
Abstract. The paper presents a review of the possibilities offered
by the study of photoelectric effects in 3D topological insulators
and a number of other topologically nontrivial materials under
terahertz radiation excitation. We show that, in some cases, the
information about the electronic states obtained by such experi-
ments is unique.
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1. Introduction

During the past 15 years, the physics of topological insulators
has been one of the rapidly developing areas of modern solid
state physics. In three-dimensional topological insulators
(TIs), strong spin-orbit interactions result in inversion of the
energy levels corresponding to the conduction band and the
valence band in the bulk of the semiconductor. As a
consequence, two-dimensional topological electron states
necessarily appear on the surface of 3D TIs. These states are
characterized by a Dirac spectrum with zero effective mass.
Furthermore, the direction of the electron spin is fixed
perpendicular to its quasi-momentum, which hinders elec-
tron backscattering, at least in theory. The two above
circumstances make highly attractive the idea of harnessing
electron transport over topological surface electron states in
electronic devices.

The existence of topological surface electron states was
first confirmed experimentally using angle-resolved photo-
emission spectroscopy (ARPES) [1]. However, this method
does not provide direct information on electron transport. At
the same time, transport measurements are fraught with
significant difficulties, since topological insulators are
usually narrow-gap semiconductors with a large number of
electrically active growth defects that form resonant donor or
acceptor levels generating a high density of charge carriers
that do not freeze out at low temperatures. As a result, the
bulk conductivity shunts the conductivity along a thin surface
topological layer. Isolating the contribution of surface
conductivity is an intricate problem that does not always
have an unambiguous solution.

Another experimental approach involves optoelectronic
probing of surface electron states. In many cases, photo-
electric effects are insensitive to bulk conductivity, even if the
free carrier density is high.

It is significant that the characteristic energies of the
electron spectrum of topological insulators are low, ranging
from units to two to three hundred meV and corresponding to
the terahertz spectral range. Therefore, terahertz probing of
topological insulators is of special interest.

In this review, we provide examples of photoelectric
effects observed during terahertz probing of topological
insulators and show that this tool is highly effective in
studying the electronic properties of this class of materials.

2. Photogalvanic effects

To study Dirac fermion systems, currently, recourse is
actively made to methods based on nonlinear photoelectric
effects for which the magnitude of photoinduced currents is
proportional to the square of the electric field strength E of
the incident electromagnetic wave. One such effect is the
photogalvanic effect (PGE), which consists of the occurrence
of a photoinduced current in spatially homogeneous systems
without an inversion center when exposed to radiation.
Linear and circular PGEs are distinguished.

The linear PGE consists of the appearance of a photo-
current induced by linearly polarized incident radiation [2, 3].
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The nature of this effect is directly related to the anisotropy of
scattering processes. The photocurrent caused by circular
PGE is proportional to the degree of circular polarization of
radiation [4±6]. The manifestation of the circular effect is
related to the asymmetry of the distribution of carrier quasi-
momenta in reciprocal space.

The PGE can manifest itself only in systems without an
inversion center [7]. Most 3D topological insulators, in
particular Bi and Sb chalcogenides, are centrosymmetric in
the bulk, but, on the surface, where topological states are
formed, the symmetry is reduced and the inversion center is
absent, which underlies the selective surface sensitivity of
experimental methods for studying PGE-based electron
transport. Both linear and circular PGEs are actively studied
in various three-dimensional topological insulators [8±15].

2.1 Photogalvanic effects in topological insulators based
on �Bi;Sb�2Te3
Bi- and Sb-based compounds were among the first to be
classified as 3D topological insulators [16]. Specifically,
Bi1ÿxSbx was the first 3D TI compound experimentally
discovered with angle-resolved photoelectron spectroscopy
[1]. More recently, calculations were performed in Ref. [17]
indicating that Bi2Te3, Bi2Se3, and Sb2Te3 compounds
belong to the class of 3D topological insulators. Experi-
mental confirmation of the formation of surface conduct-
ing states, wherein the carriers are characterized by the
linear Dirac dispersion relation, in the above-mentioned
compounds was made in Refs [18±20]. Note that all of the
above-mentioned compounds have sufficiently high bulk
charge carrier densities up to n � 1019 cmÿ3 at T � 4:2 K,
which necessitates the use of surface-selective research
techniques.

The crystal lattice of Bi- and Sb-based chalcogenide bulk
compounds is characterized by theD3d point group symmetry
in the bulk and is centrosymmetric, whereas the surface of
such materials has a point group symmetry C3v that is
different from the bulk and, therefore, is the only possible
region for the manifestation of the PGE.

