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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-&a, _,As 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 &®Yyw-, wherew and wc are the millimeterwave and cyclotron
frequencies, respectively. The major observations can be explained in terms of Landau-level transitions be-
tween spatially shifted oscillators. Ak momentum transfer is accompanying the transition wherés the
electron Fermi wave number.
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The electrodynamical response of a quantum Hall systerthese oscillations is governed by the ratiocugdfoc , wherew
is a fundamental isstién correlation physics but has proven and ¢ are, respectively, the millimeterwave and cyclotron
difficult to access experimentally. Among the establishedrequencies. Unlike the standard CR which results primarily
techniques, cyclotron resonan¢@R) is a powerful tool to  from optical transitions between the adjacent LLs, the PC
study Landau leve(LL) spectra and electron-electron inter- gscillations manifest transitions among a multiplet of LLs.
actions in a two-dimensional electron syst¢é2DES.” On  as will be shown, such multiple CRs are only possible when
the other hand it is textbook knowledge that in a homogey, finite momentum transfekq is accompanying the transi-
neous 2DES in which the translational symmetry is pre+o, gpecifically,Aq= 2k, wherek is the electron Fermi
served, a long-wavelength radiation field can couple only tQuave number in zero magnetic field. Such a momentum

the center-of-mass motion but not to the relative motion Oftransfer is equivalent to a jump of electron orbit guiding

electrons. This principle, known as Kohn'’s theoré&forbids Lo .
. . ) . _center along the transverse direction, thereby causing a con-
the observation of electron-electron interaction effects in a

2DES by standard CR. Once the translational symmetry iQUCtiVity peak readily detectable by magnetotransport mea-

broken or a finite momentum transfer is introduced in thes_urements. Possible sources of short-range scatterers respon-

process, other degrees of freedom can be excited theretiP1€ fOrAg in our GaAs-AlGa, - ,As heterostructures may
allowing for the detection of collective modes in the SySt(__,m,mclud_e interface roughngs; or r.eS|duaI impurities. The effect
such as finite-wave-vector magnetoplasmbrisapurities described here bares §|m_|lar|t|§s to the recently reported
and short-range scatterers play significant roles in providingnagnetoresistance oscillations in a 2DEG due to resonant
the momentum transfer mechanism in a 2DERecently, ~absorption of leaky interface phonofis-owever, in magne-
the interplay between a long-range smooth potential angophonon resonance both the required energy and momentum
short-range strong scatterers has been studied in relation &e provided by phonons.
magnetotransport in a very high mobility 2DES in  Our samples are high-mobility u(=3.0x 10° cn¥é/Vs)
GaAs-AlLGa,_,As heterostructure®’ Finite momentum re- 2DES in GaAs-A|Ga,_,As heterostructures grown by
sponse is also relevant to the millimeterwave spectroscopy dfiolecular-beam epitaxy, having an electron density2
2DES, which often translates to the CR in a weak magnetic< 10'* cm™ 2. Such parameters are obtained by a brief illu-
field, electron spin resonanle, long-wavelength mination from a red light-emitting diode at a temperatiire
magnetoplasmohand dynamical response of many-electron~4 K. The distance from the Si doping sheet to 2D electrons
states in quantum Hall systertfs. is dg=70 nm. Our primary specimens are lithographically-
In this paper we report on the first observation ofdefined Hall bars(width w=50, 100, and 20Q.m), but
impurity-assisted CR detected by millimeterwave photoconsimilar results have been obtained from specimens of square
ductivity (PO in a high-mobility 2DES in a (1 mmxX1 mmand5 mnx5 mm) geometry. Coherent, lin-
GaAs-AlLGa _,As heterostructuré We define the PC sig- early polarized millimeterwaves are provided by a solid state
nal as the difference between magnetoresistances with arsdurce of tunable frequendyrom 30 to 150 GHZA1.5to 7.5
without millimeterwave illumination. We note that PC reso- K), and are sent down to the experiment via an over-sized
nance related to CR in high magnetic field and in far-infraredvaveguide. Typical output power of the source is from 10
frequency range has been well known in the literatdré. mW to 100 mW and can be tuned by an attenuator. The
Unusual features appear in our millimeterwave experimentspecimen is immersed in #He coolant kept at a constant
In a weak magnetic fieldg), the PC signal shows periodic temperature ranging from 0.3 to 2.0 K. The mutual orienta-
(in 1/B) oscillations which resemble the regular tion of the waveguide, specimen, and magnetic field from a
Shubnikov—de Haas effe¢SdH). However the period of superconducting magnet corresponds to Faraday configura-
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sET T T T T e ¢ 4 T=1.5 K) is also shown, revealingnly regular SdH above
T=17K #ﬂ an onset fielBgq~2 KG. In generalARy, (B) alternates in
E sign so as to form an oscillatory structure periodic iB 1/
4k \AMWVW . (see Fig. 2 As f increases, this oscillatory structure shifts
f=94GHz V. toward the higheB range in an orderly fashion, preserving
s ) v’=1 the 1B periodicity. The number of resolved oscillations typi-
S53F \/WM . . cally grows with increasing, reaching as high as 10 fdr
= f=84GHz =100 GHz, but the onset fiel-g~0.3 kG, at which these
2 MPR oscillations appear, remains unchanged.
o 2 \/\/\AM[/WWWV\A/\/\/ g In addition to this oscillatory structure, a distinatR?,
_ f=172GHz ; peak (arrowg emerges forf =60 GHz. With increasing it
\ & ; travels from one CR peak towards another, thus manifesting
1r stronger frequency dependence. We relate this peak to low-
frequency collective excitatiohithe B dependence of this
5 peak is in excellent agreement with a magnetoplasmon mode

