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Radiation induced magnetoresistance oscillations are well known and readily observable in the
high quality 2D electron system. Here, we report un-expected photo-excited transport, under a
low carrier density, low mobility condition, in the high quality GaAs/AlGaAs devices that exhibit

the above mentioned oscillations.

This study reveals enhanced non-resonant magnetoresistance

as well as novel microwave resonance that appear unrelated to the above mentioned radiation-
induced magnetoresistance oscillations. The positions of the resonance along the B-axis depends
on the microwave power, the microwave frequency, and the direction of sweep of the magnetic
field, as the photo-excited diagonal resistance is prominently enhanced over the dark value. Most
remarkably, the observed microwave-induced resonance becomes unobservable below a characteristic
cutoff frequency. These features suggest a bulk magnetoplasmon origin for the observed resonances.
A picture including bottlenecks in transport within the 2DES and microwave modified tunneling at
bottlenecks is suggested to help understand some aspects of experiment.

The GaAs/AlGaAs semiconductor heterostructure
system continues to be a preferred testbed for study-
ing novel physical phenomena in 2D electron systems|!]
because continuing technological advances in material
preparation now routinely make possible a carrier mo-
bility well beyond the u = 107c¢m?/Vs range. In such
high mobility material, the mean free path of carri-
ers can approach the millimeter range due to the re-
duced role for impurity scattering, thereby providing for
the possibility of observing size effects even in macro-
scopic specimens at liquid helium temperatures.[2] A
characteristic of such high quality GaAs/AlGaAs 2D
electron systems turns out to be a remarkable sensitiv-
ity of magnetotransport at liquid helium temperatures
to photo-excitation, particularly photo-excitation from
the microwave, mm-wave, and terahertz bands of the
electromagnetic wave spectrum,[3—31] an area of inter-
est also from the radiation-sensing perspective.[13] Here,
the study of the radiation-induced zero-resistance states
showed that the dark resistance observed in the ab-
sence of a magnetic field could be switched off in a
small magnetic field, say B < 1T, with modest inten-
sity photo-excitation about characteristic magnetic fields
B = (4/4j + 1)By, where By = 2wfm*/e, j = 1,2,3...,
f is the radiation frequency lying in the microwave to
terahertz bands, m* is an effective mass, and e is the
electron charge, as ”1/4-cycle shifted” B~!-periodic os-
cillations in the diagonal and off-diagonal resistances fol-
low R ~ exp(—a/B)sin(2rnBy/B).[3] The B~!-periodic
oscillations could be understood through a number of
theoretical approaches[32—16] including the (a) the scat-
tering of electrons by phonons and impurities between
Landau levels or the displacement model,] ], (b)
mechanisms based on the periodic motion of electron
orbit centers under photoexcitation, or the radiation-
driven electron orbit model,[38, 40] (c¢) consideration of
the change of the distribution function under photo-

excitation, or the in-elastic model,[36] (d) A synchro-
nization theory where magnetoresistance oscillations are
generated at high harmonics w/w. = j > 1 by collisions
with a sharp boundary or isolated impurities, and where
zero-resistance states appear at the observed values as
the electron cyclotron phase becomes synchronized with
the microwave phase.[42, 43] and (e) the recollision of
cyclotron electrons from scattering centers.[45]

