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Shubnikov–de Haas-like oscillations in millimeterwave photoconductivity
in a high-mobility two-dimensional electron gas
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Millimeterwave photoconductivity in a high-mobility GaAs-AlxGa12xAs two-dimensional electron gas ex-
hibits giant amplitude oscillations in a weak magnetic field. These oscillations resemble the Shubnikov–de
Haas effect but their period is determined byv/vC , wherev andvC are the millimeterwave and cyclotron
frequencies, respectively. The major observations can be explained in terms of Landau-level transitions be-
tween spatially shifted oscillators. A 2kF momentum transfer is accompanying the transition wherekF is the
electron Fermi wave number.
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The electrodynamical response of a quantum Hall sys
is a fundamental issue1 in correlation physics but has prove
difficult to access experimentally. Among the establish
techniques, cyclotron resonance~CR! is a powerful tool to
study Landau level~LL ! spectra and electron-electron inte
actions in a two-dimensional electron system~2DES!.2 On
the other hand it is textbook knowledge that in a homo
neous 2DES in which the translational symmetry is p
served, a long-wavelength radiation field can couple only
the center-of-mass motion but not to the relative motion
electrons. This principle, known as Kohn’s theorem,3 forbids
the observation of electron-electron interaction effects i
2DES by standard CR. Once the translational symmetr
broken or a finite momentum transfer is introduced in
process, other degrees of freedom can be excited the
allowing for the detection of collective modes in the syste
such as finite-wave-vector magnetoplasmons.4 Impurities
and short-range scatterers play significant roles in provid
the momentum transfer mechanism in a 2DEG.5 Recently,
the interplay between a long-range smooth potential
short-range strong scatterers has been studied in relatio
magnetotransport in a very high mobility 2DES
GaAs-AlxGa12xAs heterostructures.6,7 Finite momentum re-
sponse is also relevant to the millimeterwave spectroscop
2DES, which often translates to the CR in a weak magn
field, electron spin resonance,8 long-wavelength
magnetoplasmon,9 and dynamical response of many-electr
states in quantum Hall systems.10

In this paper we report on the first observation
impurity-assisted CR detected by millimeterwave photoc
ductivity ~PC! in a high-mobility 2DES in a
GaAs-AlxGa12xAs heterostructure.11 We define the PC sig
nal as the difference between magnetoresistances with
without millimeterwave illumination. We note that PC res
nance related to CR in high magnetic field and in far-infra
frequency range has been well known in the literature.12,13

Unusual features appear in our millimeterwave experime
In a weak magnetic field (B), the PC signal shows periodi
~in 1/B) oscillations which resemble the regul
Shubnikov–de Haas effect~SdH!. However the period of
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these oscillations is governed by the ratio ofv/vC , wherev
and vC are, respectively, the millimeterwave and cyclotr
frequencies. Unlike the standard CR which results prima
from optical transitions between the adjacent LLs, the
oscillations manifest transitions among a multiplet of LL
As will be shown, such multiple CRs are only possible wh
a finite momentum transferDq is accompanying the transi
tion. Specifically,Dq52kF , wherekF is the electron Fermi
wave number in zero magnetic field. Such a moment
transfer is equivalent to a jump of electron orbit guidin
center along the transverse direction, thereby causing a
ductivity peak readily detectable by magnetotransport m
surements. Possible sources of short-range scatterers re
sible for Dq in our GaAs-AlxGa12xAs heterostructures ma
include interface roughness or residual impurities. The eff
described here bares similarities to the recently repo
magnetoresistance oscillations in a 2DEG due to reson
absorption of leaky interface phonons.14 However, in magne-
tophonon resonance both the required energy and momen
are provided by phonons.

