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A highly superlinear in radiation intensity photoconductance induced by continuous wave terahertz laser radi-
ation with low intensities has been observed in quantum point contacts made of GaAs quantum wells operating
in the deep tunneling regime. For very low values of the normalized dark conductance Gg.y /Gy ~ 1076, with
the conductance quantum Gy = 2¢?/h, the photoconductance scales exponentially with the radiation intensity,
so that already at 100 mW /cm?, it increases by almost four orders of magnitude. This effect is observed for a
radiation electric field oriented along the source drain direction. We provide model considerations of the effect
and attribute it to the variation of the tunneling barrier height by the radiation field made possible by local
diffraction effects. We also demonstrate that cyclotron resonance due to an external magnetic field manifests
itself in the photoconductance, completely suppressing the photoresponse.
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I. INTRODUCTION

The quantum point contact (QPC)—a narrow constric-
tion between two electrically conducting regions of two-
dimensional electron gas (2DEG)—has been one of the key
quantum devices in the physics of low-dimensional electronic
systems for more than 30 years [1-8]. The electronic, trans-
port, and optoelectronic properties of QPCs are the subject of
extensive theoretical and experimental investigations because
these devices, on the one hand, provide an excellent model
system for benchtop studies of tunneling effects and, on the
other hand, have the potential for numerous practical applica-
tions. While various phenomena observable in the open state
(G > 2¢*/h) of the QPC, in which the conductance quantiza-
tion in units of 2¢?/h is detected, or in the pinch-off regime
(G < 2¢%/h) are the focus of current research, surprisingly
enough, until recently, the deep tunneling regime with G <
2¢?/h has been much less studied.

Most recently, it has been observed that excitation of a
QPC with terahertz (THz) or microwave radiation results in
an increase of the QPC conductance by about 50 times if it
operates in the tunneling regime with Gyu /Gy ~ 1073; see
Refs. [9,10]. These results were discussed in terms of photon-
assisted tunneling. In the present work, we demonstrate that
further reduction of the dark conductance to Gga/Go ~ 1076
results in a drastic enhancement of the tunneling current un-
der irradiation, so that the conductance increases by almost
four orders of magnitude. Moreover, by studying the inten-
sity dependence of the photoconductance, we observed that
under these conditions, the signal grows exponentially with
the radiation intensity. Detailed investigation of the polar-
ization dependence of the observed effect demonstrated that
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both large photoconductance magnitudes and the exponential
intensity dependence are present for the radiation electric field
oriented parallel to the source-drain direction only.

We discuss microscopic mechanisms of the giant photo-
conductance. The analysis shows that the standard approach
with photon-assisted tunneling is not sufficient to describe
the experimental data. Despite the fact that for Gk /Go =
107® the I-V characteristic of the QPC is highly nonlinear
and multiphoton processes are needed, the calculated photo-
conductivity is smaller than in the experiment. Our analysis
demonstrates the role of the local-field effects due to the
diffraction at the gates, which result in a modification of the
tunneling barrier by the radiation electric field. The model
accounting for the radiation-induced variation of the barrier
height in the adiabatic approximation yields qualitative agree-
ment with the experiment. For quantitative agreement, one
also has to take into account the local enhancement of the THz
field and, possibly, an interplay of the barrier height reduction
with multiphoton-assisted processes.

Furthermore, we observe that the THz photoconductance
can be quenched by a magnetic field oriented normally to
the 2DEG plane. We demonstrate that the suppression of
the THz-induced tunneling is most pronounced under con-
ditions of cyclotron resonance: Sweeping the magnetic field,
we detected a resonant dip in the photoconductance, where
the cyclotron frequency of electrons in the magnetic field
corresponds to the frequency of the THz radiation.

II. SAMPLES AND METHODS

The samples investigated in this work were fabricated from
a high-mobility modulation doped GaAs/(Al,Ga)As quantum

©2021 American Physical Society
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FIG. 1. (a) Sketch of the Hall bar shaped sample hosting the
split gate QPC structure, and the measurement scheme used in the
experiments. The downward arrow sketches the normally incident
linearly polarized cw laser radiation. (b) Top view of the sample.
(c) Microphotograph of the conduction channel and the gate fingers.
(d) High magnification microphotograph of the split gate structure.

well (QW) with a width of 12.5 nm. Material characterization
by four-terminal electrical transport measurements carried
out at T = 4.2 K yields a sheet density n; ~ 9 x 10" cm™2
and mobility u &~ 1.1 x 10% cm?/V s of the two-dimensional
electrons. This corresponds to a mean free path of around
Iy = 20 pm. The material was prepared into Hall bar shaped
samples and, on top, a 120-nm-thick layer of insulator and
nanometer-sized split gate structures have been fabricated us-
ing electron-beam lithography. Microphotographs of the Hall
bar conduction channel and the split gate structure are pre-
sented in Figs. 1(c) and 1(d), respectively.

Figure 2 shows the results of transport measurements car-
ried out in a two-terminal source-drain scheme according to
Fig. 1(a). For that, an alternating voltage Vsp with frequency
ranging between 3 and 12 Hz was applied to the sample and
the resulting current Isp was measured with a conventional
low-frequency lock-in amplifier technique. Figures 2(a) and
2(b) show an example of a typical gate voltage dependence of
the dark conductance G,k /Go obtained at T = 4.2 K plotted
in a double linear and semilogarithmic presentation, respec-
tively. Here, equal gate voltages have been applied to both
parts of the split gate using RC filters, which improve stability
against electrostatic discharges. An increase of the negative
gate voltage amplitude yields a decrease of the dark conduc-
tance Gy by five orders of magnitude; see Fig. 2. This drastic
reduction demonstrates that in this range of gate voltages, the
deep tunneling regime is realized. Note that the gate voltage
dependences may shift for different cooldowns because, in the
modulation doped samples used in our work, the electrostatic
properties are determined by charge carriers transfer from
remote dopants into the QW, which depends on the cooldown
conditions. Therefore, the upper x axes in Figs. 2(a) and 2(b)
additionally show the effective gate voltage Vgeff, which was
calculated according to
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FIG. 2. Typical gate voltage dependence of the dark conductance
G ax normalized to the conductance quantum Gy = 2¢*/h obtained
at a temperature of 4.2 K displayed in a (a) double linear and
(b) semilogarithmic scale. This curve as well as all other subse-
quently presented curves in this work were obtained with an applied
source-drain voltage of 0.9 mV. The upper x axis shows the effective
gate voltage V;ff, which was calculated according to Eq. (1). (c) Tem-
perature dependences of the dark conductance Gg,i/Go obtained
at different applied gate voltages (curve @: V, = 0; curve @: V, =
—1789mV; curve ®@: V, = —1887mV; curve @: V, = —1930mV;
curve ®: V, = —1948mV; curve ®: V, = —1978 mV; curve @:
Vy = —1991 mV; curve ®: V, = —1994mV). The inset displays
curve O without an applied gate voltage for a wider temperature
range.

where V" is the gate voltage at which the dark conductance is
equal to 0.1 Gy.