having wave vector coupled to our Hall bar mesa (
B (kG) =2m/w,w=200 um). In contrast to Ref. 9, we do not ob-
serve any softening of the plasma frequency. As expected,
FIG. 1. Normalized magnetoresistance from 20 Hall bar  the magnetoplasmon signal is absent in the square specimen
with millimeterwave illumination on(solid lines and off (dotted ~ where only the millimeter wavelength modes can be sus-
line) for selected frequencies. The traces are offset vertically fottained. In the rest of the paper we shall focus on our central
clarity. The arrows mark the magnetoplasmon resonance signal. THinding, namely the oscillatory structure in the PC signal.

difference in SdH amplitudes between illumination oi<1.7 K) Phenomenologically the PC oscillations can be interpreted
and off (T~1.5 K) traces is due to a nonresonant heating of thein terms of high-order CR, i.e., the resonant transitions be-
2DEG by the millimeterwave radiation. tween nonadjacent LLs. In particular, tBepositions of the

maxima in this oscillatory structure satisfy a resonance con-
tion; the excitation current typically flows perpendicularly to dition in which the millimeterwave quantum equals the cy-
the millimeterwave polarization. Magnetoresistance is meaclotron energyh oc=feB/m* times aninteger multiple j
sured in the same way as it is done in standard magnetotrangherej is the difference between the indices of participating
port, i.e., employing low-frequendyf—17 H2 lock-in detec- Landau levels:
tion, in sweepind and at constant, except that the sample _ .
is undercontinuousillumination with millimeterwave radia- ho=jhoc j=123.... @

tion of fixed frequency and power. o . .
We first present in Fig. 1 normalized magnetoresistance A quantitative analysis of the PC signal shows exactly

; . © e sSuch a relation for the peak positions. In Fig. 2 we present
”""C}?s’ which re?’?a' the PC. S'g.nalRXX(B)_RXX(B) low-field magnetoresistivity from the same sample under il-
—R;«(B) due to millimeterwave illumination. Here, the data

ken f I i B ‘ lumination for f=94 GHz, and at a lower temperatufie
were ta en from a 20gm Ha baf at fixedT=1.7 K, for =0.4 K. A striking similarity between the millimeterwave
selected millimeterwave frequenciés- w/2w=45, 72, 84,

