ISSN 0021-3640, JETP Letters, 2019, Vol. 110, No. 10, pp. 672—676. © Pleiades Publishing, Inc., 2019.
Russian Text © The Author(s), 2019, published in Pis’ma v Zhurnal Eksperimental’noi i Teoreticheskoi Fiziki, 2019, Vol. 110, No. 10, pp. 671—676.

CONDENSED

MATTER

Microwave-Induced Magneto-Intersubband Scattering
in a Square Lattice of Antidots

A. A. Bykov~» *, 1. S. Strygin®?%, A. V. Goran?®, E. E. Rodyakina®*, D. V. Nomokonov*,
I. V. Marchishin?, S. Abedi¢, and S. A. Vitkalov*
¢ Rzhanov Institute of Semiconductor Physics, Siberian Branch, Russian Academy of Sciences, Novosibirsk, 630090 Russia
b Novosibirsk State University, Novosibirsk, 630090 Russia
¢ Physics Department, City College of the City University of New York, NY 10031, USA
*e-mail: bykov@isp.nsc.ru
Received October 9, 2019; revised October 9, 2019; accepted October 9, 2019

The effect of microwave radiation on low-temperature electron magnetotransport in a square antidot lattice
with a period of d = 0.8 um based on a GaAs quantum well with two occupied energy subbands E; and FE, is
investigated. It is shown that, owing to a significant difference between the electron densities in the subbands,
commensurability oscillations of the resistance in the investigated antidot lattice are observed only for the first
subband. It is found that microwave irradiation under the cyclotron resonance condition results in the forma-
tion of resistance oscillations periodic in the inverse magnetic field against the background of the main com-
mensurability peak. It is established that the period of these oscillations corresponds to the period of mag-
neto-intersubband oscillations. The observed effect is explained by the increase in the rate of intersubband
scattering caused by the difference between the electron heating efficiencies in the subbands F; and Ej.
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The effect of microwave radiation on the transport
of a two-dimensional (2D) electron gas in antidot lat-
tices based on GaAs quantum wells with one occupied
energy subband E;, has been studied since these low-
dimensional systems were first fabricated [1—3]. The
surge of interest in this field of research in the past
decade was initiated by the discovery of microwave-
induced resistance oscillations (MIRO) in the 2D
electron gas at large filling factors [4—6]. The period of
these oscillations is determined by the ratio of the cir-
cular frequency ® of microwave radiation to the cyclo-
tron frequency ®, = eB/m* (where B is the magnetic
field and m* is the electron effective mass); for this
reason, these resistance oscillations are often called
o/, oscillations. Recently, ®w/w, oscillations were
observed in one-dimensional lateral superlattices [7,
8]. It was shown in these studies that, much as in the
case of a “shallow” triangular lattice of antidots [3],
geometric commensurability resonances of the resis-

tance and @/, oscillations coexist.

When the second energy subband F, in the quan-
tum well becomes occupied, the resistance p,, is
determined by the total concentration ny = #, + n, of

electrons in the subbands and two series of Shub-
nikov—de Haas (SdH) oscillations will appear in the

p.(B) dependence. Transport in a two-subband sys-
tem is determined both by electron scattering pro-

cesses within each of the subbands separately and by
intersubband scattering [9—13]. The most striking
manifestation of intersubband scattering is magneto-
intersubband (MIS) resistance oscillations, whose
period and amplitude are determined by the expres-
sions

E, - E, = kho,, (D

and

Apmiso/Po = AMISOxi/IISO cos(2mA, /hm,), (2)

respectively. Here, E, and E, are the energies of the
bottoms of the first and second subbands, respectively;

k is a positive integer; py, =p(B =0); Avso =
27,./7,,, where 1, and 71, are the transport and inter-
subband scattering times, respectively; Ayso = MAss
where A, = exp(-m/®.1,;) and A, = exp(-T/0.T,,)
are the Dingle factors in the first and second subbands,

respectively, where 1,, and 1., are the quantum life-
MISO
exp(—TC/O)C‘Cq )a

2’“50 — 2Tq]Tq2/(qu + ’[:q2); and Al2 = (E2 - El)

ql
times in these subbands; Ay 5o =

where T

To date, w/m, oscillations have been observed in
both single- and two-band electron systems [14—16].
A distinct feature of the microwave photoresistance of
a two-band electron system, as compared to a single-
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Fig. 1. (Color online) (a) Potential profile of the bottom of
the conduction band at the I" point and the wavefunctions