The photogalvanic effect in bismuth- and antimony-based
chalcogenide compounds has been studied in sufficient detail
in Refs [9±13]. In a series of studies, heterostructures grown
by molecular beam epitaxy were investigated under terahertz
photoexcitation conditions employing different laser radia-
tion sources at room temperature.

Figure 1 shows the typical dependence of the normalized
amplitude of the linear PGE on the polarization angle of

terahertz radiation incident normally onto the sample sur-
face.

The measurements were carried out at two different
values of the angle of incidence, y � 0 and y � 180�, in
order to exclude from consideration another nonlinear
photoelectric effect: the photon drag effect, which depends
on the direction of the photon momentum and occurs both
on the surface and in the volume of centrosymmetric
topological insulators. It was experimentally demonstrated
that it is precisely the PGE that makes the decisive
contribution to the photoresponse.

The origination mechanism of linear PGE is as follows.
Incident terahertz radiation results in alignment of charge
carrier momenta along the direction of polarization of the
electric field. Due to the presence of identically oriented
trigonal scatterers on the surface of Bi and Sb chalcogen-
ides, the motion of scattered charge carriers is anisotropic,
meaning the emergence of photoinduced current [7].

The linear PGE observed in bismuth and antimony
telluride-based compounds at normal incidence of photo-
exciting terahertz radiation, whose characteristic photon
energy is significantly lower than the Fermi energy, can be
described with a semiclassical approach. In this case, the
Drude radiation absorption by free charge carriers dom-
inates interband optical transitions, and the photogalvanic
effect occurs due to the asymmetric scattering of surface
charge carriers in the absence of an inversion center on the
surface.

In the region of relatively low energy (below 100 meV),
satisfying the relation ot4 1, where o � 2p f is the cyclic
radiation frequency and t is the scattering time, the PGE
amplitude in Bi- and Sb-based chalcogenide compounds
depends on the frequency as follows (Fig. 2):

A � f � / 1

1� �2p f t�2 : �1�

Features of the power dependences of some structures in the
higher energy region are associated with the activation of
interband optical transitions.

The dependences presented make it possible to estimate
the main transport characteristics of charge carriers in the
near-surface regions using the corresponding relationships
for photocurrent and Drude conductivity.

The values of the Fermi energy EF, the Fermi velocity vF,
and the lifetime of near-surface charge carriers t and their
mobility m, which were determined from the experimental
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dependences in compounds studied at room temperature, are
collected in the Table.

Under conditions of oblique incidence of an electromag-
netic wave on the surface of a 3D Bi- and Sb-based
topological phase, also observed was a circular PGE in
addition to the linear one [11±13]. The total photoinduced
currents measured for two different circular polarizationsÐ
right and leftÐdiffered due to the presence of a contribution
from the circular PGE, which depends on the sign of circular
polarization (Fig. 3).

Danilov et al. [13] proposed a phenomenological model
whereby the total photocurrent is presented as a super-
position of linear and circular contributions:

j � j circ � j lin : �2�

The density of the photoinduced current caused by the
circular PGE is given by the following expression:

j circ � gE 2
0 tpts sin y sin �2j� ; �3�

where E0 is the amplitude of the incident wave; y is the
angle of incidence normalized to the refractive index; tp and
ts are the amplitude transmittances; and j is the angle of
rotation of the l=4 plate, which determines the radiation
polarization.

The authors of Refs [11±13] associate the observed
circular photogalvanic effect with photoionization of surface
topological states. The microscopic nature of the effect is
based on selective photoexcitation of spin-polarized carriers
of two different branches of topological surface states by
radiation with the corresponding sign of circular polariza-
tion, in accordance with selection rules.
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Table. Main transport characteristics of charge carriers in near-surface
regions of epitaxial structures based on Bi and Sb tellurides [12].

Sample Bi2Te3 Bi2Te3=Sb2Te3 �Bi1ÿxSbx�2Te3
dST�7:5 nm dST�15 nm x � 0:43 x � 0:94

EF, meV 500 140 30 500 7

vF, 105 m sÿ1 4.3 5.2 2.2 5.1 3.8

t, ps > 0:25 0.06 0.06 > 0:25 0.04

m, cm2 (V s)ÿ1 > 940 1230 1030 > 1330 8210
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2.2 Photogalvanic effects
in HeTe-based topological insulators
In structures based on HgTe, depending on the parameters
(layer thickness, composition, temperature, etc.), electronic
systems with different properties are realized, and, in
particular, the formation of topologically nontrivial phases
is possible. For example, in HgTe quantum wells of critical
thickness d � dc � 6:5 nm,Dirac fermions are observed; for a
well width d > dc, a two-dimensional topological insulator is
realized [21, 22]; with thicknesses of d � 20 nm, the structure
is classified as a two-dimensional semimetal [23]; in strained
3DHgTe layers with thicknesses of d � 100 nm, the state of a
three-dimensional topological insulator is formed [24].

