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Commensurability oscillations in the surface-acoustic-wave-induced acoustoelectric effect
in a two-dimensional electron gas
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We study the acoustoelectric effect generated by surface acoustic W@&é8 in a high-mobility two-
dimensional electron gas with isotropic and especially small-angle impurity scattering. In both cases the
acoustoelectric effect exhibits Weiss oscillations periodi®it due to the commensurability of the SAW
period with the size of the cyclotron orbit and resonances at the SAW frequen&w, multiple of the
cyclotron frequency. We describe how oscillations in the acoustoelectric effect are damped in low fields where
w7+ =1 (with the time scaler~ dependent on the type of scattenirand find its nonoscillatory part, which
remains finite to the lowest fields.
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Due to a finite wave number carried by surface acousticarriers we predict resonanceshpe at frequencies»=Kkwy.
waves (SAWS9) their application enables one to access theFor a small magnetic field¢though large enough to ensure
properties of low-dimensional electron systértisat cannot  thatvB> E.q)» we show that while commensurability oscil-
be studied using the standard microwave absorption techations are damped, there is a finite field-independent contri-
nigues. The observation of magneto-oscillations in the shifpution to the AE drag.
of SAW velocity caused by its interaction with the two-  Our theory consists of the analysis of the Boltzmann
dimensional(2D) electrons in the vicinity of filling factor equation,
v=1/2 and itscomparison with Weiss geometrical osci-

llations?~4for electrons has enabled Willeit al5 to establish L[f(p,x,0)]=C[f(p,x,1)],
the existence of a composite fermion Fermi surface. Also, the A A
additional length scale in the system permits transitions oth- L =i+ wR; coseiy + wd, + eEP,

erwise forbidden by Kohn’s theorefrthus making possible
the detection of cyclotron transitions in a gas of composite R sing
quasiparticleg:® P=vcosed.~ —— d,, (1)

In this Communication we extend the analysis of the phe- P
nomenon of geometrical commensurability onto the acousto- A o
electric (AE) (drag effect®2 which has been studied ex- where C is the Acolllspn integral, and the momentum-
perimentally in semiconductor structures in variousdependent part i and?P is written in terms of the electron
regimest3* We show that by measuring magneto- kinetic energye=p?/2m and anglep, characterizing the di-
oscillations and studying the frequency dependence of the dection of electron propagation with respect to the direction
electric field induced in a two-dimensional electron gasof propagation of the SAW. Here, is the electron velocity,
(2DEQ) by a propagating SAW, one can access the samandE=I,E€“"® is the longitudinally polarized SAW field,
information about resonant and the Fermi surface effects in acreened by the 2DEG.
2DEG in the Boltzman transport regime as was previously Using the(e, ¢) parametrization of momentum space, we
studied in absorption and SAW propagation experiméfts. expand the distribution functiof(p,x,t) into
To be able to describe the AE effect in high-mobility hetero-
structures, such as investigated experimentally in Ref. 14, we _ m S tHQX Mg
develop a theory for two types of structures: with isotropic Hepx ) =fr(e) + % QEQ fagle)e e, @
and with small-angle impurity scattering.

Here we use an approach recently applied to the studies Qfhere f(e) is the equilibrium Fermi function ant[], char-

another dc effect produced by a dynamical acoustic wavgcterize the nonequilibrium state caused by the SAW. We
field, the SAW-induced magnetoresistafedVe investigate determineg™=[Zdef™ so thatg? would characterize the

the AE effect_in the linear order in the SAW power and_fin(_j electron density and*! combine into electric current. We
the parametric dependences of the steady-state electric f'egéparate the collision integral
Exc generated by the SAW in the direction of its propaga-

tion, Eae=0Ear (QR., w7, w/ w;), Where g is the SAW . A (e) + (4, f1)g°
wave vector,R; and o, the electron cyclotron radius and Clf(e,)]=Coy,[T(e.0)] - S 3
frequency, ® the SAW frequency, andr the effective Tin

electron-scattering time crucially dependent on the type of ] . ) . )
impurity scatterind”-18 In the high-field limit, w.m>1, we  INtO the elastic and inelastic parts. Relaxation of the nonequi-

describe Weiss oscillations of the AE effect as a function ofiPrium part of the distribution function towards an isotropic
gR.. In addition, for low-density structures with heavy-massdistribution is described by the ter@y,,,
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A fO— A 1 The dynamical perturbatiog,q(¢) can be found by tak-
Cifl= ,andC,[f]= ;fof- (4) ing Fourier harmonics of Eq1) at the frequency and wave

