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A scientific session of the Physical Sciences Division of the
Russian Academy of Sciences (RAS) entitled “Topological
states: what are they and what are they for?” was held on
29 November 2017 in the conference hall of the Lebedev
Physical Institute, RAS.

The following reports were heard at the session:

(1) Tarasenko S A (Ioffe Institute, St. Petersburg) “Electron
properties of topological insulators. The structure of edge states
and photogalvanic effects”;

(2) Devyatov E V (Institute of Solid State Physics, RAS,
Chernogolovka, Moscow region) ‘“Charge transfer between a
superconductor and an edge-carrying state in an inverted
band system”’;

(3) Volkov V A (Kotel’'nikov Institute of Radio Engineer-
ing and Electronics, RAS, Moscow). ““Surface states of Dirac
and Weyl fermions”.

The paper version of report 1 is presented further on in
this issue.
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Electron properties of topological
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and photogalvanic effects
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Abstract. Integrating the ideas of topology and topological
transitions into solid-state physics has led to the theoretical
prediction and subsequent experimental discovery of topologi-
cal insulators, a new class of three- or quasi-two-dimensional
dielectric crystalline systems exhibiting stable conducting sur-
face states. This paper briefly reviews the electronic properties
of topological insulators. The structure of edge and bulk elec-
tronic states in two- and three-dimensional HgTe-based topo-
logical insulators is described in particular detail. Recent
theoretical and experimental results on the interaction of an
electromagnetic field with topological insulators and on edge
and surface photogalvanic effects are presented.

Keywords: topological insulators, edge and surface states,
photogalvanic effects

Uspekhi Fizicheskikh Nauk 188 (10) 11291134 (2018)
DOI: https://doi.org/10.3367/UFNr.2017.11.038257
Translated by E G Strel’chenko; edited by A Radzig

Contents
1. Introduction 1026
2. Two-dimensional topological insulators based
on HgTe/CdHgTe quantum wells 1027
3. Three-dimensional topological insulators
based on strained HgTe films 1029
References 1030

1. Introduction

Implementation of the ideas of topology and topological
transitions in solid-state physics [1-4] led at the beginning of
the 21st century to the theoretical prediction and the
subsequent experimental discovery of topological insula-
tors—a new class of three-dimensional (or quasi-two-
dimensional) crystalline systems supporting stable conduct-
ing surface (or edge) states [5, 6]. Great attention on
topological insulators is connected both with the fundamen-
tal interest in surface physics, which is very important in
nanostructures, and with the prospects of using these systems
to create new functional materials and devices for electronics
and optoelectronics.

The appearance of states localized on a crystal surface or
on the heterointerface between two materials is, at a
phenomenological level, due to translational symmetry
violation. The existence of such states was first theoretically
predicted by I Y Tamm [7]. Later on, these states were
discovered in various systems. The existence or absence of
Tamm states and their properties in specific systems are
mainly defined by the surface structure. Surface and edge
states in topological insulators are quite extraordinary. They
are stable with respect to impurities and inhomogeneities of
the surface and fill the whole bandgap of a bulk crystal. These
states are defined by the band structure topology of a bulk
crystal and not by the specific morphology of the surface [35, 6,
8, 9]. “Topologically protected’” surface and edge states can
form in insulating materials with an inverted band structure
caused by strong spin-orbit coupling. The band structure of
any insulating crystal can be characterized by the topological
invariants Z,, which take either 0 or 1 values and define which
insulator type the specific crystal is attributed to: trivial or
nontrivial.