In addition to the above mentioned sensitivity to
microwaves, mm-waves, and terahertz radiation, the
GaAs/AlGaAs system also exhibits a sensitivity to visible
and infrared light, given that GaAs is a direct gap semi-
conductor with a bandgap Fg = 1.44ev (corresponding
to a wavelength A = 844nm) at room temperature. In-
deed, a persistent photoconductivity effect is often used
to prepare the above mentioned specimens to a high mo-
bility condition;[47] the preparation involves briefly ex-
posing the specimen to photo-excitation from a red LED,
which increases both the low temperature mobility and
carrier density. It turns out that, for the MBE material
examined here, storing the Hall bar specimens in the dark
within a warm cryostat for several days serves to reduce
the carrier density well below the values observed in spec-
imens stored under ambient conditions. Here, we report
an experimental investigation of magnetotransport under
microwave photoexcitation in such rarely-examined dark-
stored high quality specimens. Remarkably, such spec-
imens exhibit profound sensitivity to microwave photo-
excitation and the specimen response turns out to be very
different to their above-mentioned standard response in
the high mobility, high density condition. A character-
istic feature observed here in the low mobility, low den-
sity condition is that the microwave photo-excited diag-
onal resistance is prominently enhanced over the dark
value. In addition, the magnetotransport reveals mi-
crowave resonances that appear unrelated to the above
mentioned radiation-induced magnetoresistance oscilla-
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FIG. 1: (a) The dark and photoexcited diagonal resistance
R,z in a GaAs/AlGaAs heterostructure in the high mobility
(14.5x10%em?/V's), high carrier density (n = 2.3x10*em™2)
condition. The red (blue) traces correspond to the upsweep
(downsweep) conditions. (b) The photo-excited traces of
R, in the low mobility (5.6 x 10°cm?/Vs), low density
(n = 1.34 x 10**em™?) condition. Notice the large hysteresis
effect. The photo-excited traces in both (a) and (b) were ob-
tained with f = 44GHz photo-excitation. By = 2w fm”* /e is
the characteristics field for the radiation-induced magnetore-
sistance oscillations. Note that in (a) a By lies next to a node
in the radiation-induced magnetoresistance oscillations.

tions. The positions of the resonance along the B-axis de-
pends on the direction of sweep of the magnetic field, the
microwave power, and the microwave frequency. Further,
this microwave induced resonance becomes unobservable
below a characteristic cutoff frequency. These reported
features appear consistent with a bulk magnetoplasmon
effect [48-51] for the resonance phenomena. The origin
of the non-resonant enhanced photo-magneto-resistance
and hysteretic effects remains to be clarified.

Devices were fabricated from GaAs/AlGaAs single het-
erojunctions with the 2DES buried 320nm below the top
surface. A TOnm spacer layer separated the 2DES from

the Si doping layer, which was followed by 240nm of Al-
GaAs spacer layer and a 10nm GaAs cap layer. These
GaAs/AlGaAs heterostructures were patterned into Hall
bar devices[52, 53] with a width W = 200um by pho-
tolithography. These devices were loaded onto a waveg-
uide sample holder with a cutoff frequency of ~ 15 GHz
and inserted into a liquid helium cryostat to place the
specimen at the center of a superconducting solenoid
magnet. The samples were immersed in liquid helium
for all the reported measurements. Magnetotransport
measurements were performed using low frequency lock-
in techniques, in order to obtain the diagonal resistance
R, vs. the magnetic field. The linearly polarized photo-
excitation was produced, over the 30-50 GHz frequency
band, using commercially available synthesizers. A 6x
multiplier mm-wave module served to provide radiation
between 65-110 GHz.

Figure 1(a) shows the dark and photo-excited magne-
totransport characteristics in the high mobiity, u, high
density, n, condition obtained exploiting the persistent
photoconductivity effect in a GaAs/AlGaAs heterostruc-
ture. Here, n = 2.3 x 10"em=2/Vs and p = 14.5 x
10%¢m?/Vs. The dark traces, shown for the up-sweep
and down-sweep conditions exhibits mostly positive mag-
netoresistance above B = 0.020 T along with Shubnikov-
de Haas oscillations above B = 0.15T at T' = 1.5 K.
Photo-excitation of the specimen with f = 44 GHz ra-
diation induces the radiation-induced magnetoresistance
oscillations with extrema that fall above- and below- the
dark curve. For f = 44GHz, By ~ 0.11T is marked in
Fig. 1(a). Notice that By falls near a node, where the
dark curves intersect the photo-excited traces, in the ra-
diation - induced magnetoresistance oscillations. In sum,
these results represent standard magnetotransport char-
acteristics of the high mobility, high density condition,
which have been well known for quite some time now.[3]

