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Coupling of surface acoustic waves to a two-dimensional electron gas
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When a surface acoustic waSAW) is coupled piezoelectrically to a two-dimensional electron gas
(2DEG), a velocity shift and attenuation of the SAW are induced that reflect the conductivity of the 2DEG.
This paper considers the case of an®4; _,As heterostructure with a 2DEG a distanderom a (100
surface of the crystal where the SAW'’s are propagated ifQh&] direction at wave vectaq. It is found that
the velocity shift Avg and the attenuation coefficientc satisfy the well known equation
(Avslvg)— (ik/q)=(@?12)[[1+i04(q, ) o], Whereo,,(q, ») is the complex conductivity at wave vector
g and frequencyw=uvq with v the velocity of the SAW. The coefficients and o, are calculated and it is
found thata has a nontrivial dependence on the prodydt [S0163-18206)07943-X

[. INTRODUCTION sults about the frequency and wave-vector-dependent con-
ductivities of the sample& detailed analysis of the data in
For almost 30 years it has been known that the velocityRefs. 9 and 10 is given in Ref. 13

v, of surface acoustic wavedSAW'’s) in piezoelectric crys- In Refs. 5-11, the SAW's are propagated in {itd.1]
tals can be effected by the electrical properties of nearbylirection along 8100 surface of anAl)GaAs crystal. For
conductors:? If the nearby conductors are dissipative, thenmost of this paper it will be sufficient to approximate this
they can allow the SAW to attenuate also. Work bysystem as the geometry shown in Fig. 1. In other words we
Ingebrigtser!,and later authofs showed that when a piezo- assume that the 2DEG is a thin conducting layer a distance
electric is brought next to a thin layer of a conducting me-d (typically between 1000 and 5000 Aom the surface of a
dium, the SAW velocity shifAv and the attenuation coef- homogeneous AGa, _,As crystal with the fractiorx of Al

ficient « satisfy the relation taken to be approximately 30%. The effects of the differ-
ences between the actual experiments and this idealization
Avg ik a?2 will be considered in the concluding section of this paper.
ve g 1+iog(q o) o (1) The outline of the remainder of this paper is as follows. In

Sec. I, the electromagnetic response funckqy is defined
where o,(q, ) is the longitudinal conductivity of the ad- and related to the conductivity,,. The parameter, is
joining medium at wave vectog and frequencyw=v.q. then defined in terms of the SAW velocity and the effective
Note that the velocity shift is measured with respect to thelielectric constan.e., the effective strength of the Coulomb
velocity of the SAW when the adjoining medium has infinite interaction in the 2DEE The effective dielectric constant is
conductivity. The coefficients-,, anda?/2 depend on mate- calculated explicitly in the Appendix. In Sec. Ill a qualitative
rial parameters and are discussed at length in this paper. explanation is given as to how the SAW induces a potential

Using the above relation between SAW velocity skift ~ through piezoelectric coupling, thus resulting in an energy
attenuatioh and the conductivity of a surface layer, experi- shift and/or dissipation through the real and/or imaginary
mentalists have probed the conducting properties of twopart of the conductivity. Equatiofl) is then derived leaving
dimensional electron gasé2DEG'’s) placed near the surface only the coupling constant?/2 to be calculated. In Sec. IV
of crystals of GaAS1%'2(An approximation of the experi-
mental geometry is shown in Fig.)lin the earlier of these
experiments:® the wavelength of the probing SAW was
much larger than the distanak from the surface. In this
case, the deptl can be neglected, and the coefficients
and a?/2 can be assumed to be constant. However, in the
more recent experimenis!! the wave vectolq can be so
large that the produajd is of order unity. In this case, one
must carefully consider the wave-vector dependences of
these coefficients. Roughly one might expect that the cou-
pling a?/2 should decay approximately as?99. However,
it is seen experimentally that the coupling remains roughly
constant up to the highest wave vectors probgd~4). In
this paper, the wave-vector dependences pfand «*/2 are FIG. 1. Approximate model geometry for surface acoustic wave
explicitly derived for an experimental geometry similar to experiments. In the experiments the spading typically between
that used in these experimental works. Using the results de-000 and 5000 A. The AGa,_,As typically has a fraction of Al
rived here, it should be possible to deduce quantitative regiven byx~30%.
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the form of the SAW(neglecting the piezoelectric coupling