. . : . PC and the regular SdH is apparent. However, unlike the
and 94 GHz. For comparison, the “dark” tra¢dotted line, SdH whose period is determined by a raia/hoc, the

period of PC oscillations is governed by arternalenergy
scale introduced by the millimeterwave radiation, and does
not depend on the Fermi enerds . It is easily noticed that
ARy (B) peaks satisfy the resonance conditidy. As ex-
amples, in the inset of Fig. 2 we plot the multiplicity index
versus 1B for two selected frequencies of 55 GHz and 148.5
GHz. Here we include both the integet 2,3, . . . (maxima

and the half integef=3/2,5/2 ... (minima) and both ap-
pear to be well described by E¢l). From observed linear
dependencies we deduce an electron effective nmass
=0.068n, (my is the free electron magswvhich agrees well
with the known value for band electrons in GaAs. Excellent
agreement over the whole rangejadé observed, leading to
the conclusion that detected PC oscillations are caused by
millimeterwave-induced transitions between pairs of nonad-

FIG. 2. Magnetoresistivity with millimeterwavef €94 GHz) ~ jacent LLs, or high-order CRs.

E 148.5 GHz o

P (©sq.)

B (kG)

illumination on (solid) and off (dotted at T=0.4 K. Inset shows a Although signatures of “high-harmonic™ transitions in
plot of the multiplicity indexj versus 1B for f=55 GHz andf CR have been previously seen in hiBhransmission experi-
=148.5 GHz to reveal an electron effective mass~0.068nj. ments for 2D electrons on Si surfaée® and explained via
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short-range scattering potentidlshe amplitude of even the
second-order CR remained rather weak as compared to the
fundamental. On the contrary, our PC measurements have
revealed up to the 10th “harmonic” in our high-mobility
2DES.

The appearance of such oscillations is quite unexpected
and difficult to explain on first thought. Fundamentally,
within a simple harmonic oscillator model high-order CRs
are forbidden. This is because the dipole-dipole matrix ele- RCN R
ments are nonvanishing only for transitions between adjacent
LLs; all other transitions are not allowed. Moreover, within
the same model the magnetoresistance corrections resulting FIG. 3. Left: the electron orbits of thth andN+ jth Landau
from LL transitions are expected to be rather smiaMotice  levels are modeled by narrow rings; the maximum overlap occurs
that the PC signal is usually considered as a bolometric efwhenAx,~2RY. Right: schematic representation for transition be-
fect, i.e., resonant heating. Apparently both the extraordinaryween theN=11 LL in initial orbit and theN=12 LL in shifted
sensitivity of the PC signal to the high harmonics and theirorbit, corresponding t§=1 peak in photoconductivity. In a sweep-
giant amplitudes cannot be accounted for by the aboveing magnetic field oscillation arise from coincidence between LLs
mentioned simple harmonic oscillator model. We thereforeclose to the Fermi energy in two oscillators.
propose the following scenario in which the giant amplitude
PC oscillations can be naturally explained in terms of LL  Once we accept this model based on momentum-
transitions betweespatially shiftedoscillators, with a R transferred transitions between LLs in shifted oscillators, the
momentum transfer accompanying the transition. oscillatory structure in the PC signal should be easy to un-

In Landau gauge a wave function of a 2D electron in aderstand. In a simplistic representatiffig. 3), the LLs in
magnetic fieldB=B-z is a product of a plane wave in tlye  the initial electron oscillator are uniformly up-shifted by
direction and an oscillatory wave function, centered at thedue to the absorption of millimeterwave quanta. PC oscilla-
guiding center xo=—fik,/eB: ¥=exp(ky)pn(x—%y), tions arise in a sweeping magnetic field according to the
whereN is the LL index. If free of scattering, the electric alignment of the LLs in the initial and final oscillators. In
current flows only in they direction, giving rise to the Hall particular, coincidence of the LLs close to the Fermi energy
effect. A transverse conductivity appears because an electr@pens up a scattering channel, giving rise to the conductivity
transfers wave vectay, = k) —k, to a scatterer. This momen- peak as prescribed by E€). In principle, the PC minima
tum change is equivalent to a spatial jump in theirection ~ can be acco.unted for as well, since maximum misalignment
by a distanceAx,=—%q,/eB=—13q,, wherelg is the ~0ccurs wherj takes half-integer values. _
magnetic length. The corresponding correction to the resis- At T=0, only electrons which are close to the Fermi en-