Figure 2(c) shows the temperature dependences of the dark
conductance measured at different gate voltages correspond-
ing to tunneling and open regime of the QPC. These data
demonstrate that in the tunneling regime (V, < —1.9V), an
increase of the temperature leads to a drastic increase of the
dark conductance Gg,. This behavior is in accordance with
thermal tunneling of the charge carriers through the QPC
potential barrier. Without applied gate voltage, in contrast, the
conductance decreases with the temperature increase, which
corresponds to the temperature dependence of the GaAs two-
dimensional electron gas; see the inset in Fig. 2(c).

The response of the QPCs to continuous-wave (cw) THz il-
lumination has been measured by irradiating the samples with
linearly polarized, normally incident radiation, as depicted in
the setup sketched in Fig. 1(a). Photoconductance AG was
obtained as the difference between the conductance Gy, mea-
sured with continuous terahertz illumination of the sample and
the dark conductance Gy, Without incident radiation. The
samples were placed in an optical helium bath/exchange gas
cryostat with z-cut crystalline quartz windows to couple in
the terahertz radiation. All windows were additionally cov-
ered by black polyethylene foil, which is transparent in the
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THz frequency range but prevents uncontrolled illumination
of the sample by visible or room light. For photoexcitation,
we use a cw line-tunable molecular gas laser [11,12]. With
methanol (CH30H), difluoromethane (CH,F,), and formic
acid (CH,0,), we obtain monochromatic radiation with fre-
quencies (photon energies) f = 2.54 THz (hw = 10.5 meV),
1.63THz (6.74 meV), and 0.69 THz (2.85 meV), and a max-
imum power of around P = 50, 45, and 13 mW, respectively.
The radiation has a Gaussian beam profile and is focused onto
the sample by off-axis parabolic mirrors. Using a pyroelectric
camera, we measured the frequency-dependent spot diameters
at the sample plane, which are about 2, 3, and 3.5 mm. These
parameters yield incident maximum radiation intensities of
around / = 1500, 600, and 130 mW/crn2 depending on the
respective frequency. The polarization state of the incident
radiation was varied and controlled by wire-grid or polyethy-
lene polarizers and room-temperature half-wave plates made
of x-cut crystalline quartz placed in the optical path before the
radiation is focused onto the sample. Most of the experiments
have been carried out with a radiation electric field vector
E oriented either perpendicular [see Fig. 1(a)] or parallel to
the gate fingers. Additionally, we studied the polarization de-
pendence of the photoresponse. By rotation of the half-wave
plate, we changed the angle o between E and the x axis; see
Fig. 1(b). Ata = 0, the electric field is oriented perpendicular
to the gate fingers and parallel to the source-drain line. One
of the important aims of this study is the investigation of
the intensity dependence of the photoresponse. To vary the
intensity, we used a crossed-polarizer setup consisting of two
successive linear polarizers. First, the linearly polarized laser
beam passes through a rotatable polarizer, which results in a
decrease of the radiation intensity and a rotation of the po-
larization state depending on the orientation of the polarizer.
The additional second polarizer fixed at a certain orientation
causes a further decrease of the radiation intensity and creates
a polarization state equal to the initial one. With this method,
we can vary the radiation intensity between maximal intensity
(obtained for a parallel orientation of both polarizers) and zero
intensity (obtained for a perpendicular orientation of the two
polarizers).

An important task of this work is the study of the influence
of external magnetic fields on the QPC terahertz photocon-
ductance. In these experiments, we apply external magnetic
fields up to 3 T via a liquid-helium-cooled superconducting
coil, which are oriented either normal (B,) or parallel (B;) to
the sample plane.

III. RESULTS
A. Highly superlinear THz photoconductance

When illuminating the QPC samples, we observe that
the incident THz radiation results in a change of the QPC
conductance, which exhibits complex gate voltage and in-
tensity dependences. Figure 3 shows the dependence of the
normalized photoresponse Gpn/Ggak On the dark conduc-
tance Gguk/Go varied by the gate voltage applied to the
gate stripes. The data were obtained at a temperature T =
4.2 K, radiation frequency f = 0.69 THz, radiation intensity
1 ~ 130 mW/ cm?, and orientation of the electric field vector
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FIG. 3. Normalized photoresponse Gpn/Gaar With respect to the
dark conductance Gy, /Gy presented in a double logarithmic scale.
The data are obtained at liquid helium temperature with a radiation
frequency f = 0.69 THz and intensity I ~ 130 mW /cm? for two
orthogonal orientations of the electric field vector E. Red circles
correspond to a radiation field parallel to the source-drain direction,
ie., E || SD, whereas black triangles correspond to E L SD. The
insets show the photoconductance AG/Ggyyx With respect to the
radiation intensity / for both electric field orientations in different
dark conductance regimes. The data of the upper inset were obtained
at a dark conductance of Gy, = 0.13 Gy, while the bottom inset
shows intensity dependences for Gy = 1.3 x 10™* G,. Note that
the curve for E L SD in the bottom inset has been multiplied by
a factor of 300 for better visibility. The solid red line in the bottom
inset presents a fit curve according to Eq. (2).

E normal and parallel to the source-drain direction (SD di-
rection). Strikingly, in the deep tunneling regime with a dark
conductance Ggui < 1072 Gy, application of the THz electric
field oriented along the SD direction results in an increase
of the conductance up to about four orders of magnitude.
Furthermore, the photosignal for this polarization exhibits a
highly nonlinear gate voltage dependence drastically increas-
ing for the decrease of the dark conductance. In contrast, for
radiation with E | SD, the photoresponse decreases with the
dark conductance decrease and is several orders of magnitude
smaller in the deep tunneling regime than that for E || SD.
Note that for Ggax < 2 X 1073 Gy, the response drops below
1, which indicates that the incident THz radiation causes a
decrease of conductance in this regime. Moreover, intensity
dependences obtained for the two perpendicular orientations
of E are found to be completely different in the deep tunneling
regime; see bottom left inset in Fig. 3. While for E L SD the
photoconductance AG/Ggak = (Gph — Gdark )/ Gaark linearly
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decreases to negative values and saturates with rising inten-
sity, for E || SD we observe a highly superlinear dependence.
The latter can be well fitted by the empirical formula

B
AG/Gdark =A €Xp < — E), (2)

as demonstrated by the solid red line in the left inset of Fig. 3.
In Eq. (2), A and B are fitting parameters and E = /217y /n,,
denotes the electric field strength, with Zy = /o/€p, and the
frequency-dependent refractive index n,, of the medium. Here,
€0 and o are the electric and magnetic vacuum permittivi-
ties, respectively. In the regime of Gguy approaching Gy, in
contrast, for both configurations the intensity dependence is
linear, followed by saturation, as shown in the right inset in
Fig. 3. The drastic difference in the signal magnitudes ob-
served for two orthogonal polarizations in the deep tunneling
regime (see red and black curves in Fig. 3) together with their
qualitatively different intensity dependences indicates that the
giant photoresponse cannot be attributed to simple thermal
effects.

