RAPID COMMUNICATIONS

PHYSICAL REVIEW B 95, 201103(R) (2017)

Photogalvanic probing of helical edge channels in two-dimensional HgTe topological insulators
K.-M. Dantscher,1 D. A. Kozlov,2,3 M. T. Scherr,1 S. Gebert,1 J. Bärenfänger,1 M. V. Durnev,4 S. A. Tarasenko,4
V. V. Bel’kov,4 N. N. Mikhailov,2 S. A. Dvoretsky,2 Z. D. Kvon,2,3 J. Ziegler,1 D. Weiss,1 and S. D. Ganichev1
1

2

Terahertz Center, University of Regensburg, 93040 Regensburg, Germany
A.V. Rzhanov Institute of Semiconductor Physics, Novosibirsk 630090, Russia
3
Novosibirsk State University, Novosibirsk 630090, Russia
4
Ioffe Institute, 194021 St. Petersburg, Russia
(Received 28 December 2016; published 8 May 2017)

We report on the observation of a circular photogalvanic current excited by terahertz laser radiation in helical
edge channels of two-dimensional (2D) HgTe topological insulators (TIs). The direction of the photocurrent
reverses by switching the radiation polarization from a right-handed to a left-handed one and, for fixed photon
helicity, is opposite for the opposite edges. The photocurrent is detected in a wide range of gate voltages.
With decreasing the Fermi level below the conduction band bottom, the current emerges, reaches a maximum,
decreases, changes its sign close to the charge neutrality point (CNP), and again rises. Conductance measured
over a ≈3 μm distance at CNP approaches 2e2 / h, the value characteristic for ballistic transport in 2D TIs. The
data reveal that the photocurrent is caused by photoionization of helical edge electrons to the conduction band.
We discuss the microscopic model of this phenomenon and compare calculations with experimental data.
DOI: 10.1103/PhysRevB.95.201103

