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The terahertz response of a twodimensional topological insulator in a HgTe quantum well to radiation with
wavelengths of 118 and 184 µm is investigated. It is found that the photoconductivity is rather high (up to a
few percent of dark conductivity) and is manifested in both the local and nonlocal responses of the system.
This fact proves that the observed photoconductivity is caused by changes in the transport via edge current
carrying states. The sign and nonresonant character of the photoconductivity indicate that it is caused by the
heating of electrons in the system. The analysis of experimental results makes it possible to suggest that this
heating originates from the Drude absorption of terahertz radiation by metallic “droplets” appearing owing
to fluctuations in the impurity potential and the gap and located in direct proximity to edge states.
DOI: 10.1134/S0021364014050130

The twodimensional topological insulator in HgTe
quantum wells with an inverted band spectrum repre
sents the most remarkable experimental implementa
tion of a topological insulator to date [1, 2]. However,
all experimental studies of this system carried out by
now have been restricted to its transport response [3–
7]. Meanwhile, it is evident that studying the effect of
terahertz radiation on this system may both lead to the
broadening of the scope of phenomena related to two
dimensional topological insulators and make it possi
ble to obtain new valuable information on their energy
spectrum. This possibility stems primarily from the fact
that all characteristic energies in the experimentally
investigated structures (bulk gap, spacing between the
Dirac branches, etc.) lie in the energy range of 5–
30 meV, i.e., in the terahertz frequency range.
Here, we investigate for the first time the terahertz
response of a twodimensional topological insulator.
The experimental samples were fabricated on the basis
of 8.3nmthick HgTe quantum wells grown by
molecularbeam epitaxy as was described in [8]. The
samples represented fourterminal structures with a
special crosslike configuration coated with a semi
transparent gate (see Fig. 1a). This configuration
enables measurements of both photoresistance and
photovoltage with negligible contributions from con
tact regions. Four samples of this kind made from the
same wafer were investigated. Their terahertz response
(photoconductivity and photovoltage) was measured
at wavelengths of 118 and 184 μm in magnetic fields up
to 2 T. Submillimeterwave molecular lasers based on

methanol and difluoromethane emitting at 118 and
184 μm, respectively, optically pumped by a CO2 laser
[9, 10] were used as the radiation sources. In both
cases, the power of the terahertz radiation was 80–
100 mW. Using a pyroelectric camera, we determined
that the laser beam has a Gaussian profile with a diam
eter of about 1.5 mm [11]. The photoconductivity was
measured by a conventional modulation technique.
The modulation frequency was 30–35 Hz and the dc
current fed into the sample was I = 5–10 nA.
Let us begin the discussion of the results with the
analysis of the transport response of the samples under
study. The resistance was measured in the twotermi
nal (R2t) local configuration (see Fig. 1a), in which the
current and potentiometric contacts coincide; in the
fourterminal (R4t) quasinonlocal configuration, in
which different contacts are used for feeding the cur
rent and measuring the potential drop; and in the Hall
configuration (RH). Figure 1b shows the dependences
of R2t and RH on the gate voltage Vg for the first sample.
The observed behavior is typical of macroscopic two
dimensional topological insulator samples. For gate
voltages at which the Fermi level EF is located in the
conduction band, the resistivity is low (on the order of
100 Ω/䊐). With an increase in the magnitude of the
negative gate bias, R2t starts to grow and attains a max
imum (which, in this case, is 4 MΩ) at the charge
neutrality point (where the Fermi level crosses the
Dirac point). Then, the resistivity decreases, dropping
to a few kΩ/䊐 when the Fermi level appears within the
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Fig. 1. (Color online) (a) Schematic drawing of the structures under study. The sizes of the structures are shown and different
measurement configurations are outlined. (b) Dependences R2t(Vg) for B = 0 and RH(Vg) for B = 2 T for the first sample. The
part of the RH(Vg) dependence shown by the dashdotted line corresponds to the gatevoltage range where measurements of RH
are unreliable (the result of interpolation is shown).