number of the SAW,
We adopt the subscripts for isotropic scattering and for

small-angle scattering, approximated by diffusion along the (}U/ o
Fermi surface. In Eq(4), 7! is the momentum relaxation Jp— —— —i— +igR. cose fug(€.0)
rate (thus, 7 is the transport time which determines the time- @e e
scale upon which the nonequilibrium harmoni¢$ decay. _ (00 dog+ foq(e)  eEqn . it
Energy relaxation, withr,'< 7%, is taken into account by = o " Plfoole @) + f1(e)].
the last term in Eq(3) using the relaxation time approxima- e ¢
tion. Here we neglect the teriyox |E, 4% since any resulting cor-
The rectified (acoustoelectric current can be described rections inf,4(€, ) would be nonlinear in the SAW power.
using Assuming a low-temperature regimel < w:pg/q, we inte-
o grate the above over energy approximating all energy-
J=ix—ljy= eyf devfiye), (5)  dependent parametefsuch asR;) by their respective values
0 at the Fermi levelg, fr=-48(e—€:), and arrive at

where y is the 2D density of states anfjq(e,¢) is the o £

steady-state homogeneous part of the nonequilibrium distrit , _~o» . ® . _ EUFEwq

bution. Below, we restrict the analysis to effects linear in the % e Iwc +1AR; C0S¢ | Qu(¢) e cose. (8
SAW power and perform a perturbative analysis. We assume o i i

that the force from the SAW field is much less than theln the limit of gR:>1, the solution to Eq(8) displays a
Lorentz force,E,q<veB, whereby electron cyclotron orbits fast-oscillating angular dependeneg°" ¢, caused by the
are not destroyed by the SAW and no channeling of electro}St term in brackets on the left-hand side1S) of Eq. (8).
trajectories occurs. To describe the AE effect we relate thd© take those fast oscillations into accolirtf we write
steady-state terrfyg(e, ¢) to the SAW field andf ,q(e, ¢) at Gug(®)=hq(@)e 9% SN ¢. Using angular Fourier harmonics

the SAW frequency by taking th@=0, Q=0 harmonics of Of Nug(¢), this reads

Eq. (1), : )
Cool€, @) eE g~ h = S _
3 fool€,¢) = = ) T=IPE (). Joq kEx K Jkn(AR) 9)
c +wq C

Having multiplied Eq.(8) by €iResin¢-ike and integrated

B over anglep, we arrived at the system of coupled equations
_ eZE—w—q YT for Fourier coefficient¥ ,

J=-2 € g
o [1+iweT]

We then evaluate the complex curremt,

toq (O - w ’ 1 AR i ) ekEw
2m dQD s 2&' sin ® Ik - IZ hwq - Z<eq ¢ (Pcalngwq(()o)> = ‘]k(q Rc)u
X €% — cosgd.~ —— 3, |fue@). (6) c c q

Assuming energy independencecdnd density of stateg;, Where<--->=f§”d<p/27-r stands for averaging over the angle
we arrive at

Q.
= ME E_ o The following analysis of Eq10) depends on the form of

[1+iweT] o TonaTe the collision integral. For isotropic scattering,

thus reducing the problem to that of finding the ac density S J(GRIQC hK
modulationn,,= g’ excited by the SAW. The above in- (R sNeTkeC g.,q(@)) = ST Beg e (1)
termediate result is characteristic for the classical Boltzmann T T

. 0 *
regime of transport. In the above formula fof, (dug)  and the elementst, in equation Eq.(10) decouple. One

—~0 ; ; ; o w
=0 g while s_ummat|on over the SAW harmonics Sat'Sf'eStherefore finds ther1t11 angular harmonic off,q(¢) as
w=s0q, wheres is the SAW velocity.