S A Tarasenko loffe Institutes,
ul. Politekhnicheskaya 26, 194021 St. Petersburg, Russian Federation
E-mail: tarasenko@coherent.ioffe.ru

Received 16 April 2018

Uspekhi Fizicheskikh Nauk 188 (10) 1129—-1134 (2018)
DOT: hitps://doi.org/10.3367/UFNr.2017.11.038351
Translated by A L Chekhov; edited by A Radzig



https://doi.org/10.3367/UFNe.2017.11.038257
https://doi.org/10.3367/UFNe.2017.11.038351

chiral edge states.
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Figure 1. (a) Two-dimensional topological insulator with the Z, invariant. cdere || | CdHgTe
The system has the geometry of the quantum spin Hall effect with helical r El
edge states. (b) An example of a topological insulator with the Z invariant. 6 ===
Two-dimensional system with the quantum Hall effect geometry and r
7

Topologically protected surface and edge states are
nondegenerate (except for specific points in the Brillouin
zone) and helical: states with opposite wave vectors are
related through time inversion and have opposite spin
projections. Figure la shows a two-dimensional topological
insulator with helical edge channels (topological insulator
with the Z, invariant), where the electrons with opposite spin
projections move in opposite directions. For comparison,
Fig. 1b shows a two-dimensional electron system in a strong
magnetic field with quantum Hall effect geometry—an
example of a two-dimensional topological insulator with the
Z invariant and broken time inversion symmetry. In this case,
helical edge channels are formed on the edge of the two-
dimensional system and the direction of electron motion
in these channels is defined by the direction of the magnetic
field [10].

According to the current understanding, the known 3D
topological insulators (Z, invariant) are some binary and
ternary Bi, Sb, Se, Te compounds [11, 12] and strained layers
of HgTe [13-16] and a-Sn [17]. An example of two-dimen-
sional topological insulators is quantum wells of a specific
width based on HgTe/CdHgTe [18, 19], InAs/GaSb [20]
compounds, some heterovalent structures such as
InSb/CdTe [21], as well as silicene and germanene — two-
dimensional hexagonal crystals of silicon and germanium.
Significant efforts are currently focused on studies of different
aspects, such as the electronic structure of the surface and
edge states in these systems, electric, optical, photoelectric,
and thermoelectric properties of topological insulators,
topological insulators in a magnetic field or doped with
magnetic impurities, and charge carrier transport through
the interfaces between topological insulators and ferromag-
nets or superconductors.

2. Two-dimensional topological insulators
based on HgTe/CdHgTe quantum wells

The most impressive experimental results in the physics of
two-dimensional topological insulators were obtained in
structures with HgTe/CdHgTe quantum wells [22-30].

Bulk cubic HgTe is a material with an inverted band
structure, where the I's band has a higher energy than the I'¢
band does (Fig. 2a). The inverted positioning of the bands is
caused by strong spin-orbit coupling, which splits the I'is
band into I's and I'; bands and pushes the I's band above the
I'¢ band. The Fermi level in an undoped crystal goes through
the fourfold degenerate point of the I's band, and the bulk
crystal is a gapless semiconductor [31].

The band gap in the charge carrier spectrum can open either
due to bulk crystal deformation [13] or due to the size
quantization effect in nanoscale structures, like HgTe/CdHgTe
quantum wells [18, 32]. The thickness, chemical composition,
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Figure 2. (a) Band structure of the bulk HgTe crystal. (b) Positions of
electron El and hole H1 subbands resulting from size quantization in
HgTe/CdHgTe quantum wells with a thickness exceeding the critical
thickness d..

and deformation of the quantum well define the ordering of
the size quantization subbands and can make the quantum-
well structure a trivial or topologically nontrivial insulator,
gapless semiconductor, or semimetal. Widely studied quan-
tum wells CdgesHg 35Te/HgTe/Cd, (sHgy35Te on a CdTe
substrate have an inverted order for the electron E1 and hole
H1 subbands and are two-dimensional topological insulators
if well thickness d exceeds some critical thickness d. ~ 6.5 nm,
but at the same time is not too large [18, 33]. The band
diagram of such structures is illustrated in Fig. 2b.