After the measurements shown above were carried out,
the cryostat with the sample within it, was allowed to
warm up, in the dark, to room temperature, and main-
tained in that condition for several days. Subsequently,
the cryostat and sample were re-cooled down to lig-
uid helium temperatures for the next set of measure-
ments, without any photo-excitation with visible radi-
ation. Figure 1(b) shows measurements carried out with
the specimen now exhibiting n = 1.34 x 10''em ™2 and
i =5.6x10%m?/Vs with f = 44 GHz photo-excitation
at T = 1.5K. The figures shows dissimilar R, traces on
the up-sweep (red) and down-sweep (blue) of the mag-
netic field. Further, a large sharp peak is observable on
the down-sweep as a broader peak is observable on the
up-sweep. The peaks in R, on the upsweep and down
sweep do not occur at the same value of the magnetic
field. Indeed, the observed magnetoresistance character-
istics in the low-density, low mobility condition (Fig. 1(b)
bear hardly any resemblance to the features observed in
the same specimen in the high density, mobility condi-
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FIG. 2: (a) The dark and photo-excited magnetoresistance
traces with f = 45 GHz photo-excitation. Note the hysteresis
in the photo-excited Ry, traces. (b) This panel demonstrates
reproducibility in the hysteresis observed in the photo-excited
Rz traces at f = 45 GHz.

tion (Fig. 1(a)). Yet, Shubnikov-de Haas oscillations are
observed to roughly the same low B value (= 0.2 Tesla)
in the two cases, which testifies to the quality of the spec-
imen even in the low mobility condition (Fig. 1(b)).

Figure 2(a) shows dark and photo-excited magnetore-
sistance traces at f = 45GHz. Here, the photo-excited
magnetoresistance traces lie above the dark traces, espe-
cially on the down-sweep of the magnetic field. Further,
the observable sweep direction dependent hysteresis is
pronounced in the photo-excited traces, while the dark
traces look normal. Fig. 2(b) shows that repeating the
measurements in the photo-excited condition produces
the same curves, confirming reproducibility of the ob-
served effect.

Figure 3 compares the specimen response in the low
mobility, low density condition at two different mi-
crowave frequencies, f = 35 GHz, exhibited in Fig. 3(a)
and f = 68 GHz exhibited in Fig. 3(b), along with their
associated dark traces. These panels show a sensitivity
of the peak locations in B on the microwave frequency, f,
with the peak shifting to higher B with increasing f. In
addition, these data confirm that the photo-excited mag-
netoresistance generally exceeds the dark magnetoresis-
tance at different f.
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FIG. 3: (a) The dark and photo-excited magnetoresistance
traces with f = 35 GHz photo-excitation. (b) The dark
and photo-excited magnetoresistance traces with f = 68 GHz
photo-excitation. Note that the dark traces lie well below the
photo-excited traces. Further, substantial hysteresis appears
in R;; under photo-excitation.

Figure 4 examines the evolution of the observed res-
onance in the photo-excited R;, as a function of the
microwave power at 43.5 GHz. Fig 4(a) shows the up-
sweep and down-sweep magnetoresistance traces with mi-
crowave source power P = 3.16mW. Note once again the
the resonance peak on the down-sweep trace is sharper
than the resonance peak on the up-sweep trace. As a con-
sequence, we exhibit the down-sweep traces at a number
of source power levels in Fig. 4(b), with the traces off-
set vertically with respect to each other for the sake of
clarity. Fig. (b) shows that the resonance peak ampli-
tude increases with microwave power. In addition, un-
expectedly, the peak position shifts to higher magnetic
field with increasing P. The peak positions in B, which
are marked with a vertical line segment in Fig. 4(b),
are plotted as a function of P in Fig. 4(c). This fig-
ure shows that the peaks shift to higher B monotonically
and non-linearly with increasing P. A fit of the data



points is given by the red line in Fig. 4(c). This fit,
B(T) = 0.0428T + 0.019P%5(mW)%5, suggests that the
down sweep resonance peak shifts as the square root of
the power. Since the microwave power P o E?, these
results suggest that the resonance position varies propor-
tionately to the magnitude of the microwave electric field.
This observed sensitivity to the source microwave power,
shown in Fig. 4(b) and (c¢) complicates the compari-
son of measurements at different microwave frequencies
since the coupling of microwave radiation to the speci-
men, via the waveguide, is not the same at all f. To make
the comparison possible, we carried out power dependent
measurements at various f, as in Fig. 4(b), then fit the
observed resonance field position vs. P as in Fig. 4(c),
and extracted the P — 0 value of the resonance field. In
Fig. 4(c), for example, this value would be B = 0.04287".