Y,(z) and ¥,(z) of the symmetric and antisymmetric
energy states, respectively, in a GaAs quantum well con-
fined by AlAs/GaAs barriers. Arrows indicate the loca-
tions of d-doped layers in the barriers. (b) Z-coordinate

dependences of Ur, E, E,, and Eg.

band system, is interference between w/®, resistance
oscillations and MIS oscillations [15]. Here, we pres-
ent the first results of experimental studies of the
microwave photoresistance of the two-band electron
system in a square antidot lattice based on a single
GaAs quantum well with two occupied energy sub-
bands. The main goal of this study was to establish the
role of intersubband scattering in the microwave pho-
toresistance of a quasi-two-dimensional electron gas
in the square lattice of antidots in classically strong
magnetic fields.

The original heterostructure was a single 26-nm-
wide GaAs quantum well confined by AlAs/GaAs
superlattice barriers [17—19]. The results of self-con-
sistent calculations of electron wavefunctions for the
first two energy subbands in the GaAs quantum well
and the band diagram of the heterostructure are pre-
sented in Fig. 1. The energy splitting A, = E, — E|
obtained from these calculations is about 13.2 meV.
The GaAs quantum well was populated with charge
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carriers by doping. Single layers 6 doped with silicon
were introduced on both sides of the quantum well at
a distance of 29.4 nm from its edges. The distance
from the center of the quantum well to the planar sur-
face of the structure was 117.7 nm. The heterostructure
was grown by molecular beam epitaxy on a GaAs (100)
substrate.

The measurements were carried out on bars with a
width of W= 50 um and a length of L = 100 um fabri-
cated by optical photolithography and wet etching. A
simplified layout of the sample is shown in the inset of
Fig. 2a. The sample consists of two bars, with a square
lattice of antidots formed on one of them. The lattice
period and the diameter of the antidots were d =
800 nm and a = 200 nm, respectively. The lattice was
fabricated by electron-beam lithography and dry etch-
ing. The experiments were carried out at a temperature
of T=4.2 K in magnetic fields B < 2 T. The resistance
of the samples was measured using an alternating cur-
rent with a frequency of 762 Hz whose magnitude did
not exceed 10~¢ A. The electron density and mobility

in the original heterostructure were n ~ 8.1x 10" m=2
and u = 73 m?/(V s), respectively. Microwave radia-
tion was delivered to the sample through a circular
waveguide with a diameter of 6 mm. The sample was
located at a distance of a few millimeters from the
open end of the waveguide.

Figure 2a shows the dependence of the resistance

R,; on the magnetic field B measured for the reference
bar at a temperature of 7= 4.2 K. Magneto-intersub-
band oscillations are observed in this dependence in
the range of magnetic fields 0.1 T< B< 0.6 T, and in
magnetic fields of B > 0.6 T, MIS oscillations coexist
with SdH oscillations [17]. The Fourier spectrum of
this R,;(1/B) dependence features three frequencies.
Two of them correspond to the frequencies of SdH
oscillations in the first and second subbands

(fsam =12.9 T and fy4yy, = 4.0 T), and the third cor-
responds to MIS oscillations (fyso = 8.9 T). The
electron densities in the subbands calculated from the
SdH oscillation frequencies are , = 6.2 x 10" m~2and

n =1.9% 10" m~2. The intersubband splitting deter-
mined from the frequency fys0 iS A, = 15.2 meV,
which is close to the value obtained from self-consis-
tent calculations for the quantum well under study.