In the framework of the six-band kp-model, the wave
functions of the states in the El subband with +1/2 spin
projection and heavy-hole subband H1 with +3/2 momen-
tum projection are defined by the expressions

[E1,£1/2) = f1(2)|Ts, £1/2) + fa(2)|T's, £1/2),

(1)
[H1,43/2) = f4(2)|Ts, £3/2),
where fi(z), f3(z), and fi(z) are smooth envelope functions,
z is the structure growth axis, and |T'g, +1/2), |T's, +3/2), and
|T's,+1/2) are Bloch amplitudes.

The 4 x 4 effective Hamiltonian describes the states in the
quantum well for a nonzero wave vector k in the interface
plane. For symmetric quantum wells with the crystallo-
graphic orientation (001) and basis functions |E1,+1/2),
[H1,+3/2), |E1,—1/2), and |H1,—3/2), this Hamiltonian
takes the form [18, 34]

5 — Dk? idk, 0 iy
—idk_ -6 — Dk? iy 0
H= 2
0 —iy 0 —Dk> —idk_ |’ @)
—iy 0 idk,  —6— Dk?

where & = 8y — Bk?, ki = ky £ik,, x || [100], and y || [010]
are the axes in the well plane, and A4, B, D, §,, and y are the
effective Hamiltonian parameters, which can be obtained
either from microscopic calculations [37] or from experi-
ment. The parameter Jg defines the order of the size
quantization subbands and the bandgap energy in the
quantum well, §9 < 0 for d > d.. The y parameter describes
the mixing of the E1 and H1 states at k = 0 due to the absence
of a spatial inversion center in the quantum well. Analysis
shows that the mixing mostly takes place at the quantum well
interfaces and is quite strong: 2|y| = 10 meV [43]. Mixing-
induced anticrossing of the levels leads to a change in the
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Figure 3. Energy spectrum of electron states in a 1-pm wide strip of an
HgTe/CdHgTe quantum well with the inverted subband order [35]. The
spectrum contains branches corresponding to helical edge states.

energy spectrum of the ‘bulk’ and edge states, as well as to
strong anisotropy of the effective edge-state g-factor and
other effects [35, 36].

Quantum wells with an inverted band structure support
one-dimensional helical states along the edges of the sample
with wave functions exponentially decaying inside the
quantum well (see Fig. l1a). The dispersion and the wave
functions of the edge states can be found from the Schrodinger
equation HY = EY with appropriate boundary conditions.

Figure 3 displays the spectrum of electron states in an
HgTe/CdHgTe quantum well calculated for open boundary
conditions (¥ = 0 at the quantum well edge). Aside from the
‘bulk’ states that are delocalized in the well plane, the
spectrum contains two branches, which are located in the
bandgap of the bulk states and describe the helical edge states.
In the vicinity of the branch intersection, the edge state
spectrum is linear and can be described with the effective
Weyl’s Hamiltonian

Hedge = hvedgegzk ) (3)

where veqge 18 the velocity, o. the Pauli matrix, and k the wave
vector along the edge. The influence of the boundary
conditions on the spectrum and the wave functions of the
edge states was studied in paper [38].

Starting with pioneering study [19], the charge carrier
transport in topologically nontrivial HgTe/CdHgTe quan-
tum wells was studied experimentally in a number of papers
(see, for example, Refs [22, 23, 25-28]). It was shown that the
edge channels make a strong contribution to the conductivity
and form a nonlocal response. At the same time, it was
discovered that the ballistic character of the charge carrier
motion along the edge channels is observed only on micro-
meter scales, while in larger samples the transport demon-
strates a diffusive character. Such behavior contradicts the
simple model of helical edge states, in which the process of
electron back-scattering on electrostatic potential fluctua-

tions with spin flip is forbidden. This means that the
topological protection of the states, which stems from the
time-inversion symmetry, is violated in real samples. Experi-
mental investigations of the magnetic field influence on the
edge channel transport are even more intriguing: the first
papers claimed that the transport is suppressed by the
magnetic field [37], but more detailed investigations have
shown that the magnetoresistance is nonmonotonic [39], and
the suppression takes place only in large fields [25].