In Figure 5, we plot the resonance field values, as
symbols, for P — 0, at different f. In addition, we
have fit the data points with an empirical fit, B =
1.7 x 1073(f(GHz)? — 35.12)1/2. The salient features
conveyed by this graph are: (a) the resonance field po-
sition drops to zero at about f = 35.1 GHz. This im-
plies resonances should not be observable under photo-
excitation at f < 35.1 GHz. Indeed, measurements con-
firmed the absence of such microwave induced resonance
below 35 GHz. (b) The P — 0 resonance field increases
non-linearly with f as (f2 — 35.12)/2.

Discussion and Summary

2D electrons subjected to a plane perpendicular mag-
netic exhibit circular cyclotron motion perpendicular to
the magnetic field in response to the Lorentz force. The
angular frequency of this motion is w, = 27 f. = ¢B/m*,
and it is independent of the radius of the electron orbit
and the electron velocity. When a circularly polarized
electric field at frequency f, is applied at the electron
cyclotron frequency, i.e., 2nf = w., with the same sense
of rotation as the electron orbit, there is cyclotron reso-
nance. The cyclotron resonance magnetic field is nomi-
nally B. = By = 2rnfm* /e defined earlier, if one identi-
fies the effective mass entering into that By expression as
the cyclotron effective mass. At f = 44 GHz, B, =~ 0.11
T. For cyclotron resonance, one expects the resonances
to shift to higher B linearly with the f, unlike what is
observed in Fig. 4(c).

2D electron systems also support bulk plasmons -
collective electron oscillations, at a frequency f, =

(1/2m)( %k‘), where n is electron density, e is

electron charge, e.r¢ = 6.9 is the effective GaAs dielec-
tric constant,[18] €, is permittivity of free space, m* is
effective mass, and k is the plasmon wave vector. For
plasmon confinement within a strip of width W, the plas-
mon wavevector for the lowest mode: k ~ 7/ W, where
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FIG. 4: (a) The photo-excited magnetoresistance Rgr un-
der f = 43.5 GHz photo-excitation. (b) The down-sweep
photo-excited magnetoresistance under f = 43.5GHz photo-
excitation at various radiation source-power (P) levels as
shown. Notice that the largest peak in R, shifts to higher
magnetic field with increased power, P. (c) This panel shows
the position of the largest peak in Ry, in (b) as a funciton
of P. The peak shifts approximately as P%°, as indicated by
the fit line.

width of sample, W, equals half the plasmon wavelength.
[48—51] This bulk plasmon can hybridize with cyclotron
resonance to yield the magnetoplasmon. The magne-
toplasmon frequency, frp(B) = /(fe)? + (f»(B =0))2.
By inserting f. = ¢B/(2mm*) into this expression, one
obtains that the magneto-plasmon resonance field is B =
(2mm*[e)(f2,— V2] ] Upon comparing with the
fit equation of Fig. 5, Br = 1.7 x 1073(f(GHz2)? —
35.12)1/ 2. it appears that the observed resonance fre-
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FIG. 5: The vanishing power, i.e., P — 0, resonance peak
positions, see Fig. 4(c), is exhibited as a function of the ra-
diation frequency, f. Note that the fit curve, shown in red,
intercepts the abscissa at B ~ 35 GHz.

quencies in the P — 0 limit follow expectations for the
magnetoplasmon resonance in the GaAs/AlGaAs spec-
imen. In particular, one might identify the abscissa-
intercept, f = 35.1 GHz with the experimentally ob-
served plasmon frequency, f;*7. The observed value
here may be compared with theoretical expectations ﬁ,h

= (1/2n)(y/ 5= —k) = 43.4 GHz for n = 1.34 x

2ecffEom*

10"em™2, and W = 0.2 x 107* m. That is, the mea-
sured f7*P = 35.1 GHz agrees within 20% of expected
plasmon frequency, f;h. Similarly, one might compare
the observed prefactor, 1.7 x 1072 T/GHz in the fit equa-
tion Br = 1.7 x 1073(f(GHz)? — 35.12)'/2, with ex-
pectations for the same from theory, where the prefac-
tor should equal (2rm*/e) in units of T/Hz. It turns
out that (2rm*/e) = 2.39 x 10712T/Hz = 2.39 x 1073
T/GHz, for m*/m = 0.067. Thus, the measured pre-
factor, 1.7 x 1073 T/GHz, agrees within 28% of the ex-
pected value, 2.39 x 1072 T/GHz. These features suggest
that the observed dispersion in Fig. 5 signifies a role for
the magnetoplasmon in the observed resonances, see Fig.
1(b) - Fig. 4.