The quantum spin Hall (QSH) effect occurs in 2D TIs
and rests on the existence of conducting helical edge states
while the bulk is insulating [1–4]. In contrast to the quantum
Hall effect, the formation of these edge states requires no
magnetic field: they stem from the band inversion caused by
strong spin-orbit interaction and are topologically protected by
time reversal symmetry. Given that the spin-up and spin-down
electrons propagate along an edge in opposite directions, i.e.,
the spin projection is locked to the k vector, the edge channels
are helical in nature. The first experimental evidence for the
QSH effect was obtained in HgTe quantum wells (QWs) [5] by
observing a resistance plateau around h/2e2 in the longitudinal
resistance of a mesoscopic Hall bar. Here h is Planck’s constant
and e is the electron charge. This observation was further confirmed by nonlocal experiments in the ballistic [6] and diffusive
[7] transport regime. Conducting edge channels were later
probed by scanning SQUID microscopy [8], scanning gate microscopy [9], microwave impedance microscopy [10], and by
analyzing supercurrents [11]. The spin polarization of the edge
states was investigated so far by electrical means only: by detecting the spin to charge conversion in devices utilizing the inverse spin Hall effect [12] or with ferromagnetic contacts [13].
Here we use circularly polarized terahertz radiation to excite
selectively spin-up and spin-down electrons circling clockwise
and counterclockwise around a sample. We show that the
excitation causes an imbalance in the electron distribution
between positive and negative wave vectors. This is probed as
the associated photogalvanic [14,15] current, which reverses
its direction upon switching the helicity.
The experiments have been carried out on
Hg0.3 Cd0.7 Te/HgTe/Hg0.3 Cd0.7 Te single QW structures
with a well width of 8 nm having inverted band ordering.
We used this width to maximize the energy gap to about
25 meV [4,5]. Structures were grown by molecular beam
epitaxy on (013)-oriented GaAs substrates [16,17], for layer
sequence see Fig. 1(a). Seven samples have been prepared
from two wafers. The typical Hall bar design, dimensions,
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and the contact positions on devices are shown in Figs. 1(b)
and 1(c). To vary the Fermi level position the devices are
equipped with semitransparent Ti(15 nm)/Au(5 nm) gates on
top of a 200 nm SiO2 layer. The mobility at T = 4.2 K is ≈
105 cm2 /(V s) at a QW carrier density of 3 × 1011 cm−2 at
zero gate voltage.
Figure 1(d) shows the four-terminal conductance at 4.2 K
measured for the voltage drop between contacts 4 and 5 and
current flowing between contacts 1 and 6. It demonstrates
conductance quantization close to 2e2 / h, i.e., the system is
tuned into the QSH regime. The conductance around 2e2 / h
is only detected for the closest contact pairs 4–5 and 7–8
(the contact spacing is 2.8 μm). For contact pairs with
larger separation the conductance ranges between 2e2 / h and
e2 / h. To compare the measurements taken at different sample
cooldowns [18] we plot the data as a function of the normalized
gate voltage Vg − VCNP with VCNP being the gate voltage at the
charge neutrality point (CNP).
We excite photocurrents applying circularly polarized
radiation of a molecular laser [19,20] under normal incidence.
Two radiation frequencies f were chosen: 2.54 and 1.62 THz
with corresponding photon energies h̄ω = 10.4 and 6.7 meV
being smaller than the QW energy gap. The laser beam with
power P ≈ 10 mW and an almost Gaussian profile, measured
by a pyroelectric camera [21], is focused onto a spot of
about 1.5 mm diameter. To create right- (σ + ) and left-handed
(σ − ) polarized radiation λ/4 plates are used [22,23]. We
study the photosignals by measuring the voltage drop U
across a load resistance RL , see Fig. 1(c). Standard lock-in
technique and two configurations are used: (i) RL  Rs and
(ii) RL = 50   Rs , where Rs is the sample resistance. In
the latter case the photocurrent is given by J = U/RL .
Illuminating devices we detect a photovoltage U between
any pair of contacts along the same edge. The dependence of
the photovoltage U89 , measured between the contacts 8 and 9 at
one edge of the sample, on gate voltage is shown in Fig. 2(a).
The central observation is that the polarity of U89 changes
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FIG. 1. Structures cross section (a), sample geometry (b), experimental setup (c), and measured conductance (d). Arrows along edges
in (c) depict current excited by σ + radiation.

upon changing the polarization from σ + to σ − . Furthermore,
the helicity dependent signals defined as U c = [U (σ + ) −
U (σ − )]/2 show consistently different polarity for contact pairs
on opposite sample sides, see Fig. 2(b). This indicates that the
photoresponse stems from a photocurrent flowing along the
sample edges. The sense of photocurrent circulation depends
on the photon helicity. Measurement of U16 across the sample,
i.e., between contacts 1 and 6, shown in Fig. 2(b), confirms this
scenario: the signals are vanishingly small, which is ascribed
to the compensation of the counterpropagating currents along
the opposite edges. Interestingly, the polarity of the edge
photosignal reverses at a gate bias close to the CNP heralding
that the sense of circulation of the edge current changes as a
function of Vg , see Fig. 2. Moreover, the photoresponse tends
to change the sign again at Vg − VCNP ≈ 0.5 V. To explore
this feature further we modified the cooldown procedure
which enables us to study the current at larger positive Vg .
Figures 3(a) and 3(b) show the photovoltages U c and the
photocurrents J (σ − ) measured for RL  Rs and RL  Rs ,
respectively. Now the presence of the second inversion point

FIG. 2. (a) Gate voltage dependencies of photovoltages excited
in sample 1 by σ + and σ − radiation and measured between contacts
8 and 9. (b) Helicity sensitive photoresponses U c obtained for sample
2 for opposite edges. Circles show the voltage U16 measured over the
whole sample.

