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I. INTRODUCTION

II. SAMPLES AND METHODS

The experiments are carried out on (013)-oriented
HgTe/Hg0.3Cd0.7Te single QW structures with differ-
ent widths Lw, of 5 nm, 6.6 nm, 7 nm, 8 nm, 20 nm and
21 nm and with mobilities of about 105 cm2/(V·s) at
T = 4.2K? . The typical cross section of the structure
is shown in Fig.?? (a). In HgTe, an increase of the QW
thickness results in the qualitative change of the band
structure, starting with a normal parabolic dispersion
(5 nm QW), switching to Dirac cones (6.6 nm) and fi-
nally changing to a inverted, close to parabolic, band
structure (7 nm, 8 nm, 20 nm and 21 nm). The samples
with different QW width Lw, are prepared in different
geometries including Hall bar and cross shaped struc-
tures and squared samples of 5×5 mm2 size, without and
with a semitransparent gate. The structures’ designs are
shown in Fig. ?? (b)-(d). For the square shaped samples
eight ohmic contacts have been prepared in the middle of
the edges and on the corners, which allow the measure-
ment of voltage drop across the sample. Magnetotrans-
port measurements show well pronounced Shubnikov-De
Haas (SdH) oscillations, see Fig. ??, ??, ??, ??, and
quantum Hall plateaus (Fig. ??). The gated samples
have been used to achieve a controllable variation of the
carrier density.
For photocurrent excitation we apply a cw

FIG. 1: (a) Cross section of the investigated structures with
quantum well width LW . (b)-(d) show indium contacting of
the samples to sample holder for square, cross and Hall bar
design, respectively.

CH3OH laser emitting a radiation with frequency
f =2.54THz (wavelength λ=118µm) and f =1.62THz
(λ=184µm)? . The incident power P ≈ 10mW is
modulated at about 700 Hz by an optical chopper.
The radiation at normal incidence is focused in a spot
of about 1.5mm diameter at the center of sample.
The spatial beam distribution has an almost Gaussian
profile which is measured by a pyroelectric camera? ???.
The initial linear polarization is transformed into
right (σ+) and left (σ−) handed circularly polarized
light by applying a λ/4-plate. The magnetic field B
up to 7T is applied normal to the QW plane. Due
to the low symmetry of (013)-oriented HgTe QWs,
excitation by normally incident THz radiation results
in a photogalvanic current even at B = 0 T? ? ? , for
details see? . The current-induced photoresponse U are
picked up across a 1MΩ load resistor applying lock-in
technique. The photoresponse studies are accompa-
nied by photoconductivity, optical transmission, and
magnetotransport experiments.

III. EXPERIMENTAL RESULTS

We start with the data obtained for the 8 nm Hall bar
sample, see Fig. ??. Exciting the sample with linearly po-
larized radiation and sweeping the external magnetic field
we observe that the induced photoresponse is enhanced
for magnetic fields larger than 2 T and shows an oscillat-
ing behavior (shown in Fig. ??(a)). The envelope of these
oscillation behaves Lorentz-like. The observed oscilla-
tions perfectly correlate with the SdH oscillations, mea-
sured by magnetotransport in the same sample (black
dashed line). A similar behavior, with the same Lorentz-
like envelope, is observed in the photoconductivity (PC),
measured in a biased samples, see Fig. ??(b). These oscil-
lations, however have a phase shift and do not completely
follow the SdH frequency. While oscillations for PC with
similar features have been reported in HgTe and other
low dimensional systems? , oscillations in photoresponse
are observed for the first time. The Lorentz-like envelope
with a maximum at B = 3 T indicates that the signal
enhancement of both, photoresponse and PC, is due to
the cyclotron resonance (CR).
In order to verify the origin of the signal enhancement,

we switch to a square shaped sample with the same QW
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FIG. 2: Photoresponse (a) and photoconductivity (b) as a
function on the magnetic field B measured in a ungated 8 nm
Hall bar sample excited by linearly polarized radiation. The
photoresponse Ux is normalized by radiation power P induced
in an unbiased sample and the photoconductivity response
∆Rx is measured for a biased sample. Dashed curves show
Lorentzian fit and SdH oscillations of Resistivity R|| in color
and black, respectively. Inset shows the experimental geome-
try.

thickness Lw = 8 nm, which allows us to preform addi-
tional measurements of radiation transmission. Studying
the photoresponse we also see a oscillating behavior, cor-
relating with SdHs (not shown), and a strong maximum
at B = 2 T (see Fig. ??(a)). Increasing the tempera-
ture from 4.2 K to 40 K, we observe that the oscilla-
tions almost disappear for photoresponse and photocon-
ductivity (Fig. ??(b), left and right scale, respectively),
as well as, for SdHs (not shown). The inset of Fig. ??
(b) shows the transmission measurement, which reveals
a pronounce dip whose position fits well to the photore-
sponse maxima. Furthermore an increment of the radia-
tion wavelength from λ = 118 µm to λ = 184 µm resultes
in a linear in the wavelength shift of the magnetic field
corresponding to the photoresponse maximum. All these
observation support the conclusion that the Lorentz-like
behavior of the signals’ envelope is caused by cyclotron
resonance. The lower magnetic field strength of 2 T, at
which the Lorentzian envelope shows the maxima (CR
position) in the squared sample (Fig. ??(a)) compared
to that in the Hall bar sample (3 T, Fig. ??(a)), is at-
tributed to the substantial difference in the carrier den-
sity by a factor of three and the strong effect of the band
nonparabolicity well known for this material? .
For studying the effect of electron gas heating at CR

absorption, we carried out a detailed study of the photo-
conductivity, measured by two different methods applied
to the 8 nm square shaped sample. The data are shown
in Fig. ??(b)-(d). Photocurrent data, obtained for the
same sample, is shown for comparison (Fig. ??(a)). As
a first method we used a dc bias voltage of ± 1 V, a
pre-resistor of 1 MΩ (Idc = ± 1 µA through sample) and
modulated the radiation (Fig. ?? b). The induced change
of resistance ∆R shows a resonance and oscillating be-
havior upon variation of the magnetic field strength. In