valence band. The RH(Vg) dependence features well
developed plateaus with ν = 1–4 on the electron side. In
the vicinity of the chargeneutrality point, RH goes
through zero, and in the valence band, its sign is reversed.
Figure 2a shows the dependences of R2t(Vg) and the
fourterminal (quasinonlocal) resistance R4t(Vg) for
the second sample under study at temperatures of 2 and
4.2 K. Evidently, the general run of the R2t(Vg) depen
dence is the same as in Fig. 1b. Thus, similarly to the
first sample, we can define three gatevoltage regions
for the second sample too. The first region, at low neg
ative voltages (Vg ≥ –1.7 V), corresponds to the situa
tion where the Fermi level falls within the bulk conduc
tion band; the beginning of this region is labeled as Ec
and marked by a vertical arrow. At higher negative volt
ages, the resistance starts to grow rapidly. This is an
indication that the Fermi level has shifted to the bulk
gap and charge transport occurs only via edge states.
For Vg = –2.05 V, both R2t and R4t attain a maximum cor
responding to the chargeneutrality point (see Fig. 2a),
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where the Fermi level coincides with the Dirac point.
Then, R2t starts to decrease, but much slower. The latter
fact is a result of the longer tail of valenceband states
[12]. Finally, for Vg ≤ –2.3 V, the Fermi level appears in
the valence band. Note that the voltages corresponding
to Ec and Ev are to some extent arbitrary, because the
band edges are broadened owing to disorder.
The positions of the maxima in the dependences
R2t(Vg) and R4t(Vg) in Fig. 2a coincide and their ratio is
R2t/R4t = 6.5. This value exceeds somewhat the one
calculated under the assumption of purely edge trans
port in the vicinity of the chargeneutrality point [5],
which is equal to 4. Meanwhile, in the situation where
bulk transport is dominant, this ratio should be on the
order of 100. This difference is caused by the differ
ence in the current distribution: in the first case, the
current is localized near the edge of the sample owing
to the existence of the bulk gap, while in the second
case it is spread over the entire sample plane. For this
reason, in contrast to twodimensional metals, there is

292

KVON et al.

tance exhibits a more pronounced temperature depen
dence than the twoterminal resistance owing to the
greater sensitivity of the former to shunting by the bulk
transport channel. For the same reason, the halfwidth
of the peak in the gatevoltage dependence of R4t is
a factor of 2 smaller than that for R2t.
Similarly to two and fourterminal resistance, we
can introduce two and fourterminal conductance
ph
G2(4)t = 1/R2(4)t and photoconductance Δ G 2 ( 4 )t =
0

Fig. 2. (Color online) (a) Gatevoltage dependences of the
twoterminal resistance R2t(Vg) and quasinonlocal (four
terminal) resistance R4t(Vg) at temperatures of 2 and 4.2 K.
(b) Gatevoltage dependences of (solid lines) the relative
ph

ph

photoconductance g 2t (Vg) = Δ G 2t /G2t for two wave
lengths and (dashed line) the relative temperature coeffi
T

cient of the conductance g 2t = (dG2t/dT)/G2t in the two
terminal configuration. (c) Similar dependences (solid line)
ph

T

g 4t (Vg) for λ = 118 μm and (dashed line) g 4t (Vg) measured
in the quasinonlocal (fourterminal) configuration.

no fundamental difference between the resistance
measurements in local and nonlocal configurations for
the case of the transport response of topological insu
lators. At the lowest temperature (T = 2 K), the ratio
R2t/R4t at the maximum of the resistance varies
between 4.2 and 8. Noticeable differences may appear
both between different samples and between different
cooling cycles for the same sample. This may result
both from the incomplete “freezeout” of bulk trans
port at the lowest temperature in our experiments and
from the fact that the ratio R2t/R4t = 4 is calculated
under the assumption of uniform resistivity of edge
channels, which is far from being always true in real
samples. The ratio R2t/R4t increases abruptly with
deviation from the chargeneutrality point upon vari
ations in the gate voltage and with an increase in tem
perature. This indicates that the transition from edge
to bulk transport takes place. The fourterminal resis