There are, however, features in the experiment that
require additional explanation. For example, there is a
large non-resonant- in addition to the resonant- enhace-
ment of the diagnal resistance under photo-excitation in
comparison to the dark curves (see Fig. 3). Since p =
5 x 10%¢m?/V's (see Fig. 1(b)) and, therefore, uB > 1
over the examined B-range, the observed enhanced R,
under photo-excitation corresponds to enhanced magne-
toconductance, per standard interpretation. To under-
stand such an enhanced magnetoconductance, we recall
results from STM studies of tunneling in nano-junctions
under microwave photo-excitation.[54] Such experiments
showed that microwave photo-excitation of a tunnel junc-

tion can modify the tunneling current across the junction
at a fixed voltage bias (as a consequence of a rectifica-
tion of the applied alternating microwave electric field),
signifying a modification in the tunneling conductance.
Indeed, the modification in the tunneling current turned
out to be a function of the microwave voltage or electric
field across the junction.[54] If the GaAs/AlGaAs spec-
imens under investigation here include lateral transport
bottlenecks within the 2DES system (due to increased
disorder at the examined lower carrier density),[55] one
might extend that picture to this case here by suggest-
ing that the tunneling conductance at such bottlenecks is
increased by the microwave photo-excitation, leading to
enhanced non-resonant magnetoconductance and mag-
netoresistance under photo-excitation. It could be that
under magnetoplasmon resonance, the tunneling conduc-
tance at these bottlenecks is resonantly further enhanced,
leading to a large magnetoplasmon resistance peak, as
the plasmon ramifies across the specimen. Note that the
magnetoresistance data exhibit large hysteresis effects,
see Fig. 1(b). There is also the power dependence in
the positions of the resonances, see Fig. 4(b). Exper-
iment also suggests the existence of a time constant in
the problem, see Fig. 6. In Fig. 6, it can be seen that
the magnitude of the hysteresis between the up-sweep
and down-sweep traces depends on the sweep rate. Also,
the peak positions depend on the sweep rate. The post-
peak drop in the resistance on the upsweep traces clearly
suggest an RC' type time constant in the problem. Per-
haps, such a time constant should be associated with a
charging effect. All the observed features taken together
point to the possible existence of such transport bot-
tlenecks, which are perhaps defined by charged defects,
with tunneling at these bottlenecks sensitively depend-
ing upon the microwave electric field. Perhaps increasing
the photo-excitation somehow even increases the effective
density locally in the area of the defects, leading to a shift
in the observed magnetoplasma frequency with the mi-
crowave power, and the observations shown in Fig. 4(b).
There are theoretical studies which suggest that intense
microwave excitation leads to the trapping of carriers in
the vicinity of defects.[43, 45] Perhaps such ideas merit
consideration in the explanation of these experimental
observations.

In summary, photo-excited transport in the high qual-
ity, low density, low mobility GaAs/AlGaAs specimen
under microwave photo-excitation reveals a non-resonant
diagonal resistance enhancement in addition to what ap-
pears to be a new sort of microwave induced resonance,
one which distinctly differs from the microwave radiation
induced magneto-resistance oscillations[3, 4] observed in
the same specimens under the high density, high mobil-
ity conditions. Various features in the resonant aspects of
the phenomena, such as the observed dispersion, see Fig.
5, strongly correlate with a magnetoplasmon origin.[48—

| At the same time, other features suggest a role for
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FIG. 6: This figure shows the diagonal magnetoresistance,
R,z vs. B at B-sweep rates: (top) 0.0027 T/s, (center) 0.0020
T/s, and (bottom) 0.0010 T/s. Note that the shift in the lo-
cations of the major peak on the up-sweep and down-sweep
traces is sensitive to the sweep rate. In addition, the magni-
tude of the hysteresis between the up-sweep and down-sweep
traces depends also on the sweep rate. In these experiments,
the hold time at B = 0.3T was the same for all three mea-
surements.

charging, perhaps at defects, which remains to be better
understood.
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