FIG. 3: Photoresponse normalized by radiation power, Uy/P
for the 8 nm square sample, excited by σ+ radiation vs. mag-
netic field B at (a) T = 4.2 K and (b) T = 40 K. Latter
is shown for two different wavelengths, 118 µm (red curves)
and 184 µm (blue curve). In addition, the dotted curve (right
scale) presents the change of photoconductivity, ∆Ry, for 118
µm and the inset shows transmission measurement.

the second method we measured the SdH oscillations and
Hall effect, via standard magnetotransport measurement,
in the dark and in the presence of unmodulated THz ra-
diation (Fig. ?? (c)). While the period of the oscillation
does not change in the range of the CR (≈ 2 T), we do
see a substantial change in the sample resistance caused
by the electron gas heating and a corresponding reduc-
tion of the electron mobility. The difference between the
dashed and solid lines of Fig. ?? (c) (PC signal) is shown
in panel (d) as a solid line. Comparison of Figs. (a), (b)
and (d) shows that they are in a good agreement and that
the oscillating behavior correlates well with the SdH os-
cillations shown in (c). Furthermore a simple theoretical
approach of fitting the PC data was done here. There-
fore the standard SdH curve (Fig. ??(c), dashed line),
measured at T = 4.2 K, has been fitted by standard
expression? and by taking into account Lorentzian-like
electron gas heating with effective temperature Teff =
13.9 K at a CR position of approximately 2 T. Calcu-
lating the difference for these two SdH fit functions, we
obtain the dotted line presented in Fig. ??(d), which is
in good accordance with real measured PC (solid line).
Similar results are observed for other samples with in-

verted and non-inverted parabolic dispersion, see Fig. ??
(a)-(c). All samples show an oscillating behavior at T =
4.2 K which is reduced to a single peak when increasing
the temperature.
We now consider a 20 nm QW cross shaped sample

with a semitransparent gate. The results on photore-
sponse can be seen in Fig. ??. The above addressed
dependence of the magnetic field, at which the photore-
sponse peak emerges, on the carrier density can be con-
firmed here. Fig. ?? (c) shows, that by tuning the carrier
density with gate voltage Ug from 0 to 4 V, the resonance
position of the signal shifts from B = 3.06 to 2.88 T. This
is attributed to the moderate density dependence of the
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FIG. 4: Measurements for the 8 nm square sample T = 4.2 K.
(a) Photoresponse normalized by radiation power Uy/P . (b)
Change of photoconductivity, ∆Ry, for dc bias and modulated
radiation (first method). (c) Magnetotransport measurement
of Shubnikov-De Haas oscillations, with and without dc radi-
ation, solid and dashed line, respectively. (d) ∆Ry for ac bias
and dc radiation (second method, left scale) and theoretical
fit (right scale).

cyclotron resonance mass due to the band nonparabol-
icity. Fixing the magnetic field B = 2.96 T at a value
close to CR condition for all densities, we measured the
photoresponse as a function of the electron density and
observed SdH oscillation also is this type of experiments
(see Fig. ??(b)). A density increase, for large Ug, causes
the signal to grow in magnitude.
Similar measurements were also done on a Dirac

fermion system, a gated 6.6 nm Hall bar sample, which
is characterized by a linear energy spectra? ? . Oscilla-
tions at fixed magnetic field values B 0 1.5 and 2 T as
a function of the gate voltage are observed and shown in
Fig. ?? (a) and (b). Here we have a good correlation of
photoresponse (left scale) and SdH (right scale) oscilla-
tions and an envelope with a clear maximum. The latter
is even more pronounced for smaller magnetic field. The
strong dependence of the envelope maximum on the car-
rier density n results from the Dirac dispersion of the
charge carriers in this sample. The CR position varies
with the carrier density as n ∝

√
B. Fig. ?? (c) shows

the resonant magnetic field BCR as a function of the car-
rier density with a fit of n ∝

√
B, which describes our

FIG. 5: Photoresponse normalized by radiation power Ux,y/P
(left scale) and SdH oscillations (right scale) for three different
QW widths, (a) Lw = 5 nm, (b) Lw = 8 nm and (c) Lw = 21
nm.

FIG. 6: Normalized photoresponse Uy/P for the gated cross
shaped 20 nm QW sample (a) as a function of the magnetic
field B for fixed gate voltages Ug = 0, 1 and 4 V and (b) vs.
the gate voltage Ug for fixed magnetic field B = 2.56 T.

data well.

To conclude the experimental part we observed SdH
oscillations in photoresponse and in the change of pho-
toconductivity for normal and inverted parabolic disper-
sion, as well as, for Dirac fermions. The oscillations are
enhanced at cyclotron resonance position and vanish with
increasing the temperature, showing only one sharp peak
in signal due to CR.
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FIG. 7: (a) and (b) show normalized photoresponse (left
scale) and SdH oscillations (right scale) depending on the gate
voltage Ug for two different magnetic field values, 2 and 1.5 T,
respectivly. The dashed lines correspond to Lorentz-like enve-
lope functions indicating a resonance-like behavior. (c) Value
of the magnetic field at the maximum of photoresponse Ux as
a function of electron density, showing a ∝ C

√
n dependence.
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