0

G2(4)t – G 2 ( 4 )t , where G2(4)t and G 2 ( 4 )t stand for the two
(four) terminal conductance of the sample under
irradiation and in the dark, respectively. Figure 2b
shows typical gatevoltage dependences of the two
terminal relative (i.e., normalized to the total conduc
ph
ph
tance) photoconductance g 2t (Vg) = Δ G 2t (Vg)/G2t(Vg)
recorded upon irradiating the sample by terahertz
radiation at 118 and 184 μm; the data correspond to
the same sample and same measurement cycle as in
Fig. 2a. For the convenience of their comparative
analysis, Figs. 2a–2c are plotted using the same scale
along the Vg axis. Let us discuss the behavior of the rel
ative photoconductance. Evidently, photoconduc
tance is observed at both wavelengths in the entire
range of gate voltages—i.e., both when the Fermi level
appears within the allowed bulk bands and when it falls
within the bulk gap. The magnitude of the photocon
ductance noticeably varies with Vg in a rather compli
ph

cated manner. The character of the g 2t (Vg) depen
dence is essentially the same for the two wavelengths.
When the Fermi level appears within the conduction
band (Vg ≥ –1.7 V), the observed photoconductance is
most probably related to the Drude absorption by bulk
electrons; evidence of this is the higher magnitude of
the photoconductance at 184 μm. When EF falls
within the gap, the photoconductance attains a maxi
mum for Vg = –1.8 V, i.e., when EF appears between
the Dirac point and the bottom of the conduction
ph
band. With a further increase in the negative bias, g 2t
decreases. At the chargeneutrality point, it is a factor
of 3 lower than the peak value. After passing the
chargeneutrality point, the photoconductance contin
ues to decrease and attains a minimum at Vg = –2.3 V
(i.e., in the situation where the Fermi level is about to
enter the valence band). As the Fermi level shifts fur
ther into the valence band, the photoconductance
starts to grow. Note that, in this case, the signal is
nearly the same for both wavelengths. This is explained
by the fact that the mobility of holes is more than an
order of magnitude lower than that of electrons. As a
h
h
result, ωc τ p Ⰶ 1 (where τ p is the hole transport time),
and, thus, the frequency dependence of the Drude
absorption by holes is negligible.
These data clearly demonstrate that, when the
Fermi level falls within the energy range correspond
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ing to the bulk gap, the relative photoconductance in
the samples under study is rather large (as large as a
few percent at the peak). If the observed photocon
ductance is caused by the influence of the terahertz
radiation on the transport via the edge states, a signal
of the same magnitude should also be observed in the
quasinonlocal configuration. The photoconductance
ph
ph
g 4t (Vg) = Δ G 4t (Vg)/G4t(Vg) measured in this configu
ration is plotted in Fig. 2c. Evidently, the effect is
observed in this case as well, and the signal is even
much larger (about an order of magnitude) than in the
other configuration. Thus, the data shown in Fig. 2
support the conclusion that we have observed for the
first time terahertz photoconductance for the two
dimensional topological insulator in HgTe quantum
wells. The photoconductance may be fairly large (up
to 10%). The comparison of the curves in Figs. 2b and
2c clearly demonstrates that the behaviors of the
ph
dependence g 4t (Vg) are different. The photoconduc
tance at the chargeneutrality point is comparable to
the photoconductance corresponding to the location
of the Fermi level between the Dirac point and the bot
tom of the conduction band. Furthermore, the nonlo
cal photoconductance features two maxima, of which
one is close to the chargeneutrality point and the
other appears near the bottom of the conduction band.
Next, let us discuss possible mechanisms responsi
ble for the observed photoconductance and analyze
some of its features. The photoconductance is posi
tive; i.e., terahertz radiation causes an increase in the
conductance of the twodimensional topological insu
lator. According to Fig. 2a, the conductance of the
samples under study in the vicinity of the chargeneu
trality point increases as the temperature is raised from
2 to 4.2 K. Thus, it may be suggested that the observed
photoconductance originates from heating. Figures 2b
and 2c show the gatevoltage dependences of the rela
tive temperature coefficient of the conductance
ph
ph
T
g 4t (Vg) = Δ G 4t (Vg)/G4t(Vg) and g 2t = (dG2t/dT)/G2t
measured in the twoterminal and fourterminal con
T
figurations, respectively. Evidently, g 2t is much smaller
T

than g 4t . The same relationship is observed for the
photoconductance. This supports the conclusion that
the photoconductance is caused by heating. Mean
T
T
while, the gatevoltage dependences of g 2t and g 4t do
not coincide with the corresponding dependences of
the photoconductance. This fact suggests that the
behavior of the photoconductance is determined by
the mechanism of the absorption of terahertz radia
tion. Thus, let us consider the possible mechanisms of
terahertz absorption. The energy spectrum of HgTe
quantum wells with the inverted spectrum is well
known for both (100) and (013)oriented structures
(see [13] and [14], respectively). In particular, for
8.3nmthick quantum wells under study, the bulk gap
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Fig. 3. (Color online) (a) Three possible types of transi
tions in a twodimensional topological insulator. (b) Sche
matic outline of electron “droplets” absorbing terahertz
radiation and interacting with onedimensional edge
ph
channels. (c) Dependences g 2t (Vg) in magnetic fields of
0, 0.5, 1, and 1.5 T at a wavelength of 118 μm at 2 K.