Let us continue with the results of a detailed study of
the intensity dependence presented in Fig. 4. Figures 4(a)
and 4(b) show intensity dependences of the photo-induced
change of the conductance AG/Ggqax obtained at different
values of the dark conductance Ggy,k. Because the intensity
and the photoresponse change by many orders of magnitude,
we present the data in double linear as well as double log-
arithmic plots. For the electric field vector oriented parallel
to the SD direction, we observed that Eq. (2) describes the
data well, including the increase of the amplitude by five
orders of magnitude in the deep tunneling regime for Gg,x =
4.4 x 107 Gy; see curve ® in Figs. 4(a) and 4(b). We note
that with the increase of the dark conductance, the intensity
dependence of the photoresponse becomes weaker (i.e., the
amplitudes of the fit parameters A and B reduce) and eventu-
ally approaches an almost linear dependence with saturation
at higher intensities at Ggux = 1072 Gy. In Fig. 4(c), we ad-
ditionally show intensity dependences of the photo-induced
conductivity Gpn/Ggark = AG/Gganc + 1. This figure clearly
shows the weakening of the intensity dependence with the in-
crease of the dark conductance. Note that in this presentation,
at low intensities, all data approach unity.

B. Polarization dependence

While for E || SD a highly nonlinear signal and drastic
increase of the photo-induced conductance AG/Gyqx are de-
tected, for E L SD the photoconductance is by three orders
of magnitude smaller as compared to that obtained at E ||
SD; see Fig. 4(d). For high and very low dark conductances
(Gaark ~ 0.1 Gg and Gygyc &~ 1075 Gy, respectively), the signal
amplitude first rises linearly with low intensity and then sat-
urates; see curves @ and ® in Fig. 4(d). For the intermediate
values of Gguk, the photoresponse exhibits a complex inten-
sity dependence, including a sign change with rising radiation
intensity, causing the photoconductance to be negative for low
values of Gy .

By studying the dependence of AG/Ggux on the dark
conductance Gg,i at different radiation intensities (shown
in Fig. 5), we observed that while for E L SD its behavior
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FIG. 4. Normalized photoconductance AG/Gg,x With respect to
the incident radiation intensity / obtained for an electric field vector
oriented along the source-drain direction displayed in a (a) double
linear and (b) semilogarithmic scale. (c) The photosignals Gy, /Gaark
obtained under the same conditions as a double logarithmic plot.
All data displayed in this figure are obtained at 7 = 4.2 K and
f = 0.69 THz for different values of the dark conductance Gg,y. In
all panels, curves labeled with @ correspond to Gy = 0.43 Gy, @
t0 Gy = 0.13 Gy, ® to Giak = 4.5 x 1072 Gy, @ to Gaak = 1.3 %
1072 Go, ® to Gdark =43 x 10—3 Go, ® to Gdark =14 x 1073 G(),
@D t0 Gae = 4.7 x 107* Gy, and ® to Ggpc = 4.4 x 107> G,. Note
that the solid lines accompanying the data are fits following Eq. (2).
The dashed dark-green line in (b) is a linear curve with AG o< 1.
(d) Intensity dependences of the photoconductance AG/Gg,y for
a radiation field vector oriented normal to the SD direction, i.e.,
parallel to the gate stripes.

remains almost the same from small up to the highest value of
intensity [see Fig. 5(b)], for E || SD the dependence changes
qualitatively [see Fig. 5(a)]. At low intensities, for both ori-
entations of E, the photoresponse exhibits a nonmonotonic
behavior: With the decrease of Gk, the signal increases
by up to one order, approaches a maximum, and afterwards
decreases; see curve @ in Fig. 5(a) and all curves in Fig. 5(b).
The only difference is that for E L SD, the signal changes
its sign at low dark conductance, whereas for E || SD, the
sign inversion is not detected at the lowest possible intensity
(10 mW /cm?). Note that the position of the sign inversion
for E L SD shifts to smaller Gg,x upon the increase of the
radiation intensity. For E || SD, the increase of the intensity
results in the qualitative modification of the dependence on
dark conductance. First of all, the increase of the radiation
intensity results in a drastic (by five orders of magnitude)
increase of the photoresponse at small Gy, ; see curve @ in
Fig. 5(a). As a result, instead of the nonmonotonic behavior
detected at low power, we observe continuous growth of the
signal upon reduction of Gy, ; see curves ® to @ in Fig. 5(a).

All previous results reveal that the photoresponse is
strongly dependent on the orientation of the radiation electric
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FIG. 5. Normalized photoconductance AG/Gg, as a function of
the dark conductance Gy, /Gy for several different incident radiation
intensities / ranging from 10 to 110 mW /cm?. The data points were
extracted from the intensity dependences for different dark conduc-
tance values shown in Fig. 4. (a) Data for the radiation field vector
oriented parallel to the source-drain direction, i.e., E || SD; (b) data
obtained for E L SD. In (a), curves labeled with O correspond to
I =10mW/cm?, @ to 20, ® to 30, @ to 40, ® to 50, ® to 60, @ to
70, ® to 80, ® to 90, @ to 100, and @ to I = 110 mW /cm?. Note
that in (b), labeling of the curves was omitted except for curves @
and @ for better visibility. However, the color coding is identical
to (a).

field vector E with respect to the SD direction and G-
To explore this dependence, we measured AG/Gyyg as a
function of the azimuth angle « for different values of dark
conductance. These data are presented in Fig. 6. Note that due
to a strong reduction of the signal already at moderate Ggark,
the corresponding traces are multiplied by constant factors.
The figure reveals that at all Ggak, the signal approaches a
maximum for the azimuth angle o =~ 0. Assuming that the
amplitude of the signal is defined by the projection of the
radiation electric field vector E on the source-drain axis x, we
found that the polarization dependences can be well fitted by
Eq. (2), in which the radiation electric field vector E is substi-
tuted by E, = E cos(e — «'). Here, the angle «’ accounts for
a small shift (¢’ & 7°) of the maximum position away from
o = 0°. Note that the phase shift is most probably caused
by a slight asymmetry of the nm-sized QPC gate fingers or a
small misalignment of the QPC structure by only few degrees
with respect to the Hall bar conduction channel. Furthermore,
we note that the best fits are obtained for small values of
Gaark, Whereas for moderate Gy, a deviation is detected
at @ ~ 90°; see curve @ in Fig. 6. This deviation could be
caused by an interplay of the tunneling effect (described by
the cosine variation of the radiation electric field) and heating
effects (strongest for E L SD), which become more dominant
in the regime of high G,k approaching Gy. Indeed, in this
regime, the photoconductive signals obtained for a radiation
electric field E || SD and E L SD become comparable to each
other (see, e.g., Fig. 3), which emphasizes the importance of

PANS—— /) |

°o £=0.69 THz
oo O

600

N\ Gdark -

0 1 1 1
-90° -45° 0° 45° 90°
azimuth angle, «

FIG. 6. Dependence of the normalized photoresponse AG/Ggark
on the orientation of the electric field vector E described by the
angle o between the SD direction and E as defined in the inset.
The data are obtained at f = 0.69 THz and I ~ 90 mW /cm? for
different conductance regimes (curve @ at Gg,c = 4.5 x 1072 Gy, @
at Ggae = 1.2 x 1072 Gy, @ at Gy = 5.2 % 1073 Gy, @ at Gyaye =
1.2 x 1073 Gy, and ® at Gguc = 1.3 x 107* Gy). Note that the data
for higher conductances have been multiplied by a constant factor
of 10 (curve ®), 3 (curve @) and 2 (curve ®). For better visibility,
the upper curves have been offset by 100 with respect to each other.
Solid lines correspond to a fit according to Eq. (2) with the electric
field vector E, = E cos(a — ’).

heating effects in this regime and gives a potential reason
why the signals cannot be fitted perfectly using only the E, =
E cos(a — &) component of the electric field and Eq. (2).