Figure 2b shows the dependence of the resistance

Ry; on the magnetic field B measured for the bar with
a square lattice of antidots at a temperature of 7T =
4.2 K. This dependence features two prominent peaks
marked with arrows at B, = 0.31 T and B, = 0.11 T.
Similar peaks were for the first time observed in the
magnetoresistance of single-band electron systems in
square lattices of antidots and were explained by the
commensurability of the electron cyclotron radius R,
and the lattice period d [20—23]. Geometric reso-
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Fig. 2. (Color online) (a) Magnetic-field dependence

Ry3(B) recorded for the reference bar at a temperature of
T= 4.2 K. The arrow shows the position of the magneto-
intersubband peak number k£ = 15. The inset shows the lay-
out of the sample with one section patterned with an anti-

dot lattice. (b) Magnetic-field dependence Rys5(B)
recorded for the bar with a square lattice of antidots at a
temperature of 7= 4.2 K. Arrows indicate the magnetic

fields B, and B, corresponding to R, /d = 0.5 and 1.5,
respectively. The inset shows two characteristic types of
electron trajectories in a square antidot lattice: (/) pinned

orbit and (2) escaping trajectory.

nances in the resistance occur because electrons mov-
ing along pinned and escaping stable trajectories make
a significant contribution to the classical magne-
totransport in antidot lattices [22, 23]. In the square
lattice of antidots, the two most prominent commen-
surability peaks of the resistance occur in magnetic

fields corresponding to R,/d = 0.5 and 1.5.

In much the same way as two-band magnetotrans-
port in one-dimensional lateral superlattices [24, 25],
two series of geometric resonances for each of the sub-
bands should be observed in the R,s(B) dependence.
However, this dependence features only two commen-
surability peaks, as in the case of a single-subband
electron system in a square antidot lattice [21]. This
can be explained by the fact that », is much larger than

n, in the antidot lattice under study. In this case, the
contribution of the second subband to magnetotrans-
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port will be much smaller than that of the first sub-
band. The electron densities in the subbands for the
bar with an antidot lattice calculated from the frequen-

cies of the SdH oscillations are n; = 5.9%x 10" m~2and

n, ~1.8x10° m2% i.e., n, > 3n,, which is consistent
with our interpretation. The magnetic fields corre-
sponding to the conditions R,/d =0.5 and

R,/d =1.5 are B, = 0.32 T and B, = 0.11 T, respec-
tively. These calculated values coincide well with the
experimental ones, which indicates that the contribu-
tion of the first subband to classical magnetotransport
in the antidot lattice under study is dominant.

Figure 3a shows the effect of microwave radiation
on the resistance of the two-band electron system. In
contrast to single-band systems, we observe interfer-
ence between m/m, oscillations and MIS oscillations.
This behavior is explained by the influence of inter-
subband coupling on the frequency-dependent pho-
toinduced part of the nonequilibrium electron distri-
bution function [15]. Figure 3b shows a different effect
of microwave radiation on the resistance of the two-
band electron system in a square antidot lattice. There

are no /o, oscillations in the Ry:(B) dependence,
and the amplitude of commensurability peaks is sup-
pressed significantly. We attribute the suppression of
commensurability oscillations to the heating of the
electron gas by microwave radiation and the absence

of w/m, oscillations to the scattering of electrons by the
antidot potential. It is unusual that an oscillating com-

ponent, which is absent in the R,s(B) dependence,

appears in the Rj3(B) dependence under the condi-
tions of the cyclotron resonance.

The behavior of the R,5(B) and Ry3(B) dependences
in the region of the main commensurability peak is
shown in detail in Fig. 4a. It can be seen that the

R:(B) dependence, in contrast to the R,s(B) depen-
dence, exhibits an oscillating component. The analysis
of this component demonstrates that oscillations are
periodic in 1/B and their period corresponds to MIS
oscillations. It is surprising that MIS oscillations occur
under microwave irradiation. According to Eq. (2), the
amplitude of MIS oscillations depends exponentially

on 1/1}"%°. Scattering by antidots reduces Ty *°,

which results in the suppression of MIS oscillations.
Heating of the electron gas should lead to the same
result, because an increase in temperature reduces

TE’”SO [17]. However, we observe experimentally that,

on the contrary, microwave irradiation under the
cyclotron resonance conditions restores MIS oscilla-
tions.