Unlike Bi- and Sb-based compounds, the crystal lattice of
HgTe is characterized by the absence of an inversion center in
thebulkof the structure, and therefore observationof thePGE,
similar in its microscopic nature to photogalvanic effects in
Bi2Te3- and Sb2Te3-based compounds, does not seempossible.
However, in both 2D [25] and 3D films [26, 27] of HgTe, a
photogalvanic effect is observed, whose microscopic mechan-
ism the authors associate with the scattering asymmetry caused
by the application of an external magnetic field.

In Refs [26, 27], photogalvanic effects were investigated in
HgTe-based epitaxial films with a thickness of 80±200 nm.
Currents photoinduced by terahertz laser radiation in the
structures under study manifest themselves only under
conditions of application of a nonzero magnetic field, and
the authors of the papers attribute their origin to surface
topological conducting states due to the following reasons.
First, the magnetic field dependences of photoinduced
currents under illumination with either linearly or circularly
polarized radiation of opposite sign (s� and sÿ) are
nonmonotonic and exhibit extrema that coincide with good
accuracy with the position of the cyclotron resonance peaks
BCR1 and BCR2, corresponding to the electron states on the
upper and lower faces of the sample (Fig. 4).

Effective masses calculated from the results of cyclotron
resonance measurements are in good agreement with theoret-
ical estimates of the effective masses of charge carriers in
surface conducting states obtained by the kpmethod with the
inclusion of Bohr±Sommerfeld quantization.

Furthermore, measurements performed under conditions
of sample rotation relative to the direction of the magnetic
field induction vectorB by an angle y showed that the position
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of the maximum of the magnetic-field dependence of the
amplitude of photoinduced current changes according to a
cosine law (Fig. 5).

So, the photoinduced current is caused precisely by the
magnetic field component normal to the structure surface.
This serves as an additional argument in favor of the
assumption that the observed photogalvanic effect is closely
related to charge carriers in surface two-dimensional electron
states.

The authors associate the microscopic nature of the
emergence of photoinduced currents with symmetry viola-
tion of the scattering of nonequilibrium electrons under the
application of an external magnetic field.

The presented results of the PGE investigation in strained
80-nm-thick HgTe films were subsequently used as a
reference for studying similar structures with an active layer
thickness of 200 nm. The fundamental difference with the
latter is at least partial relaxation of the uniaxial lattice stress,
which ensures the opening of the energy gap in the bulk.

Experimental results suggest that 200-nm structures
contain surface conducting states with similar properties.
This is borne out by similar magnetic-field and angular
dependences of cyclotron resonance and the amplitude of
photoinduced currents in films 200 nm and 80 nm thick, as
well as similar effective masses corresponding to surface
states.

Finally, investigated in Ref. [28] were photogalvanic
effects in epitaxial structures based on solid solutions of
Hg1ÿxCdxTe with an active layer thickness of d � 4 mm. In
Hg1ÿxCdxTe alloys, a rearrangement of the band spectrum is
possible over a wide range with a change in the Cdx content,
which is accompanied by transition from the topological state
(x < 0:16) to the trivial state (x > 0:16). Despite the absence
of an inversion center in the crystal lattice, a circular PGEwas
observed in the samples of different compositions under
study. The authors of the study put forward the following
possible reasons for the occurrence of a circular PGE in these
compounds. The effect can be associated either with two-

dimensional conducting states on the surface of the topologi-
cal phase of the film or with reduction in the symmetry of the
bulk structure. However, the PGE was observed in samples
with both a direct (x > 0:16) and inverted (x < 0:16) energy
spectrum, including at room temperature (Fig. 6).

So, the nature of the occurrence of the circular PGE under
photoexcitation by terahertz laser radiation in structures
based on Hg1ÿxCdxTe solid solutions cannot be associated
exclusively with the contribution of charge carriers in two-
dimensional topological states. The authors proposed a
mechanism for the manifestation of PGE associated with the
occurrence of lattice stress, which reduces the symmetry of the
bulk crystal.

3. Photoelectromagnetic effect

The photoelectromagnetic (PEM) effect was discovered
about 90 years ago [29]. The essence of the effect is the
appearance of a voltage drop UPEM across sample contacts
oriented perpendicular to the direction of the incident
radiation and the magnetic field (Vogt geometry; see the
inset in Fig. 7). This occurs due to the emergence of a diffusion
flow of photoexcited electrons in a magnetic field by analogy
with the Hall effect, in which the electron flow is determined
by the applied electric field. The magnitude and sign of the
UPEM signal are determined by the magnetic field, as well as
the direction and velocity of the carrier diffusion flow. The
effect is due to the existence of nonequilibrium photoexcited
charge carriers in the surface layer of the semiconductor and
can result from photogeneration of excess carriers and from
heating of free charge carriers.