Remarkably, the drastic nonlinearity and giant photore-
sponse have been observed for the lowest frequency only.
An increase of frequency by only about two times results
in the disappearance of the highly superlinear behavior as
well as enhancement of the signal for E || SD; see Fig. 7(a).
For f = 1.63 THz and 2.54 THz, the photoresponse exhibits a
sublinear dependence on the radiation intensity and increases
only by around 40 % at the highest intensity. Notably, under
this condition, a change of frequency does not substantially
affect the behavior. In Sec. IV B, we discuss a potential origin
of this effect.

Changing the orientation of the radiation electric field to
E 1 SD results in a qualitative change of the dependence.
Under these conditions, an increase of the radiation frequency
causes the photoconductive response to change sign. Whereas
for f = 0.69 THz the photoconductance is negative (i.e., the
conductance decreases due to the incident THz radiation),
at f = 2.54 THz the irradiation results in an increase of the
conductance (positive photoconductance). In both cases, the
signal first increases linearly with I and decreases again for
higher radiation intensities. It is most clearly seen for the
signal in response to f = 2.54 THz, which vanishes at highest
intensity and, most probably, even changes the sign. For the
intermediate frequency f = 1.63THz, the signal is almost
zero and becomes very noisy, which makes it nearly impos-
sible to properly describe its dependence on intensity.
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FIG. 7. Normalized photoconductance AG/Gg,x With respect to
incident radiation intensity / shown for different radiation frequen-
cies. The data are obtained for a dark conductance Gy, = 1.1 x
107Gy at T = 4.2 K. Red circles correspond to f = 0.69 THz,
green squares to 1.63 THz, and blue diamonds to 2.54 THz. (a) Data
obtained for the radiation field vector parallel to the SD direction.
The solid line is a fit curve according to Eq. (2). (b) Data for E rotated
by 90°. Note that (a) is presented in double logarithmic scaling,
whereas (b) is presented in semilogarithmic scaling.

C. Magnetic field effects

The most exciting result presented above—the giant
highly nonlinear photoconductance in the deep tunneling
regime—was obtained for f = 0.69 THz and the electric field
vector oriented along the SD direction. Strikingly, this ef-
fect quenches by application of a moderate external magnetic
field (B > 1 T) oriented normal to the quantum well plane.
Figure 8 shows the magnetic field dependence of the photo-
signal Gpn/Go in a semilogarithmic presentation. Note that
here we used normalization of the signal on Gy, instead of
Ggark used above. This is due to a drastic increase of the dark
conductivity for magnetic fields below 1 T. These results,
together with the data presented in the form Gpyp/Gaark and
AG/Gyqk, are addressed in the Appendix. Figure 8 demon-
strates that while the photosignal is almost independent of the
applied magnetic field in the range of small fields B < 1T,
for higher fields B = 1.2 T it causes a significant reduction of
Gpn. This effect becomes especially pronounced in the deep
tunneling regime, where the photoresponse decreases by more
than one order of magnitude at B > 1.2 T; see curves © to ®
in Fig. 8. Moreover, we observe a sharp narrow dip of Gy
at B=1.76T. This resonant suppression of the photosignal
is most pronounced in the region of intermediate zero-field
dark conductance values Gy (0) =~ 1072 Gy; see curves ®
to ® in Fig. 8. Comparison of the traces for the lowest
[Gark (0) = 4.8 - 1070 Gy, trace @] and moderate [Gyui (0) =
5.2 x 1073 Gy, trace ®] dark conductance demonstrates that
in the former case, the dip is less pronounced because
under these conditions the photoresponse already almost van-
ishes because of the nonresonant effect of the magnetic
field addressed above. This is demonstrated in the inset
of Fig. 8, which presents a zoom of the data in the vic-

f=0.69 THz
T=42K  E[]

10—4 1 1
0 1 2 3

magnetic field, B (T)

FIG. 8. Photoresponse Gy,/Gy with respect to the out-of-plane
magnetic field for an electric field oriented parallel to the source-
drain direction presented in a semilogarithmic scale. The data are
obtained at T = 4.2 K and f = 0.69 THz for different applied gate
voltages corresponding to the following vales of the zero-field
dark conductance Gyuk(0): Curve @ corresponds t0 Gk (0) =
1.35 Gy, curve @ to Ggux (0) = 9.7 x 107! Gy, curve ® to Gy (0) =
43 x 107" Gy, curve @ to Gy (0) = 1.7 x 10~! Gy, curve ® to
G (0) = 5.2 x 1073 Gy, curve ® to Gy (0) = 2.0 x 1073 Gy,
curve @ t0 Gy (0) = 6.3 x 107* Gy, curve ® to Ggpy (0) = 3.9 x
1073 Gy, and curve @ to Gaui (0) = 4.8 x 107° G,,. Dashed lines in-
dicate the position of the observed magnetoresonance at B = 1.76 T.
The inset additionally shows a zoom of curves ® and @ around the
resonance in a double linear presentation.

inity of the resonance. Here, the data are plotted in dou-
ble linear presentation. Furthermore, Fig. 8 shows that the
depth of the resonant dip has a nonmonotonic dependence
on the dark conductance: with the conductance decrease, it
first increases, achieves a maximum at Gy /Go &~ 5 X 1073,
and decreases to zero for the lowest values of the dark
conductance.

Changing the orientation of the external magnetic field rel-
ative to the radiation electric field vector E || SD, we observe
that both the magnetic-field-induced suppression of the signal
as well as the magnetoresonance disappear for B || E || SD;
see Fig. 9(a). Note that in contrast to the results obtained for
B oriented normal to the QW plane (see Fig. 15), the in-plane
magnetic field does not change the dark conductance; see
Fig. 9(b).

Finally, we address the intensity dependence of the pho-
toresponse under resonance condition. All results on the
magneto-photoresponse discussed so far were obtained for
the highest radiation intensity. Varying the radiation intensity,
we observed that at the resonance, the intensity dependence
of the photoresponse changes qualitatively, as shown in
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FIG. 9. (a) Photosignals Gy, /Gy obtained for a radiation electric
field oriented along the SD direction as a function of the in-plane
magnetic field B,. The data are obtained at 7 =4.2K and f =
0.69 THz. (b) Magnetic field dependence of the dark conductance
Gaark/Go for a magnetic field applied in the QW plane and oriented
along the SD direction. The data are obtained for Vsp = 0.9 mV and
several gate voltages. In both panels, curves labeled @ correspond
to an applied gate voltage of V, =0, ® to V, = —1793mV, ® to
Ve =—1921mV,®toV, = —1934mV, and ® to V, = —2017mV.