Our samples are high-mobility (m>3.03106 cm2/Vs)
2DES in GaAs-AlxGa12xAs heterostructures grown b
molecular-beam epitaxy, having an electron densityn'2
31011 cm22. Such parameters are obtained by a brief il
mination from a red light-emitting diode at a temperatureT
'4 K. The distance from the Si doping sheet to 2D electro
is ds570 nm. Our primary specimens are lithographical
defined Hall bars~width w550, 100, and 200mm), but
similar results have been obtained from specimens of sq
(1 mm31 mm and 5 mm35 mm) geometry. Coherent, lin
early polarized millimeterwaves are provided by a solid st
source of tunable frequencyf from 30 to 150 GHz~1.5 to 7.5
K!, and are sent down to the experiment via an over-si
waveguide. Typical output power of the source is from
mW to 100 mW and can be tuned by an attenuator. T
specimen is immersed in a3He coolant kept at a constan
temperature ranging from 0.3 to 2.0 K. The mutual orien
tion of the waveguide, specimen, and magnetic field from
superconducting magnet corresponds to Faraday config
©2001 The American Physical Society11-1
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tion; the excitation current typically flows perpendicularly
the millimeterwave polarization. Magnetoresistance is m
sured in the same way as it is done in standard magnetotr
port, i.e., employing low-frequency~7–17 Hz! lock-in detec-
tion, in sweepingB and at constantT, except that the sampl
is undercontinuousillumination with millimeterwave radia-
tion of fixed frequency and power.

We first present in Fig. 1 normalized magnetoresista
traces, which reveal the PC signalDRxx

v (B)5Rxx
v (B)

2Rxx
0 (B) due to millimeterwave illumination. Here, the da

were taken from a 200mm Hall bar at fixedT51.7 K, for
selected millimeterwave frequenciesf 5v/2p545, 72, 84,
and 94 GHz. For comparison, the ‘‘dark’’ trace~dotted line,

FIG. 1. Normalized magnetoresistance from 200mm Hall bar
with millimeterwave illumination on~solid lines! and off ~dotted
line! for selected frequencies. The traces are offset vertically
clarity. The arrows mark the magnetoplasmon resonance signal
difference in SdH amplitudes between illumination on (T'1.7 K)
and off (T'1.5 K) traces is due to a nonresonant heating of
2DEG by the millimeterwave radiation.

FIG. 2. Magnetoresistivity with millimeterwave (f 594 GHz)
illumination on ~solid! and off ~dotted! at T50.4 K. Inset shows a
plot of the multiplicity index j versus 1/B for f 555 GHz andf
5148.5 GHz to reveal an electron effective massm* '0.068m0.
20131
-
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T51.5 K) is also shown, revealingonly regular SdH above
an onset fieldBSdH'2 kG. In general,DRxx

v (B) alternates in
sign so as to form an oscillatory structure periodic in 1B
~see Fig. 2!. As f increases, this oscillatory structure shif
toward the higherB range in an orderly fashion, preservin
the 1/B periodicity. The number of resolved oscillations typ
cally grows with increasingf, reaching as high as 10 forf
>100 GHz, but the onset fieldBCR'0.3 kG, at which these
oscillations appear, remains unchanged.

In addition to this oscillatory structure, a distinctDRxx
v

peak ~arrows! emerges forf *60 GHz. With increasingf it
travels from one CR peak towards another, thus manifes
stronger frequency dependence. We relate this peak to
frequency collective excitation;9 the B dependence of this
peak is in excellent agreement with a magnetoplasmon m
having wave vector coupled to our Hall bar mesaq
52p/w,w5200 mm). In contrast to Ref. 9, we do not ob
serve any softening of the plasma frequency. As expec
the magnetoplasmon signal is absent in the square spec
where only the millimeter wavelength modes can be s
tained. In the rest of the paper we shall focus on our cen
finding, namely the oscillatory structure in the PC signal.

Phenomenologically the PC oscillations can be interpre
in terms of high-order CR, i.e., the resonant transitions
tween nonadjacent LLs. In particular, theB positions of the
maxima in this oscillatory structure satisfy a resonance c
dition in which the millimeterwave quantum equals the c
clotron energy\vC5\eB/m* times aninteger multiple j,
wherej is the difference between the indices of participati
Landau levels:

\v5 j \vC j 51,2,3, . . . . ~1!