equals 30 meV, which is several times higher than the
photon energies for both wavelengths used here (hν =
10.6 and 6.7 meV for λ = 118 and 184 μm, respec
tively). Then, four mechanisms of the absorption of
terahertz radiation are possible (see Fig. 3a): (i) tran
sitions between the Dirac branches of the edge states,
(ii) transitions between the electron Dirac branch and
the conduction band, (iii) transitions between the
valence band and the hole Dirac branch, and
(iv) Drude absorption. The analysis of absorption
resulting from the transitions of the first type demon
strates that electricdipole transitions between the
Dirac branches are forbidden and only much weaker
magneticdipole transitions are possible [15]. Thus,
direct transitions between the Dirac branches can
hardly cause a noticeable increase in the electron tem
perature. Even more important, such transitions
would lead to a quasiresonance behavior of the pho
toconductance and, thus, to a strong dependence of its
peak on the radiation wavelength, completely in con
tradiction with the experimental results (Fig. 2b).
Similar considerations suggest that transitions of the
second and third types do not contribute to the
observed effect either. Thus, we need to look for
another mechanism explaining the observed photo
conductance. It is known that ballistic transport in
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twodimensional topological insulators in HgTe struc
tures persists only for characteristic lengths shorter
than 1 μm. If these lengths exceed several microns,
quantized conductance is not observed anymore [3,
6]. Furthermore, it was recently shown that, in two
dimensional topological insulators with long edges (up
to 0.1 mm), there is virtually no increase in resistivity
with decreasing temperature even as the temperature
is reduced to as low as 100 mK [16]; i.e., there are no
indications of onedimensional localization. A theory
explaining such a behavior [17] considers transport
along onedimensional channels extensively exchang
ing with metallic “droplets” adjacent to the edge of the
sample. Such droplets were also observed in scanning
tunneling microscopy experiments [18]. Most proba
bly, it is the Drude absorption by these droplets that
causes the heating of electrons moving along the edge
of the quantum well (see Fig. 3b). Then, the appear
ance of photoconductance peaks observed when the
Fermi level falls between the Dirac point and the bot
tom of the conduction band finds a natural explanation,
because the probability and, thus, the concentration of
these metallic electron droplets increase as the Fermi
level approaches the bottom of the conduction band.
The Drude character of the absorption is corroborated
by the fact that the magnitudes of the photoconduc
tance at wavelengths of 184 and 118 μm are related as
λ2. The suggested mechanism of photoconductance
also explains the absence of a peak under the conditions
where the Fermi level is located near the valence band.
Evidently, in this case, there are only hole droplets, and
the hole mobility is much lower than that of electrons.
Thus, as was already mentioned in the discussion of the
valenceband photoconductance, the Drude absorp
tion falls abruptly, which is accompanied by a corre
sponding drop in the photoconductance.
Figure 3c shows the results of photoconductance
measurements in magnetic fields up to 1.5 T. Evi
dently, the magnetic field considerably changes the
behavior of the photoconductance: its magnitude
increases with the field strength up to 1 T and drops
abruptly as the field is further increased to 1.5 T, while
the peak shifts and actually appears within the con
duction band. This behavior also supports the pro
posed mechanism of the “quasibulk” Drude absorp
tion of terahertz radiation followed by the heating of
onedimensional electrons, because, in this range of
magnetic fields, there should be almost no effect of the
field on the character and the spectrum of edge states
[19]. The data shown in Fig. 3c suggest that the peak
of this absorption occurs in the vicinity of the mag
netic field of 1 T, which corresponds to the cyclotron
mass equal to mn = 0.01m0. A similar picture was
observed for other samples under study. The above
value agrees well with the calculations of the effective
mass at the bottom of the conduction band in 8nm
thick quantum wells [20]. Thus, the data on terahertz
photoconductance confirm the existence of metallic
droplets extensively interacting with the edge states.
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