The PEM effect was among the important tools for
studying the electronic properties of semiconductor materi-
als in the 1960s and 1970s. The main results obtained using
this effect in semiconductor physics were summarized in
review Ref. [30]. However, in the future, researchers would
not pay much attention to the PEM effect, which is
apparently due to the explosive growth of interest in low-
dimensional semiconductor structures beginning in the 1980s.
In such structures, the active layer thickness is significantly
smaller than the characteristic diffusion length of non-
equilibrium charge carriers, so any noticeable density
gradient of the latter at sizes of the order of the structure
thickness cannot be observed, and the PEM effect is absent.
The photogalvanic effect described in the previous section has
a fundamentally different nature, although in a number of
external manifestations it is sometimes similar to the PEM
effect.

In topological insulators, the thickness of the surface layer
in which two-dimensional electron topological states with a
Dirac energy spectrum are formed is only about 1±2 nm,
which is significantly less than the characteristic diffusion
length of nonequilibrium charge carriers in semiconductors.
It would therefore seem that the existence of topological
surface states in 3D topological insulators cannot entail the
appearance of any features of the PEM effect. However, it
turned out that this statement is incorrect.

The basis of the experimental approach used in the series
of papers [31±34] was the use of a number of solid solutions,
for example, �Bi1ÿxInx�2Se3, for which an increase in the
content of a lighter element, indium in the case involved, leads
to a decrease in the spin-orbit interaction and to a transition
of the electron energy spectrum from inverse to direct.
Accordingly, the topological phase of the semiconductor
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changes to the trivial one. The idea of the experiments is to
compare the effects observed in different topological states of
the solid solutions under consideration.

To excite the PEM effect in Refs [31±34], use was made of
laser terahertz radiation. Its photon energy was less than
15 meV and was much lower than the characteristic para-
meters of the energy spectrum of the semiconductor, such as
the energy gap, so the photogeneration of additional free
carriers was impossible. Consequently, the effect was entirely
due to the heating of charge carriers. In this sense, it is similar
to the Nernst effect, wherein the electron temperature
gradient is induced by terahertz radiation pulses, and the
lattice temperature remains invariable.

We emphasize that the observed effects turned out to be
similar for different topologically nontrivial materials: 3D
�Bi1ÿxInx�2Se3 topological insulators [31], Pb1ÿxSnxSe [32]
and Pb1ÿxSnxTe [34] topological crystalline insulators, as well
as Dirac semimetals �Cd1ÿxZnx�3As2 [33].

The most thorough study was carried out for a system of
�Bi1ÿxInx�2Se3 solid solutions [31]. For this system, the
transition from the topological to the trivial phase occurs at
an In2Se3 molar fraction x � 0:06. The high density of growth
defects leads to a strong degeneracy of the electron gas at low
temperatures with a free electron density, as a rule, not lower
than 1018ÿ1019 cmÿ3.

It is significant to note that the PEM effect is observed for
both topological and trivial phase samples at low tempera-
tures T < 14 K. The effect was manifested only in a nonzero
magnetic field, and its magnitude was odd with respect to the
magnetic field, i.e., the PEM effect voltage changed sign when
the magnetic field direction changed. The characteristic
dependence of the PEM effect amplitude UPEM on the

magnetic field B at T � 4:2 K is shown in Fig. 7 for different
samples. This type ofUPEM�B� dependence is quite character-
istic of the PEM effect [30]. It is significant that for all samples
the sign of the PEM effect corresponded to the diffusion of
charge carriers from the surface into the bulk (see the inset in
Fig. 7). Note that, for a given direction of magnetic field, the
sign of the PEM effect is uniquely defined by the direction of
diffusion of nonequilibrium charge carriers.

The main idea of the experiment was to compare the
features of the PEM effect for samples with the same or

0

ÿ2

ÿ4

ÿ6

ÿ8
f � 0.69 THz

x � 0.18
Sample C
T � 4.2 K

0� 45� 90� 135� 180�

Phase angle j

P
h
o
to
cu
rr
en
t
J
2
5
=P

,m
A

W
ÿ1

s�

sÿ

0.9

1.0

1.1

1.2

1.3

1.4

f � 1.63 THz

x � 0.22
Sample D
T � 4.2 K

P
h
o
to
cu
rr
en
t
J
1
4
=P

,m
A

W
ÿ1

s�

sÿ

a

c

5

0

ÿ10

ÿ15

ÿ20

ÿ5

f � 0.78 THz

x � 0.18
Sample C
T � 300K

0� 45� 90� 135� 180�

Phase angle j

P
h
o
to
cu
rr
en
t
J
2
5
=P

,n
A

W
ÿ1 s�

sÿ

d

12

10

8

6

4

2

f � 2.02 THz

x � 0.15
Sample A
T � 300K

P
h
o
to
cu
rr
en
t
J
6
3
=P

,n
A

W
ÿ1

s�

sÿ

b

Figure 6.Dependence of photoinduced currents normalized to the power on polarization of terahertz laser radiation with frequencies f � 1:63 THz (a),

2.02 THz (b), 0.69 THz (c), and 0.78 THz (d) in samples with compositions x � 0:22 (a), 0.15 (b), 0.18 (c, d) at helium (a, c) and room (b, d) temperatures.