tivity is proportional to the square of matrix eleméqty,;, €9y contribute to the conductivity. At finit, the LLs ac-
which is given by* quire an effective width of~kT but this should not signifi-

cantly affect the transition probability as long BS<7% w.
o Indeed, as shown in Fig. 4, the amplitudes of the CR oscil-
IN,N+j:J €' hN(X—Xg) dnj(X—Xp)dX.  (2)  lations do not change substantially from 0.5 to 1.5 K,
o whereas the SdH exhibits much strongedependence.

Axy= 2R,

In fact, Iy n+j depends omg only, so we can pufj,=0 and
the integrand in Eq(2) becomes an overlap of two harmonic — T

oscillator wave functions shifted with respect to each other. Ll & . |
Since in our case of weak magnetic fieMs-N+j>1, the g7 \& .
following semiclassical discussion is appropriate. To begin s o1k Y j
with, we notice that the oscillator wave function always has S g [wom N O 1
a maximum at the classical turning point where the momen- a 02 4.6 810
tum is small and where the particle spends most of its time. J15p— -

Alternatively, we can model the distribution probability in
the initial and final state$¢y|? with finite width rings of 10k
radius RE~RN"/~7%ke/eB=I3ke. Now, if one continu-
ously varies the spatial separation between the rings, the
overlap integral in Eq(2) has a maximum whemxg— X}
~RN+RN"I=~2RY, as shown in Fig. 3. In momentum space
this translates to

f=100GHz - -15K

2
B (kG)

FIG. 4. Magnetoresistance traces under continuous illumination
Aqy~2k,: ) (3) (f=100 GHz) are shpwp for.severall temperatures; temperature de-
pendence of CR oscillations is considerably weaker as compared to
Therefore we conclude that the transition probability isthat of SdH. Inset shows “Dingle” plots of CR oscillations fér
maximized every time when the conditi¢B) is satisfied. =55 GHz(filled circles and 148.5 GHZopen circleg
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We comment on the role of weak magnetic field and thaing time r,=um*/e~115 ps. This is consistent with the
of short-range scatterers in PC experiments in our hightower onset fieldB:r~0.3 kG as compared Bgq~2 kG.
mobilty 2DES. Itis self-evident thatkz momentum transfer ¢ js well knowrt® that density inhomogeneity contributes to
leads to a stronger PC response in a weak field due 1§ its an underestimate of the experimental valuergf,. On the

dependence on the magnetic length. While remote ionizeiner hand, the photoresponse due to high-order CR can be
Impurities in the dopant layer are gener ally COF‘?'defed tiewed as a local effece.qg., localized to sever&d.) and, as
main source of electron scattering in h|gh-m_ob|l|ty 2DEG'such, be primarily sensitive to homogeneous broadening of
these long-range (d{<2k) scatterers are unlikely to par- LLs. As a result, this technique provides an insight on the

ticipate in the Xg transfer processes. On the other handh . o .
: . olrnogeneous broadening of LLs, similarly to the transmis-
short-range scatterers, such as interface roughness or residua