The microscopic mechanisms of the observed momentum
and spin relaxation in the edge channels are currently under
discussion. Violation of the ballistic character of electron
motion can be associated with scattering on magnetic
impurities, which can occasionally appear in the structure
[40-43]. The scattering can also take place on the spin
polarization fluctuations of the atomic nuclei in the crystal
lattice due to hyperfine coupling [44—46]. The most probable
mechanism for ballistic transport suppression in real struc-
tures is the interaction between the electrons in the edge
channels and electron or hole ‘puddles’, which are formed
near the sample edges due to potential fluctuations [47]. In
this case, one could expect that improvement in the
topological insulator fabrication technology will lead to an
increase in the electron mean free path in the edge channels.

An effective instrument for the investigation of symmetry
and spin structure of states together with the charge carrier
kinetic parameters is the measurement of photogalvanic
effects—the generation of a directed electrical current
induced by optical transitions. In topological insulators, the
edge-state photogalvanic effects can be experimentally
separated from the bulk ones, because, unlike the latter,
they also appear when the energy of the exciting photon 7w
is lower than the bandgap energy. Additional information on
the nature of photocurrent is given by its polarization
dependence, which is usually different for edge and bulk
contributions to the photocurrent.

Depending on the photon energy, bandgap energy, and
the Fermi level position, the edge photogalvanic effects can be
induced by different types of optical transitions (Fig. 4a).
Direct optical transitions between the edge states with
opposite spin projections are possible if 7iw > 2|Eg|, where
Ef is the Fermi energy with respect to the Weyl point. Such
transitions are allowed in the magnetic dipole approximation
[48] and in the electric dipole approximation with the spatial
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Figure 4. (a) Band diagram of electron states in a two-dimensional
topological insulator. Vertical arrows indicate possible optical transitions
from the edge states. (b) Dependences of the photocurrent induced by
edge-state photoionization with the circularly polarized radiation on the
Fermi energy, calculated for various photon energies [29].
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asymmetry of the structure taken into account [49]. Direct
optical transitions in the electric dipole approximation can
also appear between the edge and bulk states of the
conduction or valence bands [50]. Finally, high-frequency
radiation absorption may be related to indirect optical
transitions involving impurities or phonons [51, 52]. The
latter need to take into account the nonlinearity of the
spectrum, virtual processes with intermediate states in the
conduction or valence band, or electron scattering with a
spin-flip.

Edge photocurrents generated in topological insulators
based on HgTe/CdHgTe quantum wells were observed in
paper [29] in absorption of terahertz radiation, with the
photon energy being lower than the bandgap. The photo-
current flowed in opposite directions on opposite edges of the
sample, and its direction was defined by the sign of the
circular polarization of radiation. Analyses of both the
photocurrent dependence on the structure gate voltage V,
and the efficiency of various mechanisms for current genera-
tion have shown that in a certain gate voltage (V) range the
photocurrent is induced by the photoionization of the edge
states into the conduction band. With the absorption of
circularly polarized radiation, for example, with ™ polariza-
tion, the probability of optical transitions from the edge state
branch with s = +1/2 spin projection is higher than that for
the branch with s = —1/2. Since the spin projection in edge
states is locked with the momentum direction, the spin-
dependent asymmetry of the optical transitions leads to the
generation of electric current along the sample edge. If the
sign of the circular polarization is changed, the asymmetry of
the optical transitions will change too, and the photocurrent
will flow in the opposite direction.

In the relaxation time approximation, the photocurrent
flowing through the edge states is defined by the expression

Jedge = —e Z Tp(gks) Vkes 8ks » (4)
ks

where e is the electron charge, 7, the electron momentum
relaxation time, which is defined by backscattering processes,
ers and vgy = (1/7) degy/dk are the energy and the velocity,
and gy, is the rate of optical transitions from the state with
wave vector k and spin projection s. It is assumed that the
electron spin relaxation is quite fast in the bulk, so that the
photoionized electrons lose their spin orientation before
falling back into the edge states.