Solid lines correspond to theoretical estimates. Purple dashed line in panel (a) corresponds to the contribution of circular PGE [28].

1.5

U
P
E
M
,m

V

B UPEM

grad m; j

1.0

0.5

0 0.5 1.0 1.5 2.0 2.5 3.0
B, T

x � 0

x � 0.09
x � 0.10
x � 0.12

T � 4.2 K
l � 148 mm

Figure 7. Dependence of amplitude of PEM effect induced by radiation

with a wavelength of 148 mm on magnetic field at T � 4:2 K for

�Bi1ÿxInx�2Se3 samples with different compositions x � 0, 0.09, 0.1,

0.12. Inset shows experimental setup [31].

October 2024 Terahertz probing of topological insulators: photoelectric effects 993



similar energy gaps and free electron densities but possessing
either an inverted or direct electron energy spectrum. Samples
with compositions x � 0 and x � 0:12 best meet this criter-
ion. Figures 8a and 8b show the dependence of the PEMeffect
amplitude UPEM on the incident radiation power P for
different laser wavelengths l. It is evident thatUPEM depends
almost linearly on P for a given value of l both for x � 0 and
for x � 0:12. At the same time, there is a significant difference
between the two samples. In the sample with x � 0:12, which
is in the trivial phase, the amplitude of the PEM effectUPEM is
practically independent of the wavelength of the incident laser
radiation at a given power P of the radiation, while, for the
sample with x � 0, which is in the topological phase, UPEM

depends on l. On the contrary, the amplitude of the PEM
effectUPEM, calculated as a function of the incident radiation
photon flux N � Pl=hc, does not depend on the laser
wavelength l for the sample with x � 0 in the topological
phase and depends on it for the sample of the trivial phase
with x � 0:12 (Figs 8c, 8d).

Since the charge carrier density gradient between the
surface and the bulk of the semiconductor is impossible due
to the small energy of exciting radiation photons, the only
possible reason for the occurrence of an electron diffusion
flux from the surface into the bulk of the sample is the
difference in the mobility of charge carriers on the surface
and in the bulk. If only ordinary band electrons were involved
in the effect, such a difference in mobility between hot
electrons on the surface and cold electrons in the bulk would
not arise, since the electron mobility is saturated at low
temperatures. Then, the electron flows from and to the
surface would exactly compensate each other, and the effect,
would not be observed. Therefore, to observe the effect, it is
necessary that there be conducting electron states on the
surface of the semiconductor, and their mobility should be
higher than the bulk one in order to ensure the diffusion flux
of carriers from the surface into the bulk. Since the effect is

observed in samples with both an inverse and direct energy
spectrum, the very appearance of the PEM effect only
indicates the presence of surface electron states with
increased mobility, which are not necessarily topological. At
the same time, the characteristics of these surface states are
significantly different for the topological and trivial phases.

As shown inRef. [31], the reason for such a differencemay
lie with the strong suppression of the electron-electron
interaction in topological surface electron states compared
to the highly mobile surface states of the trivial phase. Then,
in samples with an inverse spectrum corresponding to the
topological phase, diffusion of photoexcited electrons occurs
first, and only later does their thermalization happen. As a
result, the signal of the PEMeffect is determined by the flux of
incident radiation photons. In samples with a direct spectrum,
which are in the trivial phase, on the contrary, thermalization
occurs first, and only then does diffusion into the sample
depth happen, and the signal is determined by incident
radiation power.

The suppression of electron-electron interaction in the
topological phase is in all likelihood due to the fact that the
electron spin direction is tied to the direction of its quasi-
momentum, due to which electrons that can effectively
interact must have the same quasi-momentum direction. For
the trivial phase, there are no such limitations, and the
number of electrons that can effectively interact is signifi-
cantly greater. Accordingly, the characteristic thermalization
time of heated charge carriers is shorter.