Fig. 10(a). At low intensities, the signal Gyn/Go, alike at zero
magnetic field, increases nonlinearly with rising intensity. At
higher intensities, however, an increase of the radiation in-
tensity results in a substantial reduction of the photosignal.
Comparing the magnetic field dependences in the vicinity of
the resonance at B =1.76 T for high and low intensities,
we observed that the resonant dip is almost absent at low
intensities; see Fig. 10(b). Last but not least, we emphasize
that in contrast to the configuration with E | SD, for the
radiation electric field vector oriented normally to the source-
drain direction, the resonant dip is not observed in the whole
range of studied intensities; see Fig. 10(d). Furthermore, the
intensity dependence itself remains almost the same as for
zero magnetic field; see Fig. 10(c).

IV. DISCUSSION

We start the discussion of the results with a model anal-
ysis of the photoconductance effect. We discuss the results
within two approaches: (i) the photon-assisted tunneling
model and (ii) the adiabatic model. We emphasize the effect
of the potential barrier reduction by the incident radia-
tion in the giant photoconductance and address the role of
the polarization-dependent near-field effects in the electro-
magnetic field enhancement. Further, we present additional
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FIG. 10. (a),(c) Photosignal Gy, /Gy as a function of the radiation
intensity /. The data are obtained for B, = Bcg and a zero-field
dark conductance of Gy (0) = 1.3 x 1072 Gy, whichat B=1.76 T
changes t0 Gy (B =1.76T) =1 x 1072 Gy; see the Appendix.
(a) The results for the radiation field vector E || SD, and (c) for
E 1 SD as sketched in the insets. (b),(d) Zooms of the B, depen-
dence of the photosignal G,,/Gy around the resonance at Bcr for a
radiation electric field vector oriented (b) parallel to the source-drain
direction and (d) normal to the SD direction. The data were obtained
at a zero-field dark conductance of Gy (0) = 1.3 x 1072 G, for two
radiation intensities, (b) I = 30 and 110 mW/cm? and (d) I = 40
and 110 mW/cm?. Note that all data presented in this figure are
acquired at T = 4.2 K and f = 0.69 THz.

experimental data supporting the model analysis and address
the magnetic field effects.

A. Photon-assisted tunneling

An increase of the QPC conductance due to excitation with
low-power terahertz or microwave radiation has been previ-
ously detected in similar structures [9,10,13]. The effect is
usually attributed to photon-assisted tunneling induced by the
incident electromagnetic field, where the electron absorbs one
or several photons during its passage through the tunneling
structure [14,15]. Within the simplest possible approach, the
effect of the radiation is included as a periodic variation of
the potential of one of the leads, e.g., of the right lead in the
QPC as

Ur = eV, cos wt, 3)

where e is the electron charge, V. is the amplitude of the
potential modulation in the lead related to the in-plane com-
ponent of the radiation field, and w is the radiation frequency.
As a result, one obtains, for the dc photocurrent [14-18],

ad eV nhow
Ln=Y_ J,f( - )ISD (vsn + 7) )

n=—0o0o
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FIG. 11. (a) Characteristic dependence of the dark current Iy,
and (b) normalized dark conductance Gy, /G on the applied source-
drain voltage Vsp. The curves are measured at different applied gate
voltages corresponding to different values of dark conductance Gy
In both panels, the curves labeled with @ are obtained at Ve =0, @ at
Ve =—1990mV, ® atV, = =2047mV, @ atV, = —2067mV, ® at
Vy = —2084mV, ® at V, = —2105mV, @ at V, = —2127mV, and
® at V, = —2140mV. All data are obtained at T = 4.2 K.

Here, Isp(Vsp) is the I-V characteristic of the QPC in the
absence of irradiation and J,(z) is the Bessel function of the
first kind.

For relatively low and moderate radiation intensities and
not too low dark conductance, the function Isp(Vsp) is not
steep, and one can retain only the terms with n =0, £1
in Eq. (4), resulting in Gy & [V.el? oc I [16]. For instance,
the data in Ref. [10] were obtained for Ggux = 1073 Gy
and rather low radiation intensities around 7 ~ 50 mW /cm?.
It was shown that under these conditions, photon-assisted
tunneling describes the results well. Under such conditions,
the photoconductive signal AG/Gy,x indeed scales linearly
with radiation intensity, as illustrated by the dashed line in
Fig. 4(b).

The situation changes strongly in the deep tunneling
regime, where the [-V dependence becomes very steep.
Figure 11(a) shows that in the deep tunneling regime, the
variation of the source-drain voltage results in the exponential
growth of the current. The data for different gate voltages can
be well fitted by the empirical formula

_B(Vg)i|

5
[Vspl ®)

with G > 0 and B > 0 being gate voltage-dependent coeffi-
cients. Due to the exponential factor in Eq. (5), the electron

Isp = G(V,)Vsp exp [

1000
G =44 107 G, Eq.(14) [ )/ g0
/
t soof T=42K el
o ) [ ]
© £=0.69 THz N X )
O o °
T e0r E[ e .
% ﬂ Eq.(7), /[ ee8 o
g
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=]
]
g
2 Eq. (7),
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intensity, / (mW/cmz)

FIG. 12. Comparison of the experimental and theoretical re-
sults. Magenta circles show the experimental data for Gy, = 4.4 %
1073 Gy (trace ® from Fig. 4). The dashed blue, green, and orange
curves show the photoconductance response calculated after Eq. (7)
as a function of / o« v2, for B = 5, 12, and 15, respectively. Here, the
proportionality coefficient was chosen such that at v, = 1, the inten-
sity equals / = 120 mW /cm?; see text for details. The solid red line
displays the photoconductance calculated in the adiabatic approach
after Eq. (14), assuming that at / = 120 mW /cm?, the argument of
the Bessel function in Eq. (14) equals z = s¢aleV,.|/U = 10.

transmission through the QPC is virtually impossible for small
bias and becomes significant at Vsp 2 B. In this nonlinear
regime, the conductance reaches G(V,) > Gy; see Fig. 11(b).
With the increase of the gate voltage, the dependence becomes
weaker, and for V, = 0, the current scales linearly with Vsp.

For sufficiently large B(V;), such that the dimensionless
parameter

eB(V,
_ B0l
how

the photocurrent through the QPC appears only with the
assistance of several photons, resulting in a rather sharp vari-
ation of the photoconductance with the radiation intensity.
The parameter 8 gives an estimate of the number of photons
needed to overcome the tunneling barrier and provide high
conductance in the system. Indeed, in the studied experimen-
tal situation for the case of small dark conductance, Gy <
10~* Gy, the parameter B >~ 20, ..., 30 mV and the number
of photons needed to establish high conductance is 8 =~ 10.

