reversal
symmetry. In such materials, an inci-
dent source of light at frequency @ can
generate a second-harmonic generation
(SHG) signal at 2w and a DC (zero-
frequency) photocurrent. Additional
information about the crystalline sym-
metry is necessary to determine the
allowed components of these second-
order optical responses. The TaAs family
of materials is not just inversion-breaking
but polar, ie. the crystalline symme-
tries allow a non-zero vector, which
in an insulator could be viewed as the
ground-state  electrical  polarization.
GaAs is an example of a material that
breaks inversion and has strong SHG
but does not permit a vector because of
its rotational symmetries. Interest in the
non-linear optics of Weyls was triggered
in part by the experimental observation
[8] that TaAs has SHG approximately
ten times larger than GaAs at funda-

mental A &~ 800 nm, dominated by the
component XZ(ZZZ) for which applied field
and generated current are both along
the polar axis. At longer wavelengths the
response is even stronger [14].

Photocurrent is another second-order
optical effect and is directly relevant to
photovoltaic applications. Strong pho-
tocurrent effects have been observed in
TaAs [9,10], allowed microscopically by
tilting of the Weyl cones [11], and also in
type-1l Weyl semimetals [ 15]. Itis not yet
resolved whether the large second-order
responses in TaAs originate directly from
its Weyl points or from other proper-
ties such as strong asymmetry (‘skew-
ness’) in its Wannier functions [14],
which controls the total second-order re-
sponse in some cases via a sum rule.
Weyl points are predicted to have at least
one very special optical property, but
this is canceled out from symmetry in
some materials. For example, although
it is non-centrosymmetric, TaAs has a
number of other crystalline symmetries
that highly constrain the allowed compo-
nents of its second-order response (and
allow separation of thermal effects [10]):
its mirror symmetries mean that every en-
ergy with positively charged Weyl points
has negatively charged Weyl points as
well.

Energy-split Weyl semimetals, and
also some 3D Rashba compounds, have
positive and negative Weyl points at dif-
ferent energies (Fig. 1), and the low
crystalline symmetry in these materials
allows the circular photogalvanic effect
(CPGE), a photocurrent whose sign de-
pends on the sense of circular polariza-
tion of the incident light [16]. In an
energy-split Weyl semimetal, the rate
of CPGE current injection is predicted
to be quantized for some frequencies
and independent of microscopic param-
eters, since the strength of current in-
jection divided by the light intensity is
a combination of material-independent

constants:
1 (dje, djo  2me’ c
21 \ dt dt | h2ce

(1)
Here C, is a topological integer describ-
ing the net Weyl charge below the Fermi
surface. Experimental searches for this



Figure 1. Schematic illustrations of how the circular photogalvanic effect (CPGE) for a single Wey!
node quantified in Eq. 1 can be measured in energy-split Weyl semimetals. (a) For a hypothetical
material with two Weyl nodes of opposite charge at different energies, there is a range of incident
photon frequencies for which optical transitions are allowed across one node but blocked by Pauli
exclusion at the other node. The result is that the CPGE is dominated by one node (in this figure,
the left node) and approaches its quantized value. (b) A time-domain experiment allows measure-
ment of the low-frequency pulse (outward arrows) produced by the current injected normal to the
sample surface by an incident pulse of circularly polarized light. lllustration concept from A. Grushin

(Grenoble).

CPGE are underway: a time-domain
experiment could observe the quantized
injection rate directly, while the steady-
state CPGE photocurrent will addition-
ally depend on the current relaxation
rate in the material. Two other active
directions involve magnetic fields or
materials. One is the search for optical
effects in magnetic Weyl semimetals
that break time-reversal symmetry either
instead of or in addition to inversion
symmetry. Another is the experimental
investigation of magneto-optical effects
that might give clearer evidence for
the chiral anomaly of Weyl fermions,
as predicted theoretically [17,18]. It
seems clear already that non-linear optics
is an unexpectedly interesting feature
and probe of this exciting family of
materials.
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