It is significant that the above effect of different scaling of
the amplitude of the PEMeffect for the topological and trivial
phases is common to different systems of 3D topological
insulators [31], topological crystalline insulators [32, 34], and
Dirac semimetals [33]. Consequently, the reason for the
appearance of such an effect is probably the same and may
consist in the suppression of electron-electron scattering in
topologically nontrivial electron states.
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4. Photoconductivity

As noted above, the majority of topological insulators are
narrow-gap semiconductors with a significant number of
growth defects, which are usually electrically active. As a
result, topological insulators are usually highly degenerate
semiconductors with a free carrier density of 1018±
1019 cmÿ3. To record photoconductivity on top of a high
background equilibrium conductivity provided by such a
significant carrier density is a very difficult and, in most
cases, practically unsolvable problem.

An exception to the above rule is the system of
Hg1ÿxCdxTe solid solutions. As already mentioned above,
the rearrangement of the energy spectrumwith increasing x in
the alloy is accompanied by a transition from the inverse band
structure for x90:16 to the direct order for x00:16 (Fig. 9).
The domain of compositions x90:16 corresponds to the
topological phase, which is distinguished by the existence of
surface states with a Dirac spectrum. Compositions with a
direct band structure correspond to the trivial phase. Modern
epitaxial growth techniques make it possible to synthesize
Hg1ÿxCdxTe films with a high mobility (� 105 cm2 (V s)ÿ1 at
T�77 K) and with a low free carrier density of � 1014 cmÿ3

[35, 36]. This makes it possible to measure the photoconduc-
tivity against the background of such a rather low equilibrium
carrier density.

Due to the low background charge carrier density and the
possibility of varying the band gap over a wide range,
Hg1ÿxCdxTe solid solutions with x00:2 and a direct
structure of the energy spectrum have found application as
base materials for IR photodetectors [37]. Interest in studying
terahertz photoelectric phenomena in such objects is due
primarily to the need to develop an elemental and compo-
nent base for optical applications and to expand the working
spectral range of optoelectronic devices to the long-wave-
length domain. Studies of terahertz photoconductivity in
structures based on Hg1ÿxCdxTe solid solutions with x00:2
and a direct structure of energy bands made it possible to
establish a number of features of the electronic spectrum
caused by the presence of acceptor centers: mercury vacancies
[38, 39].

In the topological phase, transport phenomena, both
under equilibrium and nonequilibrium conditions, have

been investigated to a greater extent in HgTe films. Terahertz
probing in combination with the use of different experimental
techniques has made it possible to detect the manifestation of
topological states in optical properties (Kerr and Faraday
effects) [41±43], transport (quantum Hall effect, Shubnikov±
de Haas oscillations) [44±48], and photogalvanic effects [25±
27, 49].

Terahertz photoconductivity in a magnetic field in 3DTIs
based on strained epitaxial HgTe films was investigated in
Ref. [50]. The use of transistor-type structures with a
transparent gate as samples made it possible to reveal the
special features of nonequilibrium transport with a controlled
change in the position of the Fermi level in the allowed bands
and against the background of the energy gap. A comparison
of the transport properties in the dark and under laser
irradiation showed that the observed photoconductivity is
due to the heating of the sample by incident radiation. The
authors of Ref. [50] recorded a cyclotron resonance asso-
ciated with photoexcitation in a system ofDirac fermions and
determined the dependence of surface carrier cyclotron mass
on the position of the Fermi level. The resultant mass values
are in good agreement with the theoretical and experimental
values for Dirac fermions in HgTe [51, 52]. At high carrier
densities in the bulk, MIRO-type magnetoresistance oscilla-
tions induced by terahertz radiation were detected in
Ref. [50], which were caused by the contribution of a two-
dimensional electron gas on the surface [53] (Fig. 10).

In solid solutions in the composition range x < 0:16,
which corresponds to the topological phase, transport and
optoelectronic phenomena have been studied to a lesser
extent. It is noteworthy that, as shown by studies of the
galvanomagnetic properties of 3D epitaxial layers of
Hg1ÿxCdxTe with x < 0:16, such objects exhibit the quan-
tumHall effect as well as other features of magnetotransport,
indicating the decisive contribution of surface topological
states to the mechanism of electrical transport [47, 54].

In a series of studies [55±62], photoconductivity excited
by terahertz laser radiation pulses was investigated in thick
Hg1ÿxCdxTe films of different compositions corresponding
to both the topological and trivial phases. The samples
under study were synthesized by molecular beam epitaxy
(MBE) on a semi-insulating GaAs substrate. The equili-
brium density of free electrons at liquid helium temperature
was less than 1015 cmÿ3, while the Hall mobility was
105ÿ106 cm2 Vÿ1 sÿ1, which indicates the high quality of
the structures studied. The measurements were carried out at
a temperature of T � 4:2 K in a magnetic field of up to 3 T.
The magnetic field was directed along the normal to the
sample surface. The exciting terahertz radiation was also
directed perpendicular to the sample surface, i.e., the
experiment was conducted in the Faraday geometry.