impurities in the spacer, can readily accommodate the 2 sion experlm_ents. . .
momentum transfer. The role of short-range scatterers i In cor)clu_smn, we hfa\_/e discovered ShmekOV_.d.e Hgas-
high-mobility heterostructures has been recently addresssecﬁge oscillations in millimeterwave photoconductivity in
Indeed, the negative magnetoresistance seen in Fig. 2 is 4gh-mobility 2DES. We have explained the effect in terms
strong evidence for the presence of such scatterers in o@ Multiple, momentum-transferred transitions between LLs
sample. in shifted oscillators in a weak magnetic field. Based on the
Empirically, the amplitude of the oscillations seems analogy between the electrons in a weak magnetic field and
to obey a Ding|e p|ot procedure, a|th0ugh from a theoreticathe Composite fermions in a half-filled lowest LL, similar
point of view the validity of the SdH formalism in this case effect should be explored in the fractional quantum Hall
is uncertain. In the inset of Fig. 4 we plot the amplitude ofeffect regime.
CR oscillations as a function of multiplicity indexfor f ) )
—55(148.5 GHz represented by solipen symbols. Both W_e thank D. C. '_I'sw for encouragement and valuable dis-
sets of data exhibit clear exponential behavior over two or€ussions, M. E. Raikh, A. L. Efros, J. M. Worlock, and L. W.
ders of magnitude and extending up to the 10th harmonic foENgel for useful conversations. The work was supported in
higher frequency. Moreover, both data sets are fitted equallp@rt by NSF Grant No. DMR-970552M.A.Z. and R.R.D.
well (Sohd |ine9 to reveal the unique value ofCR: 13 ps, R. R. D. would like to thank the Alfred P. Sloan Foundation
which is about five times larger thamsy=2.5 ps[deter- for financial support. The work at Sandia was supported by
mined from a Dingle plotnot shown] but less than scatter- the U.S. DOE under Contract No. DE-AC04-94AL85000.

lPerspectives in Quantum Hall Effect-Novel Quantum Liquids in'°C.C. Li, L.W. Engel, D. Shahar, D.C. Tsui, and M. Shayegan,
Low-Dimensional Semiconductor Structyreslited by S. Das Phys. Rev. Lett79, 1353(1997.

Sarma and A. PinczulWiley and Sons, New York, 1997 IM.A. Zudov et al, cond-mat/9711149unpublisheit M. A.
2Landau Level Spectroscaopgdited by G. Landwehr and E. I. Zudov, Ph.D. thesis, University of Utgi999.

Rashba(Elsevier Science Publishers, North-Holland, Amster- 123 C. Maan, Th. Englert, D.C. Tsui, and A.C. Gossard, Appl. Phys.

dam, 1991 Lett. 40, 609 (1982.
SW. Kohn, Phys. Revi123 1242 (1961). 1335ee, e.g., K. Hirakawa, K. Yamanaka, Y. Kawaguchi, M. Endo,
4s.J. Allen, Jr., D.C. Tsui, and R.A. Logan, Phys. Rev. L&8§, M. Saeki, and S. Komiyama, Phys. Rev.63, 085320(2002)

980 (1977. and references therein.
5T. Ando, J. Phys. Soc. JpB8, 989 (1975. M. A. Zudov, I. V. Ponomarev, A. L. Efros, R. R. Du, J. A.
6A.D. Mirlin, D.G. Polyakov, F. Evers, and P. Wolfle, Phys. Rev. Simmons, and J. L. Reno, Phys. Rev. L&, 3614 (2001J.

Lett. 87, 126805(2001). 15G. Abstreiter, J.P. Kotthaus, J.F. Koch, and G. Dorda, Phys. Rev.
D.G. Polyakov, F. Evers, A.D. Mirlin, and P. Wolfle, Phys. Rev. B B 14, 2480(1975.

(to be publishef 163 P. Kotthaus, G. Abstreiter, J.F. Koch, and R. Ranvaud, Phys.
8M. Dobers, K.v. Klitzing, and G. Weimann, Phys. Rev. 3B, Rev. Lett.34, 151(1975.

5453(1988. 1T, Ando, A.B. Fowler, and F. Stern, Rev. Mod. Phys, 437

9E. Vasiliadou, G. Muller, D. Heitmann, D. Weiss, K.v. Klitzing, (1982.
H. Nickel, W. Schlapp, and R. Losch, Phys. Rev48 17 145  ®P.T. Coleridge, R. Stoner, and R. Fletcher, Phys. Re39,81120
(1993. (1989; P.T. Coleridgejbid. 44, 3793(199J).

201311-4