FIG. 3. Photoresponses measured for large positive gate voltages.
(a) Helicity sensitive photovoltages obtained for sample 1 at two
opposite edges. The inset shows data obtained for smaller contact
spacing (2.8 μm). (b) Photocurrents excited by σ − polarized
radiation.

is clearly detectable. The same results have been obtained
for the smaller contact spacing of 2.8 μm between contacts
5–4 [see inset of Fig. 3(a)], for which G ∼ 2e2 / h holds. The
circular photocurrents Jxc = [J (σ + ) − J (σ − )]/2, obtained for
two frequencies, are displayed in Figs. 4(a) and 4(c).
The fact that edge currents at opposite sample sides
have opposite polarities allows us to refine the edge current
c
by subtracting the currents measured at
contribution Jedge
c
c
c
opposite sides, Jedge
= (J43
− J89
)/2. Corresponding data are
shown in Figs. 4(b) and 4(d). By summing up the currents,
c
c
c
= (J43
+ J89
)/2, we obtain the bulk contribution which
JQW
is shown in the inset of Fig. 4(d). Remarkably, the sign
c
of Jedge
changes twice: at a gate voltage close to the CNP

FIG. 4. (a) and (c) Circular photocurrents Jxc obtained at the
opposite edges, see inset of (a). Black solid curves show the resistance
measured between the contacts 3 and 4. (b) and (d) Edge and QW
bulk (inset) contributions.
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FIG. 5. Schematic picture of optical transitions and the edge
photocurrent formation for two positions of the Fermi level. Region
II: Ec − EF < h̄ω. Region III: EF is close to the valence band top.

c
and at Vg − VCNP ≈ 2 V, while the bulk contribution JQW
is
noticeable only for larger gate voltages. Similar results are
obtained for all samples. Data from the second wafer are shown
in the Supplemental Material [24]. The central result so far
is that we can selectively excite left- and right-moving edge
currents by means of the photon helicity, in accordance with the
helical nature of these states. Below we resort to a microscopic
model to understand the origin of the photocurrents in the
different gate voltage regions, marked by I to III in Fig. 4(b).
Region II corresponds to the gate voltages between the nodes
of the photocurrent. Note that the border between regions II
and III is close to the CNP.
In region I, i.e., at Vg − VCNP > 2 V, the Fermi level lies in
the conduction band, as it follows from transport measurement,
see Rxx in Fig. 4(b). Here both bulk and edge photocurrents
are formed by conduction band carriers. The low symmetry
results in an asymmetric scattering of carriers causing an edge
photocurrent with the direction determined by the radiation
helicity. This mechanism has been explored before in graphene
and other 2D materials [25,26] and is also active here.
If EF is in the bulk gap the above mechanism is no longer
effective and the presence of topological edge states needs
to be taken into account to explain the current formation.
Figure 5 illustrates the linear dispersion of helical edge states.
The edge states with the positive velocity along x direction
are formed mainly from |E1,+1/2 and |H 1,+3/2 subbands
and have pseudospin s = +1/2 (spin-up branch) [27,28].
Counterpropagating electrons have s = −1/2.
The Fermi level crosses the bottom of the conduction band
and enters the bulk gap at a gate voltage of ≈2 V. This
corresponds to region II displayed in Fig. 5(a). While the
bulk photocurrent ceases, see inset of Fig. 4(d), the edge
photocurrent changes polarity, rises, and exhibits a maximum
at Vg − VCNP ≈ 1 V. From the fact that EF is in region II in
the bulk gap and the photon energy is smaller than the gap we
conclude that the photocurrent is caused by optical transitions
involving helical edge states in the gap. Different transitions
are conceivable including those between edge and bulk states,
direct transitions between the spin-up and spin-down branches
of the linear edge state spectrum, and indirect transitions.
Different transitions are conceivable including those between
edge and bulk states, direct transitions between the spin-up
and spin-down branches of the linear edge state spectrum,
and indirect transitions. Direct optical transitions between
the spin-up and spin-down branches have a low probability.
Moreover, the photocurrent caused by such transitions would