Experiments have shown that the photoconductivity has
different signs for the topological and trivial phases of
Hg1ÿxCdxTe in the absence of a magnetic field. For composi-
tions x > 0:16, corresponding to the trivial phase, the
photoconductivity was negative, and for compositions
x < 0:16, corresponding to the topological phase, it was
positive [40]. Such a noticeable difference was interpreted as
follows. The negative photoconductivity observed for the
trivial phase samples is due to the heating of free electrons.
Since the band gap of the semiconductor is small, the electron
dispersion relation differs greatly from the parabolic one and
is close to the Kane one. In this case, the effective mass
increases linearly with energy, which entails a decrease in the

x

Inverted energy
spectrum

Direct energy spectrum

G8

G8 G8

G6

G6

G6

x � 0.16

Figure 9. Rearrangement of energy spectrum, represented by electron

states with G6 and G8 type symmetries, in the bulk of Hg1ÿxCdxTe solid
solutions at zero temperature [40].
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mobility of hot electrons, and negative photoconductivity is
observed. A similar effect should be observed in the
topological phase samples, but there, in all likelihood, a
different mechanism is dominant, leading to positive photo-
conductivity. The main possible interpretation proposed by
the authors ofRef. [55] is as follows.Heating of charge carriers
in the film volume leads to diffusion of hot photoexcited
electrons into the heterojunction region between the film in
the topological phase and the Hg1ÿxCdxTe graded-gap buffer
on which it was grown and which corresponds to the trivial
phase. According to the theory, two-dimensional topological
electron states with a linear dispersion relation and, accord-
ingly, zero effective mass should be formed in this domain.

Then, the hot electrons diffusing into this layer acquire
increasedmobility, which leads to positive photoconductivity.

Even in lowmagnetic fieldsB��0:05ÿ0:1� T, the kinetics
of photoconductivity become alternating: immediately after
the onset of the laser pulse, the photoconductivity is negative,
but then it changes sign and becomes positive. The amplitude
of the negative part of the photoconductivity is symmetrical
relative to the direction of the magnetic field and is also the
same for two pairs of potential contacts located on opposite
sides of the Hall bridge. The nature of the change in the
amplitude of the positive part of the photoconductivity is
much more intriguing (Fig. 11).

For one of the magnetic field directions, the amplitude of
positive photoconductivity first increases rapidly, reaches a
maximum for a field of about 0.07 T, and then rapidly
decreases, so that only the negative part of photoconductivity
is observed at B > 1 T. For the opposite field direction,
however, the positive photoconductivity disappears almost
immediately, and only the negative photoconductivity is
observed. Therefore, positive photoconductivity turns out to
be asymmetrical with respect to the magnetic field. Since a
change in the magnetic field direction corresponds to the
operation of time reversal, the effect described can be inter-
preted as a violation of the T-symmetry of photoconductivity.

Photoconductivity measurements on two equivalent pairs
of potential contacts located on opposite sides of the Hall bar
should give identical results in the geometry of the experiment.
This is indeed the case in a zero magnetic field, but such
equivalence is violated for a nonzero magnetic field (Fig. 12).
This effect can be interpreted as a violation of spatial parity, or
P-symmetry.At the same time, ifwe simultaneously replace the
pair of contacts with a mirror-image one on the Hall bar and
the magnetic field with an oppositely directed one, then the
amplitude of positive photoconductivity will not change, i.e.,
the effect exhibits PT-symmetry.

It is especially significant to note that the equilibrium
characteristics, in particular magnetoresistance, are a symme-
trical function of the magnetic field and do not differ for
mirror-image pairs of contacts. Therefore, the noted asym-
metry of properties manifests itself only in a nonequilibrium
situation.
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It is also significant that the effect of photoconductivity
asymmetry in a magnetic field was observed in almost all
samples corresponding to the topological phase, and only its
amplitude changed slightly. In samples corresponding to the
trivial phase, the effect was not observed.

It is immediately obvious that the described effect does
not correspond to the visual symmetry of the experiment. One
might assume that the sample has some `built-in' nonuniform-
ity, which manifests itself only under nonequilibrium condi-
tions. In this case, the effect should be tied to a certain
physical side of the sample and cannot change when the
sample is turned 180� about the normal. Experimentally, it
turns out that, with such manipulation, the effect does not
change in the laboratory coordinate system, i.e., it moves to
the opposite physical side of the sample. Consequently, the
existence of the effect is due to the action of a factor external
to the sample, which reduces the symmetry of the system.