A quantitative analysis of the PC signal shows exac
such a relation for the peak positions. In Fig. 2 we pres
low-field magnetoresistivity from the same sample under
lumination for f 594 GHz, and at a lower temperatureT
50.4 K. A striking similarity between the millimeterwav
PC and the regular SdH is apparent. However, unlike
SdH whose period is determined by a ratioEF /\vC , the
period of PC oscillations is governed by anexternalenergy
scale introduced by the millimeterwave radiation, and do
not depend on the Fermi energy,EF . It is easily noticed that
DRxx

v (B) peaks satisfy the resonance condition~1!. As ex-
amples, in the inset of Fig. 2 we plot the multiplicity indexj
versus 1/B for two selected frequencies of 55 GHz and 148
GHz. Here we include both the integerj 52,3, . . . ~maxima!
and the half integerj 53/2,5/2, . . . ~minima! and both ap-
pear to be well described by Eq.~1!. From observed linear
dependencies we deduce an electron effective massm*
50.068m0 (m0 is the free electron mass!, which agrees well
with the known value for band electrons in GaAs. Excelle
agreement over the whole range ofj is observed, leading to
the conclusion that detected PC oscillations are caused
millimeterwave-induced transitions between pairs of non
jacent LLs, or high-order CRs.

Although signatures of ‘‘high-harmonic’’ transitions i
CR have been previously seen in high-B transmission experi-
ments for 2D electrons on Si surface15,16 and explained via
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short-range scattering potentials,17 the amplitude of even the
second-order CR remained rather weak as compared to
fundamental. On the contrary, our PC measurements h
revealed up to the 10th ‘‘harmonic’’ in our high-mobilit
2DES.

The appearance of such oscillations is quite unexpe
and difficult to explain on first thought. Fundamental
within a simple harmonic oscillator model high-order CR
are forbidden. This is because the dipole-dipole matrix e
ments are nonvanishing only for transitions between adja
LLs; all other transitions are not allowed. Moreover, with
the same model the magnetoresistance corrections resu
from LL transitions are expected to be rather small.13 Notice
that the PC signal is usually considered as a bolometric
fect, i.e., resonant heating. Apparently both the extraordin
sensitivity of the PC signal to the high harmonics and th
giant amplitudes cannot be accounted for by the abo
mentioned simple harmonic oscillator model. We theref
propose the following scenario in which the giant amplitu
PC oscillations can be naturally explained in terms of
transitions betweenspatially shiftedoscillators, with a 2kF
momentum transfer accompanying the transition.

In Landau gauge a wave function of a 2D electron in
magnetic fieldB5B• ẑ is a product of a plane wave in they
direction and an oscillatory wave function, centered at
guiding center x052\ky /eB: C5exp(ikyy)fN(x2x0),
whereN is the LL index. If free of scattering, the electr
current flows only in they direction, giving rise to the Hall
effect. A transverse conductivity appears because an elec
transfers wave vectorqy5ky82ky to a scatterer. This momen
tum change is equivalent to a spatial jump in thex direction
by a distanceDx052\qy /eB52 l B

2qy , where l B is the
magnetic length. The corresponding correction to the re
tivity is proportional to the square of matrix elementI N,N1 j ,
which is given by14

I N,N1 j5E
2`

1`

eiqxxfN~x2x0!fN1 j~x2x08!dx. ~2!

In fact, I N,N1 j depends onq only, so we can putqx50 and
the integrand in Eq.~2! becomes an overlap of two harmon
oscillator wave functions shifted with respect to each oth
Since in our case of weak magnetic fieldsN;N1 j @1, the
following semiclassical discussion is appropriate. To be
with, we notice that the oscillator wave function always h
a maximum at the classical turning point where the mom
tum is small and where the particle spends most of its tim
Alternatively, we can model the distribution probability
the initial and final statesufNu2 with finite width rings of
radius RC

N'RC
N1 j'\kF /eB5 l B

2kF . Now, if one continu-
ously varies the spatial separation between the rings,
overlap integral in Eq.~2! has a maximum whenx02x08
'RC

N1RC
N1 j'2RC

N , as shown in Fig. 3. In momentum spa
this translates to

Dqy'2kF . ~3!