In the limit of small source-drain voltages Vsp <
B(V,), hiw/e, one obtains from Egs. (4) and (5) the following
expression for the photoconductivity:

B 1, (6)

ad Vac
Gph=2GZJn2(vac>e—ﬂ/"(1+ﬂ ) )

o n ho
where v, is the dimensionless amplitude of the radiation-
induced potential modulation. The dashed curves in Fig. 12
show the result of the calculation of the normalized photocon-
ductance as a function of the intensity of radiation according
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to Eq. (7). To calculate the blue, green, and orange curves, we
took B =5, 12, and 15 and assumed that 7 = 120 mW/cm2
corresponds to v, = 1. In agreement with qualitative analy-
sis, the conductance increases with increasing intensity and
the increase is stronger, the higher 8 is. Note that Fig. 12
demonstrates the photoconductance variation normalized to
Gark - Since for the /-V characteristic in the form of Eq. (5) the
dark conductance at Vsp — 0 vanishes, we used, as a value of
the dark conductance, the value of Gy, at v, = 0.1.

While the prediction of the photon-assisted tunneling
model demonstrates that the effect can be substantial [19], the
dependence of the photoconductance AG/Ggqak On the radia-
tion intensity is less steep than in the experiment. Also, at the
maximum intensity / & 150 mW/ cm?, the radiation-induced
electric field estimated neglecting the near-field effects is
around £ ~ 4 V/cm. Assuming that this field results in a
voltage drop over several 100 nm distance, we obtain v, =~
0.1, yielding a weaker photoconductivity variation as com-
pared to the experiment. Better agreement can be achieved by
taking into account that the field in the vicinity of the QPC
is enhanced by the presence of the metallic electrodes since
the field enhancement factor 210 cannot be ruled out in our
structures [17,20-25].

B. Effect of the barrier height variation: Adiabatic approach

An important feature of our system is that besides the direct
action of the x component of the radiation electric field E, on
the electrons, the terahertz radiation also results in a reduction
of the barrier height due to an electric field component E,
normal to the quantum well plane. The latter originates from
the near-field effect caused by diffraction at the spikes of the
metal split gate structure. Indeed, as discussed in Ref. [10],
for a radiation electric field vector aligned parallel to the
SD direction, the resulting field component E, is directed
along the z direction for one-half of the oscillation period
and along the —z direction for the other. This, in turn, leads
to a time-dependent variation of the QPC potential barrier,
which is raised for one-half of the period and lowered for the
other. Qualitatively, the giant photoconductance effect can be
understood within the adiabatic approach, where

OTyy K 1, (8)

where Ty, is the tunneling time. Assuming that the QPC can
be considered as a barrier with height U and width a, we,
following Ref. [26], obtain for the effective tunneling time
(under deep tunneling condition) ty, = a//2U/m*, with m*
being the effective electron mass. The condition (8) thus can
be recast as

how
WTp = Fﬂoa <1, )

where s = /2m*U/h* is the absolute value of the elec-
tron wave vector under the barrier. For U ~ 30 meV and
a ~ 100 A, this condition can be fulfilled in our system [27].
We stress that the electron wave vector k, the electron ve-
locity v = hik/m, and the “classical” time which an electron
spends under the barrier, #;, = f dx/v, where the integration
takes place over the barrier region, are purely imaginary. Here
we follow convenient notations (cf. Ref. [26] and refer to

Refs. [18,28,29]) where various aspects of tunneling in the
presence of radiation and relevant problems are addressed in
more detail.

Under condition (9), we present the tunneling current as

I(t) = GoT (1)Vsp, (10)

where T (t) is the time-dependent transmission coefficient
through the barrier. Physically, the electron traversing the
barrier experiences the momentary value of the barrier height,

U +€‘7ac(t)’ (11)

where V,.(¢) is the barrier potential variation due to the irradi-
ation. Correspondingly, both the transmission coefficient and
tunneling current oscillate with time [26]. We are interested in
the time-averaged value of the current defined as

27 /w

In = I(t)dt. (12)

21 Jo
To determine I, and the photoconductivity in the adiabatic
regime, we use the quasiclassical expression for 7'(¢) in the
form

T(t) = Toexp[—2x(t)a]l = Tyark €XP [_%anV;;(t)} (13)

where we made use of the approximate relation

- eV (t)
x(t) ~ %0[1 + T :|,
and Ty = Tp exp (—23¢a). Equation (13) is valid for weak
modulation of the potential |eV,.| <« U, where the time de-
pendence in the exponent can be taken into account only.
Assuming a harmonic modulation of the potential V,e(t) =
V.. cos wt, we obtain, for the photoconductance,

|€VGC|
Gph = Gyaklo | 200 7 ) (14)

where Iy(z) is the modified Bessel function. We recall that

1+ 2%/4,
IO(Z) ~ {ez/(znz)’

Even if |eV,.|/U « 1, for a sufficiently wide barrier, z =
s9aleV,.|/U can be significant, z > 1, and the photoconduc-
tance increases exponentially with the radiation intensity. The
exponential increase of the conductance in the presence of the
radiation can be understood from simple physical arguments:
Since the transmission coefficient depends exponentially on
the barrier height, its small reduction results in a huge
photoresponse.

The photoconductivity calculated after Eq. (14) and nor-
malized in such a way that at I = 120 mW /cm?, the argument
of the Bessel function equals z = spaleVie| /U = 10, is pre-
sented in Fig. 12 by the red curve. Figure 12 shows that
this model describes the behavior of the experimental data
up to I ~ 80 mW /cm? reasonably well. We attribute further
deviations of the theoretical curve from the experimental
points to saturation effects and inapplicability of Eq. (14) for
sufficiently large field amplitudes. Regarding the particular
values of the effect, z >~ 10 at I ~ 100 mW /cmz, substantial
enhancement of the field in the vicinity of the QPC is required.

7K1

2> 1. (15
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FIG. 13. Gate voltage dependences of the conductance G/Gy
through the QPC without incident terahertz radiation (Ggax/Go,
curve @) and for an incident radiation electric field E || SD with
f = 0.69 THz at different intensities (G, /Gy, curves @ to ®). Curve
@ corresponds to a radiation intensity of / = 10 mW/cm?, ® to 30,
® t0 50, ® to 70, and ® to I = 150 mW /cm?. All data are obtained
atT =4.2K.

It is also possible that the combination of photon-assisted
processes and variation of the barrier height should be taken
into account to describe the giant photoconductance observed
experimentally.

Note that experimentally the photoconductive response of
several orders of magnitude is observed only for the lowest
radiation frequency f = 0.69 THz; see Fig. 7(a). This is in
line with our analysis above: The effect of the variation of
the barrier height is most pronounced in the adiabatic regime
where w1y, is as low as possible. Still, the precise origin
of the suppression of the effect for higher frequencies and
its quantitative description are open questions. Also, possi-
bly, processes of multiphoton absorption in QPCs, which are
accompanied by “scattering” on the barrier and require mo-
mentum conservation, can be important and are expected to
be suppressed for higher frequencies [30].