In Ref. [56], several such possibilities were analyzed:
deviation of the angle of incidence of radiation from the
normal, direction of incidence of radiation from the surface
layer side or from the substrate side, presence of a weak
component of the magnetic field along or across the Hall bar,
and spatial nonuniformity of photoexcitation. It turned out
that the effect is stable in all of the above departures of the
experimental geometry from the ideal one. The nature of the
external factor entailing the emergence of the effect is still
unclear.

Since positive photoconductivity is observed only in
samples corresponding to the topological phase, it was
hypothesized that the effect is associated with specific proper-
ties of the two-dimensional layer that makes its appearance at
the interface between the topological and trivial phases. It is
well known that one of the properties of such a layer may be
nonlocal conductivity, when the current flows along the edge
of the sample [63]. For nonlocal conductivity, a special
experimental geometry is used, for which the current
contacts are located away from the potential ones (Fig. 13).
The corresponding experiment is described in Ref. [59].
Under equilibrium conditions, the voltage drop across the
potential contacts decreases exponentially as they move away
from the pair of current contacts, i.e., equilibrium nonlocal
conductivity is absent. Nonlocal photoconductivity is also

absent in a zero magnetic field, but, when the field is
introduced, it turns out to be quite significant (Fig. 13).

Important properties of edge photocurrents are the
following. First, the edge photocurrent hardly decreases as
the pair of potential contacts is moved away from the current
contacts. Second, photocurrents are absent in the absence of
applied voltage, and they change sign when the polarity of the
voltage changes. Third, edge photocurrents change direction
to the opposite one when the polarity of the magnetic field
changes. Finally, their most surprising property is chirality:
photocurrents flow around the sample along its edge.

As indicated in Ref. [61], the effect of PT-symmetric
photoconductivity observed in the Hall bar geometry is
related to the superposition of traditional photoconductivity
over the film volume and chiral nonlocal photoconductivity
along its edge. At one edge of the Hall bar, these two
contributions are added together, and, at the other, they are
subtracted from each other, which results in the observed
effect.

Despite the fact that the nature of the unusual photo-
conductivity observed in thick films based on the topological
phase of Hg1ÿxCdxTe remains unclear, it was possible to
determine the region of the structure that is a `reservoir' of
nonequilibrium electrons, as well as of the region responsible
for the appearance of the effect. To this end, in Ref. [62], the
photoconductivity was investigated in structures from which
the cadmium telluride cover layer was successively etched,
then 1.5 mm and 3 mm of the active layer were successively
etched, so that in the thinnest structure the film thickness was
about 1 mm. It turned out that the amplitude of the effect
increases sharply after etching the cover layer, and then it
decreases sharply, and in the thinnest film the effect is not
observed. It is inferred that the source of nonequilibrium
electrons is the volume of the film, and the place where
unusual properties appear is the interface between the film,
which is in the topological phase, and the buffer or cover
layer, which is in the trivial phase.

Determining the nature of the external factor responsible
for the appearance of asymmetric photoconductivity in
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structures based on thick Hg1ÿxCdxTe films is a very
intriguing task that invites additional research.

5. Conclusions

The results presented in this review suggest that the study of
photoelectric phenomena in 3D topological insulators using
terahertz probing techniques allows one to observe a number
of nontrivial effects, which are largely due to the fundamental
difference in the electronic characteristics between the two-
dimensional layer on the surface of topological insulators and
the bulk of the material.

Among these phenomena are, in particular, linear and
circular photogalvanic effects, which occur only in the
absence of an inversion center. In topological insulators
based on bismuth and antimony chalcogenides, such a
situation is realized only on the surface, while the volume is
centrosymmetric and, therefore, cannot contribute to the
observed effect. This allows us to directly determine a
number of key transport characteristics of carriers in the
topological conducting layer.

Another example is the difference in the dependence of the
amplitude of the photoelectromagnetic effect on the incident
terahertz radiation intensity for the topological and trivial
phases in structures based on bismuth chalcogenides and their
solid solutions. The study of such dependences made it
possible to show that the energy relaxation of hot electrons
in the topological phase is significantly suppressed compared
to the trivial phase.

Lastly, another example of nontrivial photoelectric phe-
nomena in topological insulators is the highly unusual chiral
nonlocal terahertz photoconductivity in heterostructures
based on Hg1ÿxCdxTe solid solutions. It is shown that the

region of localization of the effect is the topological phase±
trivial phase heterojunction, in which the emergence of a two-
dimensional topological conducting layer is expected.

So, the given examples show the fundamental difference
between research based on the study of photoelectric phenom-
ena and, for example, studies of electron transport, in which
the volume of the semiconductor makes a significant contribu-
tion to the observed effects and extracting the contribution of
topological states is difficult and not always possible.

The authors express their appreciation to S D Ganichev
and V V Belkov for their valuable advice. This work was
supported by a grant from the Russian Science Foundation,
no. 19-12-00034.
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