Since the structure of repeats that of the Drude conduc- m_ J(GR)Icm(AR) | dog . EKEy
tivity tensor, it is natural to work with the dc acoustoelectric “EL . e 1 ®.T q
field generated by the SAW in the direction of its propaga- ik - ';c + w_cT
tion,

52 Settingm=0, we find
Eae =8 —Re(E_,q0oq- W ?
F o)
k 2
The following calculation aims to determine how the quan- gS)q: €Fug > KR = , (12
tity of interest, Epg, depends on a particular scattering a4 k= ik—i3+i[1_K]
mechanisnjisotropic(7) and small angléo)]. W, WT
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1« R
K=—3 k(AR . (13)
WeTh=—0 ik — iﬂ + i
We T

In the limit of gR>1, then K<1 since JA(qR.>1)
~1/gqR.— 0. Additionally, the lineark dependence in Eq.
(12) may be manipulated to reakkE—i(ik—iw/w.+1/w.7)
+i(-iw/ w.+1/w.7)—the first term exactly cancels the reso-
nance denominator, and application of the idenE;y]ﬁ(x)
=1 yields an approximate form @f,q,

* 2
0o _€Eg|l o _JaR)
— =2 (14)
q W¢ k=—c0 ik—ig +
W WeT

For small-angle scattering the angle average in (EG)
takes the forrh’1°
(aRo)?

(@SN g (@)) = = =2
2
6= L) iz i+ i, - Do i
+(2k = Dhis. (15

Coupling between different elemer’itéuq in Egs. (10) and
(15) occurs with multipliers of(qQR.)?/7< w, and kqR./

Gr
k
hey— =

’
T
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T:l = (qR:)z -1

> T for small-angle scatterindQRef. 18.

for isotropic scattering,

(19

Geometrical commensurability manifests itself in Efd)
through the appearance of the Bessel functiggR.). Ad-
ditionally, the presence of a finite wave vector lifts selection
rules for electron transitions, allowing transitions otherwise
forbidden by Kohn's theorefisuch as resonances at mul-
tiples of the cyclotron frequency.

The dynamical redistribution of electrons leads to screen-
ing of the external SAW fieldE;," by the 2DEG. We relate
E.q to the unscreened field by inclusion of the dielectric
function, E,,q=Epy"/ k(,0). In the Thomas-Fermi approxi-
mation, and in the limit ogR.>1, we find thatx X(w,q)
~ag0, (Ref. 15, whereag,= x/27€?y is the donor-related
Bohr radius(y is the background dielectric constanand
introduce the dimensionless parameter which is a measure of
the amplitude of the screened SAW field normalized by the
Fermi energy,

£=(eauEoy"ler). (20)

In the limit of w.~>1, we discuss two extreme cases,
ve>s and v <s, wheres is the SAW speetlin GaAs, s
=2.8x10° cmst. At electron densities  n,

= w,, and is now much weaker than the coupling one would~ 10'9+10'? cm?, v>s and the relevant frequency regime

obtain from a direct Fourier transform of E(B). This en-
ables us to solV&18Eq. (10) perturbatively inG,. Note that
we also attribute the terkthX . to the perturbative correction
G, sincek=gR,, and inclusion of this term in the leading

approximation would exceed the chosen accuracy. Thus, we

write

[

>

0 k=

kJ(GR)J-m(qR)
2

k=i (R
w. 20,7

< Jem@R) G

E iﬁ + (ch)z W

ik -
2w,T

_€eEy

m
gwq

(16)

We

Settingm=0, and solving up to second-order E¢&5) and
(16) in G, we find that in the leading ord€rof the param-
etersw/qR.w.=s/ve<1,k/gR.=1 (qR.> 1 andqR. < w.7),

the main contribution to the zeroth harmogﬁl;q is given by

i 2
S)qze_E‘”q }_'_2 ‘Jk(#())z (17)
q I Wck=—n ik—i£+ aR
W 20T

Using the similarity of Eqs(14) and(17), we express the
SAW-induced electric fieldEae=qEag, for both isotropic

and small-angle scattering cases in terms of the effectiv

scattering rater; ?,

_2esE,q < m(AR)
o T2 = kog)?+1’

AE (18)

€F

in structures with realistic mobility appears to e o
=(s/lvg)gR.<1. In this situation, the largest contribution to
the dc field then comes from the term in E&8) with k=0,

286 J3(AR)
AES T T (21)

esrn 1+(wn)
It is interesting to note that the magnetic-field dependence of
the amplitude of geometrical oscillations described by Egs.
(21) strongly differs for the two limiting types of scattering
considered above. In the case of isotrofsicort-rangg scat-
terers the oscillation amplitude decreasesNa$ with the
oscillation numberN~qgR./#. In contrast, for low-angle
scattering it is nonmonotonic. It increases linearlNimp to
N~ \2w7/ 7 where the oscillations amplitude has a maxi-
mum followed by a gradual™3 decrease.