C. Additional experimental results

The assumption that the effect of the THz radiation is
similar to a reduction of the barrier height is supported by the
measurements of the gate voltage dependences of the QPC
conductance Gp,/Go measured at different intensities of cw
THz radiation including G,k /Gy at zero intensity (i.e., absent
terahertz illumination) presented in Fig. 13. It is seen that
incident terahertz radiation in fact leads to a horizontal shift
of the Gpn/Gy curves (traces @ to ® in Fig. 13) into the range
of higher negative gate voltages compared to the Ggyax/Go
curve (trace @ in Fig. 13). The higher the incident terahertz
radiation intensity, the larger this shift to more negative gate
voltages. Consequently, under THz excitation, larger negative
gate voltages have to be applied to obtain a similar value
of conductance as without incident THz radiation. As seen
in Fig. 13, this shift becomes significant only for applied
gate voltages corresponding to the tunneling regime of the
QPC. In this regime, it can be assumed that equal values of
conductance correspond to equal barrier heights. Thus, the
observed gate voltage shift of the conductance curves under

THz excitation indicates a decrease of the potential barrier due
to the incident radiation field. Assuming that the barrier height
decrease is proportional to the incident terahertz radiation
intensity, we obtain the exponential dependence of the QPC
photoconductance on radiation intensity as observed in the
experiment in the deep tunneling regime.

Importantly, as the analysis in Ref. [10] showed, the E,
component caused by diffraction is almost homogeneous on
the scale of the QPC for an incident field polarized along the
source-drain direction. By contrast, for an incident electric
field oriented normal to the SD direction, the dependence of
the E, component on the spatial coordinate becomes more
complex and has opposite signs for opposite sides of the gate
spikes. Therefore, the barrier is affected by the £, and —E,
components simultaneously and, consequently, the radiation
effect on the barrier height is expected to be weaker [10].
This is in line with the experimental results obtained for a
radiation electric field oriented normal to the source-drain
direction, i.e., parallel to the gate stripes. Figures 3, 4(d), 5(b),
and 7(b) show that under this condition, the photoresponse
in the whole range of the dark conductance is rather small so
that Gpn < 5Gark. Furthermore, its behavior upon variation of
Gark, radiation intensity, and frequency is qualitatively differ-
ent with respect to E oriented parallel to the SD direction. For
large values of Gy, the photoconductive response increases
the QPC conductance and depends linearly on radiation inten-
sity; see inset in Fig. 3. In the deep tunneling regime and at
low intensities, the sign of the photoresponse reverses, so that
under these conditions, irradiation results in a decrease of the
conductance. However, an increase of the radiation intensity
changes the sign of the photoconductance from negative to
positive; see Figs. 4(d) and 5(b). Figure 5(b) furthermore
shows that the dependence of the photoresponse on Gy iS
qualitatively different for a radiation electric field oriented
parallel to the gate stripes. In the E L SD configuration,
the reduction of Gk leads to a nonmonotonic dependence:
the photoconductance first increases, exhibits a maximum,
decreases, and, finally, changes sign; see Fig. 5(b). Here, the
values of Gga at which the sign inversion takes place reduce
upon increase of the radiation intensity. Besides the difference
in the intensity and Gy, dependences, we also observed that
while for E || SD the incident radiation results in a drastic
increase of the signal amplitude (by four orders of magnitude),
for the E L SD configuration the amplitude of the signal does
not change much upon variation of the frequency; see Fig. 7.
Here, however, we observed that the increase of frequency
results in the change of sign of the photoconductance. We
attribute this behavior to electron gas heating resulting, at low
intensities, in the decrease of the carrier’s mobility (negative p
photoconductivity caused by scattering on phonons [23]), and,
at high intensities, in an increase of the tunneling probability.
For more details on this mechanism, see Refs. [9,10]. A more
detailed discussion of these effects is out of the scope of the
present paper, which is focused on giant THz photoconductiv-
ity in the deep tunneling regime.

Finally, we discuss the effect of an external magnetic
field on the photoconductance, in particular, the observed
magnetoresonance. Figure 8 reveals that for magnetic fields
B <1 T, the normalized photoresponse Gpn/Go is almost
independent of the magnetic field B,. At higher magnetic

205304-10



HIGHLY SUPERLINEAR GIANT TERAHERTZ ...

PHYSICAL REVIEW B 104, 205304 (2021)

fields, however, we observed that already at B ~ 1.4 T, the
photosignal Gy, /Gy, measured for a QPC dark conductance
in the tunneling regime, reduces by one order of magnitude
or even more as compared to that measured at zero mag-
netic field [31]; see Fig. 8. The observed decrease of the
photoresponse at moderate magnetic fields can be explained
by the magnetic-field-induced suppression of the tunneling
current. Such suppression has previously been detected for
both terahertz [32,33] and static [34] electric fields [32-34].
This effect is related to the winding of the electron trajectory
in the magnetic field [32-36]. Quantum mechanically, it was
explained by the increase of the tunneling time for magnetic
fields applied perpendicular to the electron velocity v,. The
fact that a magnetic field oriented along the SD direction (B ||
vy) does not affect the photoresponse [see Fig. 9(a)] supports
this mechanism.

Apart from the monotonous reduction of the photore-
sponse detected at high negative gate voltages, we additionally
observed a magnetoresonance, particularly pronounced at
moderate values of the gate voltage; see Figs. 8, 14, and 16.
Under these conditions, we detected a sharp dip in the pho-
toresponse, whose position (B = 1.76 T) corresponds to the
cyclotron resonance of electrons in the GaAs two-dimensional
system [37—41]. Note that in these references, other THz laser
lines were used and comparison was obtained recalculating
Bcr o f. For CR in transmission in similar QW structures,
see Ref. [42]. This fact reveals that the origin of the resonance
is the cyclotron motion of free carriers in the two-dimensional
electron gas, which localizes/traps the carriers and therefore
reduces the tunneling current.

V. SUMMARY

In summary, our observations show that the electric field
of terahertz radiation oriented along the source-drain direction
drastically affects dc tunneling in quantum point contacts. The
observed exponential dependence of the photoconductance
on the radiation intensity is analyzed in the framework of
two models: (i) photon-assisted tunneling and (ii) tunneling
through a barrier with time-dependent height. The analysis
shows that the effect is most likely caused by the modification
of the tunnel barrier, which for one-half of the period of the
electromagnetic wave results in the giant enhancement of the
tunneling current through the QPC. The strongest nonlinearity
and highest amplitude of photoconductance up to four orders
of magnitude is detected in the deep tunneling regime with
the normalized dark conductance Ggak/Go =~ 107° for the
highest intensities used in this work, / =~ 130 mW/cmz. An
increase of Ggy,x, obtained by a reduction of the magnitude
of the negative gate voltages, greatly reduces the radiation-
induced change of the conductance AG. Furthermore, under
these conditions, the signal scales almost linearly with radia-
tion intensity.