is discussed with particular focus on finding the energy den- 7x107} .
sity per unit area of the SAW. The effect of a small piezo- TC} L ]
electric coupling is then considered in Sec. V yielding aform >~ sx1077] 1
for the induced potential. The coupling’/2 is then derived o %
and is found to have a nontrivial and nonmonotonic depen- G, ]
dence omgd. Finally, Sec. VI considers a number of experi- 3x10~" . . .
mental issues and summarizes results. : : ,
ax10”? .
Il. RESPONSE FUNCTIONS
. : . , 3x1074) 1
The density-density respon$g(q,) is defined by the ~ X
relation 3 oxio™ |
N(d, ) =Koo(d, @) $*(q,w), 2 ot ]
where ¢*is the perturbing externally applied scalar poten-
tial applied at a frequency and wave vectog=qgx, and

n(g,w) is the induced fluctuation density. As we will see 0
below, the SAW experiments directly measig, at finite
frequency and wave vector. . ) .
Many linear response measurements do not measure, FIG. 2. Couphng_ constants as a functiongaf with g the wave
however, the ratio of induced density to the externally apector andd the distance from the 2DEG to the surface. Top:
plied potential but rather the response to the total potential. Am(d9) in units of inverseQ). In this calculation, the dielectric

. . . . . constant of the medium (4Ba _,As) is taken to be 12.5. Bottom:
dC%TJT(I)t?/nnb(i)cgllg:J ;C)?J(tje% ;Ihe external potential gives rise to aaz(qd)lz (dimensionless Here, the piezoelectric constant is taken

as 0.145 C/r. The uncertainty in this number results in an uncer-
ind — tainty in the scale of approximately 50%. Note thatqat=0 the

¢7(A0)=—v(@n(q,w), ® coupling constant is roughly 3104 in good agreement with

wherev (q) =27/ exq is the Fourier transform of the usual experiment.

Coulomb interactiom (r) = 1/(eqz|r|). (In principle, currents

in the sample give rise to an induced vector as well as scalagince the response functidi,, relates the density to the

potential, but in practice these fields are negligibldere  total potential, it is useful to write this function in terms of

eerr 1S the effective background dielectric constant. Thethe conductivityo, s which relates the two spatial compo-

wave-vector-dependent form of this dielectric constant foments of the currentj, jy) to the two spatial components of

the case of the model geometry of Fig. 1 is derived in thehe total electric field E, ,E,) viaj=oE. Using current con-

Appendix, and is given by servation to givg,=(wn/q) then yields
€eif 1 (e+€p)exp(qd) @ .
_—— = - s —lw
€ 2\ ecoshqd)+ epsinh(qd) Uxx:—qz—ﬂoo- 9

where € is the dielectric constant of the bulk &g ,As

and e, is the dielectric constant of the medium above thein particular, this allows us to write the general relation

surface &1). The dielectric constalftfor Al,Ga, _,As with

x~0.3 is approximately 12.%which is slightly lower than

the dielectric constant for GaAs, which is approximately [Kool t=v(q)— ——.

13.0. a"oxx
Using Eq.(3), the total scalar potential

(10

Throughout this work, we will assume that=vq with v

PO= ¥4 pind (5  the SAW velocity, which then implies
is now written as
Kool t,0) = el 1
$°'=[1-v(q) Kool 6°* (6) o) 10/ o G)]