The spin-dependent asymmetry of the optical transitions
described above can be expressed in the following form:

8k 12 — 8—k,—1/2

= KPP, 5
8k+1/2 + 8-k —1)2 e ®)

where K is the dimensionless parameter describing the
selection rule strictness, and P is the degree of the circular
polarization. Calculations show that the K parameter only
weakly depends on the wave vector k and the photon energy
[29]. In the framework of a simple four-subband model, which
does not take into account state mixing at the quantum well
interfaces, the K parameter at k = 0 equals 2BD/(B? 4 D?),
where B and D are the Hamiltonian parameters (2); see
paper [50]. This allows rewriting the expression for the edge
photocurrent (4) as

eKPirc
2nh

Jedge = -

[ente)snter e, (6)

where giot(€) = gk +1/2 + g—k-1/2 is the full-rate electron
photoionization by circularly polarized radiation from the
edge states with energy & = g.

Figure 4b shows the edge-state photoionization-induced
photocurrent dependences on the Fermi level position, which
can be controlled in the experiment by tuning the gate voltage.
The curves are calculated for two photon energies 7Aw
corresponding to experiment [29]. The effective Hamiltonian
parameters were taken from Ref. [37], the electron relaxation
time in the edge channel 7, = 20 ps was estimated from the
mean free path of ~ 7 pm, as observed in the structure, and
the velocity vegge ~ 107 cm s~!. The dependences were
calculated without fitting parameters and agree quite well
with the experimental data.

3. Three-dimensional topological insulators
based on strained HgTe films

The surface of three-dimensional topological insulators
supports two-dimensional conducting states with a strong
correlation between the momentum direction and the spin
orientation. Since the time inversion symmetry does not
forbid electron scattering on the electrostatic potential at an
arbitrary angle (it is only the exact backscattering which is
forbidden as a transition between the states connected
through the time inversion operation), electron transport
along the helical states usually has a diffusive character.

In topological insulators based on bismuth and antimony
selenides and tellurides, the bandgap energy can reach several
hundred millielectron-volts, but the surface charge carrier
mobility is not high even at low temperatures, so studies of
electron transport along the surface states is often compli-
cated due to high charge carrier concentration in the bulk [53—
57]. For such structures, the conventional experimental
method for surface state detection and measurement of their
energy spectrum is an angle resolved photoelectron spectro-
scopy (ARPES) [12].

In topological insulators based on strained epitaxial HgTe
films, the bandgap energy of ~ 20 meV in the bulk state
spectrum opens due to deformation. The surface carrier
mobility in these systems reaches ~ 10° cm? V~!s~!, which
allows observing the quantum Hall effect and Shubnikov—
de Haas oscillations [14, 15]. The high mobility of the surface
carriers and an insignificant contribution of the bulk carriers
also allow studying the cyclotron resonance in the transmis-
sion spectra and the magneto-optical Faraday effect [58, 59].

Figure 5 shows the spectrum of electron states in the
CdHgTe/HgTe/CdHgTe structure with an 80-nm thick
strained HgTe film. The calculation is performed in the
framework of the six-band kp-model for structures with
(013) crystallographic orientation, which are often studied
experimentally. The spectrum contains branches of the
surface states in the bandgap of the bulk strained HgTe film,
and these states are localized near the upper and lower
boundaries of the film. Weyl points of the surface states for
the upper and lower film surfaces are located deep in the
valence band, which causes mixing between surface and bulk
states and deviation of the dispersion of the surface states
from the linear dependence [14, 16]. In structures with (013)
crystallographic orientation, the spectrum is anisotropic in
the interface plane. Dispersions of surface and bulk states for
two orthogonal directions of the wave vector k are shown
with solid and dashed lines.
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