The result in Eq.(18) also shows that in a low-density
2DEG such thawg=<s, resonances in the AE effect at
=kw, become possible. Due to the oscillatory behavior of
Bessel functionsJ(qR,) at gR.>1, and since w/w,
=(s/vg)gR;, resonances would appear in the experiment as a
sequence of Lorentzians of apparently random height. Simi-
lar behavior may be expected in a gas of “heavy” composite
fermions® though a rigorous analysis should require a self-
consistent Chern-Simons field.

To study the damping of geometrical oscillations at low
magnetic fieldsw.7 <1, we use the method of residues,
?ransforming the summation in E¢L8) into the integral

Ewpg/2mi [1+sin(2qR. — zm)]cot(wz)dz
AE ™ ew.T 0} i 1) i ’
e J¢ {z— —+ z2-—-
We W T W W Tx
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where for gR.>1, J(qR)=+2/7mqR.codqR.—kw/2
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The above presented analysis explains why the observed

- x/4), and the contou€ consists of two parts: in the upper magnetic-field dependence of the AE effect by Shiltn

half-plane,C,=x+i0 and in the lower half plane&;_=x-i0.

Each contourC. is then moved away from the real axis,
C.—C.=x#ily|, such thate?/<1, when each contour

picks up exactly one residue from the poles at
=wl/wtil w7 (here and below the subscript is deter-

mined by the subscript of the contgufhe numerator of the
integrands in the shifted line integralg dz are approxi-

mated usinge <1, thus vyielding cdtrz)~ Fi and

sin(qR,—2) = +e*@aR2/2j  After this, each contour is then
moved, C; — C}, such that InC]— F«, passing the real

al.'* contained only one pronounced oscillatory feature asso-
ciated with geometrical commensurability before the AE ef-
fect saturated at a finite value in low magnetic fields. This
contrasted a comparisthmade with the SAW absorption
modeled in ther approximation, which suggested that many
(N~ 3+10) oscillations should become visible while varying
the SAW wavelength from ~10 um to A ~3 um against a
mean-free path of=30 um. In structures with low-angle
scatteringN’ in Eq. (22) increases very slowly with the in-
crease of SAW wave number and remas-1+2 for all
three SAW sources used in Ref. 14.

axis as they approach the opposite extremes of the complex |, the other AE experiment with surface acoustic waves

plane. Thus, we arrive at

Ew
EAE: pF{1+Slr<2ch_ ﬂ)e—ﬂ'/wcn}.
e e

The latter equation is typical for damped geometrica
oscillations'® It shows how commensurability oscillations

known to us, the mobility of samples was not sufficient to

observe geometrical oscillations for the available range of
the SAW wavelength, though the saturated nonoscillatory
low-field AE was seen, as well as Shoubnikov—de Haas os-

|cillations of the AE effect which crosses over into a rich

structure in the quantum Hall effe@@HE) regime. To incor-

die away whenr/ w7 =1 and that the onset of oscillations Parate guantum effects into the drag current analysis, one

occurs at the magnetic-field value such that

[/ for isotropic scattering,
I32/m(Ig)? for small-angle scattering.

&<@~{

Together with the result in Eq21), the latter offset condi-

tion shows that the number & oscillations,N~ qR./ 7
detectable in a sample with the mean-free péttver

would have to take into account the formation of Landau
levels and to replace the classical Boltzmann equation by a
quantum kinetic equatiof?:?® We left such an analysis,
which is beyond the scope of this Communication, and refer
an interested reader to earlier works on the AE effect in the
QHE regime(Refs. 12 and 21 Formation of Landau levels
makes the electron response to SAW field strongly dependent
on the electron Fermi energy, and, therefore, local density of

>2m/q, is larger when its mobility is limited by short-range carriers,n.. The latter feature has been used in Ref. 12 to
scatterersN<N?7) than when scattering is due to smooth relate the drag current in the QHE regime to the density

disorder(N<NY), where

N77~q_|

w

s_q'}. o
o

versusN? ~ min{(ql)m,
F

derivative of 2DEG conductivitydo(n.)/dn,, thus explain-
ing the experimental observations by Esslingeral 13

In conclusion, we present a microscopic theory of geo-
metrical oscillations of the acousto-electric effect caused by
surface acoustic waves in a high-mobility 2D electron gas

In the regime of damped oscillations a finite and appargiving its comparative analysis in structures with either iso-
ently field-independent AE effect persists up to the fieldtropic or small-angle impurity scattering.

veB>E,q (When channeling takes it toll

Eae = epr(ascrEiqAW/GF)z- (23
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