For a radiation electric field oriented perpendicular to
the source-drain direction, the photoconductance effect is
less striking: it has significantly smaller magnitude, can
be positive as well as negative, and exhibits a different
dependence on dark conductivity and intensity. For this po-
larization orientation, the photoconductance is attributed to
THz radiation-induced electron gas heating resulting in the
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FIG. 14. Normalized photoresponse Gy, /Ggar (B) With respect to
the magnetic field obtained at 7 = 4.2 K and f = 0.69 THz plotted
in a semilogarithmic scaling. The curves are obtained for a radiation
electric field vector E parallel to the source-drain direction at differ-
ent values of the dark conductance at zero magnetic field Gy (0).
Curve @ corresponds to Gy (0) = 1.35 Gy, curve @ to Gy (0) =
9.7 x 107" Gy, curve ® to0 Gy (0) = 4.3 x 107! Gy, curve @ to
Gaa(0) = 1.7 x 107! Gy, curve ® to Gy (0) = 5.2 x 1073 Gy,
curve ® t0 Gaui (0) = 2.0 x 1072 Gy, curve @ t0 Gyuxc (0) = 6.3 X
1074 Gy, curve ® to Gy (0) = 3.9 x 107 Gy, and curve @ to
Gak (0) = 4.8 x 107° Gy. Note that all curves except @ are multi-
plied by constant factors for better visibility. Curve @ is multiplied
by 2, ® by 3, ® by 5, ® by 5, ® by 10, @ by 30, ® by 200, and
® by 1000. The upper left inset additionally shows the low-field part
of the photoconductance AG/Gy,y for traces ® and @ in a double
linear presentation. Note that curve ® is multiplied by a factor of 50
for better comparability. In the upper-right inset, the high-field part
of the magnetodependence of AG/G . is presented for traces ® and
®. The dashed lines in the main panel and the right inset indicate the
position of the magnetoresonance at Bcg = 1.76 T.

stimulation of tunneling as well as in the change of the carrier
mobility. Additional experiments demonstrated that the pho-
toconductance caused by the enhancement of the tunneling
current can be quenched by an external magnetic field oriented
perpendicular to the source-drain direction and QW plane.
The effect is shown to be caused by the Lorentz force acting
on moving electrons and, most strikingly, manifests itself in
the complete quenching of the photoconductance under con-
ditions of cyclotron resonance.

Overall, our experiments and theoretical analysis demon-
strate the importance of the local modification of the
electromagnetic field of the incident THz radiation by the
split gate QPC structure. This modification gives rise to a
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FIG. 15. Dark conductance Gy /Gy With respect to the out-of-
plane magnetic field measured at 7 = 4.2 K and Vsp = 0.9mV for
different applied gate voltages. Curve @ is obtained at V, = 0, @ at
Ve =—1780mV,®atV, = —1900mV, @ at V, = —1940mV, ® at
V, = —1987mV, ® atV, = —1990mV, @ at V, = —2019mV, ® at
V, = —2104mV, and ® at V, = —2140mV.

giant, polarization-dependent, photo-induced change of the
conductance by several orders of magnitude.
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APPENDIX: MAGNETORESPONSE

In the main text, we demonstrated that for the QPC in
the tunneling regime and B || SD direction, the photocon-
ductance Gy, normalized on Gy is almost independent of
the magnetic field for B < 1 T, substantially decreases for
higher B fields, and exhibits a sharp resonant dip at B = 1.76
T; see Fig. 8. By replotting these data with normalization
on Gyuk(B), we found that with this data presentation, the
normalized photoconductance drastically decreases already at
very small magnetic fields; see Fig. 14 curves @ to ®. This
drastic difference in the magnetic field dependence of Gy /Go
and Gpn/Ggak (B) is caused by a steep increase of the dark
conductance Gk in the magnetic field, shown in Fig. 15.
Here, the magnetic field dependence of the dark conductance
Gyark/Go obtained for a source-drain voltage Vsp = 0.9 mV
is shown for different applied gate voltages. The qualita-
tive behavior of Gy, strongly depends on the gate voltage
applied to the QPC structure. Whereas for highly negative
applied V, corresponding to the deep tunneling regime, Ggark

b
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£=0.69 THz ( £=0.69 THz (
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FIG. 16. (a) Zoom of the magnetic field dependences of the
normalized photoconductance AG/Ggq (B) around the resonant dip
at Bcg = 1.76 T. The curves are obtained for different values of
the dark conductance at zero field Ggu (0), where trace © corre-
sponds t0 Gy (0) = 1.3 Gy, @ to Gy (0) = 1.7 x 107! Gy, @ to
G (0) = 1.3 x 1071 Gy, @ to Gy (0) = 2.3 x 1072 Gy, and ® to
Gaarc(0) = 5.2 x 1073 G,. The dip amplitude A at Bcg = 1.76 T has
been extracted for several curves as sketched in (a) and plotted with
respect to Ggax (0) in (b). Note that the solid line represents a guide
for the eye. (c),(d) Comparisons of the magnetic field dependences of
the photoconductance AG/Gyux(B) for an out-of-plane orientation
of the magnetic field (B || z) and a field oriented parallel to the radia-
tion electric field vector (B || E || x). The data in (c) were obtained at
a zero-field dark conductance of Gyuy (0) = 5.2 x 1073 Gy, whereas
the data in (d) correspond to G, (0) = 2.3 x 1072 G,.

surprisingly increases considerably with the increase of the
magnetic field strength for B < 1T (curves @ to @), for
zero or small negative values of V, (curves @ to @), the
dark conductance becomes almost independent of B in the
region of low magnetic fields. Note that at the lowest values
of dark conductance used in our experiments, rather small
magnetic fields of about 0.5 T result in the increase of Gy
by about two orders of magnitude; see curve @ in Fig. 15. We
attract attention to the fact that for magnetic fields above 1 T,
the dark conductance becomes independent of the magnetic
field, nevertheless having different values for different gate
voltages. The origin of the increase of the dark conductance at
low magnetic fields is unclear and requires further study.
Finally, for completeness, we replot the data of Figs. 8
and 14 using normalization of the photoconductance on the
dark conductance, AG/Gg.k(B); see Fig. 16. Note that the
resonance of the photosignal at B = 1.76T is clearly visible
for all kinds of data normalization. Figure 16(a) presents a
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zoom of the magnetic field dependence of the normalized pho-
toconductance AG/Ggqk(B) in the vicinity of the resonance.
At the resonant magnetic field, the photoconductive signal is
suppressed by almost 20 times for Gaa (0) = 5.2 x 1073 Gy;
see curve ® in Fig. 16(a). Extraction of the dip amplitude
A as sketched in the inset of Fig. 16(a) shows that it has a
nonmonotonic dependence on the dark conductance: with the
dark conductance decrease, the dip amplitude first increases,

achieves a maximum at Ggus./Go & 1072, and then decreases
to zero for the lowest values of the dark conductance; see
Fig. 16(b). The resonant and nonresonant suppression of the
photoconductance AG/Gyyx under application of external
magnetic fields is only detected for fields oriented along the z
direction and is absent for a magnetic field orientation parallel
to the radiation electric field vector (B || E || x), as demon-
strated in Figs. 16(c) and 16(d).
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