Therefore we conclude that the transition probability
maximized every time when the condition~3! is satisfied.
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Once we accept this model based on momentu
transferred transitions between LLs in shifted oscillators,
oscillatory structure in the PC signal should be easy to
derstand. In a simplistic representation~Fig. 3!, the LLs in
the initial electron oscillator are uniformly up-shifted by\v
due to the absorption of millimeterwave quanta. PC osci
tions arise in a sweeping magnetic field according to
alignment of the LLs in the initial and final oscillators. I
particular, coincidence of the LLs close to the Fermi ene
opens up a scattering channel, giving rise to the conducti
peak as prescribed by Eq.~1!. In principle, the PC minima
can be accounted for as well, since maximum misalignm
occurs whenj takes half-integer values.

At T50, only electrons which are close to the Fermi e
ergy contribute to the conductivity. At finiteT, the LLs ac-
quire an effective width of;kT but this should not signifi-
cantly affect the transition probability as long askT&\v.
Indeed, as shown in Fig. 4, the amplitudes of the CR os
lations do not change substantially from 0.5 to 1.5
whereas the SdH exhibits much strongerT dependence.

FIG. 3. Left: the electron orbits of theNth andN1 j th Landau
levels are modeled by narrow rings; the maximum overlap occ
whenDx0'2RC

N . Right: schematic representation for transition b
tween theN511 LL in initial orbit and theN512 LL in shifted
orbit, corresponding toj 51 peak in photoconductivity. In a sweep
ing magnetic field oscillation arise from coincidence between L
close to the Fermi energy in two oscillators.

FIG. 4. Magnetoresistance traces under continuous illumina
( f 5100 GHz) are shown for several temperatures; temperature
pendence of CR oscillations is considerably weaker as compare
that of SdH. Inset shows ‘‘Dingle’’ plots of CR oscillations forf
555 GHz ~filled circles! and 148.5 GHz~open circles!.
1-3
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We comment on the role of weak magnetic field and t
of short-range scatterers in PC experiments in our hi
mobilty 2DES. It is self-evident that 2kF momentum transfer
leads to a stronger PC response in a weak field due to itl B

2

dependence on the magnetic length. While remote ioni
impurities in the dopant layer are generally considered
main source of electron scattering in high-mobility 2DE
these long-range (1/ds!2kF) scatterers are unlikely to par
ticipate in the 2kF transfer processes. On the other ha
short-range scatterers, such as interface roughness or res
impurities in the spacer, can readily accommodate thekF
momentum transfer. The role of short-range scatterers
high-mobility heterostructures has been recently address6

Indeed, the negative magnetoresistance seen in Fig. 2
strong evidence for the presence of such scatterers in
sample.

Empirically, the amplitude of the oscillations seem
to obey a Dingle plot procedure, although from a theoreti
point of view the validity of the SdH formalism in this cas
is uncertain. In the inset of Fig. 4 we plot the amplitude
CR oscillations as a function of multiplicity indexj for f
555 ~148.5! GHz represented by solid~open! symbols. Both
sets of data exhibit clear exponential behavior over two
ders of magnitude and extending up to the 10th harmonic
higher frequency. Moreover, both data sets are fitted equ
well ~solid lines! to reveal the unique value oftCR513 ps,
which is about five times larger thantSdH52.5 ps @deter-
mined from a Dingle plot~not shown!# but less than scatter
i
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ing time t t5mm* /e'115 ps. This is consistent with th
lower onset fieldBCR'0.3 kG as compared toBSdH'2 kG.
It is well known18 that density inhomogeneity contributes
an underestimate of the experimental value oftSdH. On the
other hand, the photoresponse due to high-order CR ca
viewed as a local effect~e.g., localized to severalRC! and, as
such, be primarily sensitive to homogeneous broadening
LLs. As a result, this technique provides an insight on
homogeneous broadening of LLs, similarly to the transm
sion experiments.

In conclusion, we have discovered Shubnikov–de Ha
like oscillations in millimeterwave photoconductivity i
high-mobility 2DES. We have explained the effect in term
of multiple, momentum-transferred transitions between L
in shifted oscillators in a weak magnetic field. Based on
analogy between the electrons in a weak magnetic field
the composite fermions in a half-filled lowest LL, simila
effect should be explored in the fractional quantum H
effect regime.
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