In our opinion, the appearance of MIS oscillations
in the antidot lattice in the region of the main com-
mensurability peak under microwave irradiation is
caused by the enhancement of intersubband scatter-
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Fig. 3. (Color online) (a) Magnetic-field dependences

Ry3(B) and R5%(B) recorded for the reference bar at a tem-
perature of 7= 4.2 K without microwave irradiation and
under microwave irradiation at a frequency of w/2m =
150 GHz, respectively. The arrow shows the position of the
cyclotron resonance. (b) Magnetic-field dependences

R4s(B) and R{%(B) recorded for the bar with a square lat-
tice of antidots at a temperature of 7= 4.2 K without
microwave irradiation and under microwave irradiation at

a frequency of w/2mw = 150 GHz, respectively. The arrow
shows the position of the cyclotron resonance.

ing, which takes place because electron heating in sub-
bands E, and F, leads to different nonequilibrium

temperatures 7,, and 7, in these subbands. In the

magnetic field B,, a significant fraction of electrons in
subband E, move along pinned orbits and avoid colli-
sions with antidots, in contrast to electrons in subband

E,. Therefore, the cyclotron resonance line for elec-
trons in the former subband will be narrower than that
for electrons in the latter subband. Thus, the absorp-
tion of microwave radiation under the conditions of

cyclotron resonance near the magnetic field B, will be
more efficient in the first than in the second subband,

and, accordingly, 7;, will be higher than T_,.

We believe that the rate of elastic electron transi-
tions between subbands when T, = 7, will change
insignificantly compared to the equilibrium situation.

In this case, the microwave heating of the two-band
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Fig. 4. (Color online) (a) Magnetic-field dependences

R45(B) and Rf{JS(B) near the main commensurability peak
recorded for the bar with a square lattice of antidots at a
temperature of 7= 4.2 K without microwave irradiation
and under microwave irradiation at a frequency of w/2n =
150 GHz, respectively. (b) (Thick red line) Oscillating
component ARS.(B) of the resistance and (thin black
line) a fit to the oscillation amplitude by a Lorentzian with
a fitting parameter Tcg = 9.7 ps.

electron system in an antidot lattice should only

MISO .
reduce T, owing to the enhancement of electron—

electron scattering. However, when 7, > T,, the rate
of elastic electron transitions between the subbands at

the edges of the energy interval k7, should increase,
which will reduce t,,. In the energy range between

Ep + kgT, /2 and Er + kgT,,/2, the rate of transitions
from the first to the second subband will increase,
since the energy states in this range in the first subband
are occupied and those in the second subband are free.
In the energy range between Ep —kgT,,/2 and
Er — kgT,,/2, additional electron transitions occur
from the second to the first subband, since there are

free energy states for such transitions in the first sub-
band.

Figure 4b shows that, as with the shape of a classi-
cal resonance line, the magnetic-field dependence of
the amplitude of the observed MIS oscillations is well
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described by a Lorentzian curve with one fitting

parameter Tg. The found value T = 9.7 psis several
times longer than the transport time of electron scat-

SAL

tering in the antidot lattice T, = 2.9 ps. This relation

between ‘cfrA " and Tcr indicates that the width of the
resonance line is determined by electrons in the first
subband, which do not collide with antidots. Mag-
neto-intersubband oscillations have the maximum
amplitude under the conditions of resonance absorp-

tion of microwaves, when 7}, is maximal. Under these

conditions, the difference T, — T, also has the maxi-
mum value, and, correspondingly, the rate of inter-

subband transitions is the highest.

In summary, we have investigated magnetotrans-
port in a two-subband electron system in a square anti-
dot lattice. We have demonstrated that commensura-
bility oscillations of the resistance in the lattice under
study are observed only for the first subband, where
the electron density is higher than that in the second
subband. We have established that the amplitude of
commensurability oscillations in the antidot lattice
under microwave irradiation decreases and /®,
oscillations do not occur. We found that, under the
cyclotron resonance conditions, resistance oscilla-
tions caused by magneto-intersubband scattering
appear against the background of the main commen-
surability peak. The magnetic-field dependence of the
amplitude of the observed magneto-intersubband
oscillations is quantitatively described by a Lorentzian
curve whose width is determined by a relaxation time
that is longer than the transport time of electron scat-
tering in the antidot lattice. The observed effect is
explained by a decrease in the intersubband scattering
time when the electron subsystems in the two sub-
bands are heated by microwave radiation with differ-
ent efficiencies.
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