have a maximum for the Fermi energy lying at the Dirac
point and would vanish for large negative or positive gate
voltages, which is not the case. Photocurrents caused by the
Drude-like free-carrier absorption require additional scattering
and k-dependent velocity and, therefore, seem to be weak.
Comparing the efficiencies of all these processes we attribute
the circular edge photocurrents in region II to the excitation
of electrons from helical edge states to bulk conduction band
states (“photoionization” of the edge channels) [29,30].
We note that in HgTe/CdHgTe QWs, localized electron
states might exist in the gap (e.g., charge puddles also close to
edges) being discussed as a possible source of backscattering
in helical channels [31–33]. These topologically trivial states
can enhance the Drude absorption and thus photocurrents in
helical edge channels. They can also give rise to an additional
edge photocurrent not involving helical channels. However, the
corresponding contributions are expected to be weak because
the density of trivial states localized at edges is much smaller
than that of helical states. This conclusion is supported by the
fact that the photoresponse signatures obtained for the shortest
contact separation (with quantized conductance heralding the
dominance of helical edge states) are essentially the same as
for larger separations.
The generation of photocurrent via the edge-to-bulk excitation is schematically shown in Fig. 5(a) [34,35]. Vertical
arrows represent the photoionization of helical states, i.e.,
the depopulation of Dirac states and population of excited
bulk states with nonzero transverse wave vectors ky . For
the excitation with σ + radiation the probability of optical
transitions from the states with s = 1/2 is larger than that
involving the states with s = −1/2. This is illustrated in
Fig. 5(a) by arrows of different thickness. Microscopically,
this imbalance of optical transition rates stems from the
electron-hole asymmetry, see Ref. [29] and the Supplemental
Material [24]. The resulting imbalance of the edge state
populations leads to a net electric current jx [36]. For σ −
radiation the transitions from the spin-down states dominate
and the photocurrent reverses. The photocurrent is excited
in the range Ec − h̄ω < EF < Ec + h̄ω [37]. The range of
EF and, respectively, the range of gate voltages for which
this photocurrent is generated, increases with increasing h̄ω.
Exactly such a behavior is observed in experiment, see
Figs. 4(b), 4(d), and 1(a).
The selection rules described above yield
g+1/2 (kx ) − g−1/2 (−kx )
= KPcirc ,
g+1/2 (kx ) + g−1/2 (−kx )

(1)

where g±1/2 are the probabilities of transitions from initial
states with s = ±1/2, K is the coefficient describing the
rigidity of the selection rules, and Pcirc is the radiation helicity.
Our calculations show that K, determined by band structure
parameters, depends only weakly on kx and the photon
energy h̄ω (Supplemental Material see Ref. [24]). In a simple
four-subband model with inversion center, the coefficient K
at kx = 0 is given by 2BD/(B 2 + D 2 ) [29], where B and
D are the parameters of the Bernevig-Hughes-Zhang (BHZ)
Hamiltonian [2].
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FIG. 6. (a) Circular edge photocurrents measured in region II.
(b) Calculated edge currents as a function of EF counted from the
Dirac point.

Calculations within the relaxation time approximation yield
the following expression for the edge current:

eKPcirc
(2)
jx = −
τp (ε)gtot (ε)dε,
2π h̄
where τp is the momentum relaxation time determined by
backscattering processes for edge carriers, and gtot (ε) =
g+1/2 + g−1/2 is the total probability of photoionization of
electrons with energy ε by circularly polarized radiation [38].
Figure 6 compares the calculated currents with measured
ones for photon energies h̄ω = 6.7 and 10.4 meV. A magnified
view of the data is shown in Figs. 4(b) and 4(d). In the
calculations we assume that τp (ε) is a steplike function:
τp = 20 ps for energies in the band gap, which is estimated
from the length of the ballistic transport edge ≈2.8 μm in our
devices and the edge state velocity ∼107 cm/s, and τp = 0.3 ps
for energies above the conduction band bottom, which is
estimated from the bulk mobility. It is seen that with a decrease
of the photon energy the photocurrent peak narrows. Moreover,
the signal amplitude for h̄ω = 6.7 meV is higher than that for
h̄ω = 10.4 meV. The photocurrent increase is caused by an
increase of the photon density at fixed radiation intensity and
increase the probability of edge-to-band optical transitions, see
the Supplemental Material [24]. Figure 6(b) shows that the the-
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