It then becomes useful to define the polarizatibgy(q, w), ith
which relates the induced densityq, ») to the total scalar wit
potential via

ot _ Us€eff (12)

n(Qq,w)=Ilo(q, w) $(q, ). (7) Im="5

Combining this definition with Eqs(2) and (6) yields the
equation The functiono,(qd) is shown in Fig. 2. Here, the experi-

mentally relevant parameters for Refs. 9 and 10 are used.
[Kool *=[Moo] *+uv(q). (8)  These aree=12.5 andv,=3010 m/sedsee Sec. IV beloyw
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I1l. INDUCED ENERGY SHIFT 2 e2
o €eff ©14 2
. . . -—=— |F(qd)| (21
Due to the piezoelectric coupling, an external scalar po- 2 € 4meH

tential $*is induced in the 2DEG. For now, we will write , . ,
(note that the factor of # will vanish whene. is converted

ext—Ce, F(qd)/e, 13 into MKSI units).
¢ 1k (qd)le 13 Using Eq.(19), the fractional energy shift is then propor-

whereC is the amplitude of the SAWe,, the piezoelectric tional to the fractional wave-vector shift,
stress constant, arfelis a dimensionless function ofd that )
represents the fact that the SAW decays into the bulk. AU Agq_ AUS+I_K
Clearly F should approach a constant@d— 0 and should U q vy q°
approach zero agd—oc. Roughly, one should expect that , .
the functionF should decay as 99, Here we have used the fact that the externally applied driving
The induced energy density per unit area due to this exfrequency is fixed, and,=Re(w/q). _
ternal potential is given by Equation (22) along with Eq.(20) implies the velocity
shift and attenuation relation given by E@). All that re-
1 mains now is the tedious job of evaluating the consthras
oU= §K00| »2. (14)  well as the functional fornfr in Eq. (21). It should be noted
that in the smallqd limit, various experiment§°*~° have
measured the value of the coupling constant and have found
a?/2~3.2x10"*. As is discussed below in Sec. VI, these
measurements should be viewed with caution. As discussed
drbove, one expects roughly thétdecays a®e 9 so that

(22

This expression is obtained from integrating a differential
ddU=n(4)d¢® and using Eq(2). (Using ¢'" here in-
stead would account for only the electrical eneydtyshould
be noted that this expression yields a complex energy. Sucft, 200 Tr X )
a complex energy should be thought of as proportional to & /2 decays ag . This, however, contradicts experimen-
complex frequency describing the oscillations of the systenf®! observatiort Below, in a more careful analysis, we will
via expfgx—iwt) such that the imaginary part of this fre- S€€ why the_decay is actually somewhat slower and shows a
quency is the dissipation of the wave. nonmonotonic dependence qu.

Using Eq.(10) we can rewrite this energy shift as

IV. NONPIEZOELECTRIC SAW'S

= i Cefid | 62, (15) We begin by discussing the solution of the SAW equa-
Am[l-iom/ox(d,0)] tions with the piezoelectric coupling set to zero. The piezo-

W it thi hift with t1o th electric coupling will then be added at lowest order.
€ nowwant to measure this energy shift with respect to the Defining a displacement vectayg, the elastic wave equa-

shift for o — 0. Thus, tion is given by®>1’

ouU

AU=U=dU(00=) (18) Cijki 919U+ pU;=0, (23
€erd] 1 wherep is the mass density;, is the elastic tensor, we have
= - —1}|¢ex'12 (17 used the notationg f=af/ax, , f=df/at, and ted indi-

4 | 1—ionlow(q,0) n& X| » and repeated indi-
ces are summed. For GaAs, AlAs, and other crystals of cubic
symmetry there are only three independent elastic constants.

_ Eerfd : -1 | pX2. (18) These constants are conventionally called, c.», and
4w |1+iow(q,w) oy 4. For GaAs at low temperatures, the elastic constants

C11, C1p, @ndc,, are given by® 12.26x 10'°,5.71x 10*°, and
It is found below that the surface acoustic wave has ams.00x 10'° N/m?, respectively. The constants for AlAs
energy density proportional 16292, whereC is the ampli- (Refs. 19 and 20 are given approximately by
tude of the wave and is the wave vector. Furthermore, the 12.2x10'° 5.5x 10, and 5.7 10'°N/m? respectively. It is
wave decays exponentially into the bulk with a decay connoted that the elastic constants of the two materials are
stant proportional t@. Thus, when integrated in tleedirec-  roughly the same. For AGa, _,As it is reasonable to inter-

tion, the energyJ per unit surface area is given by polate for any value ofk. (Experimentally, there may be
some uncertainty irx.) The density’ of GaAs is 5307
U=qC?H, (19  kg/m®, and the density of AlAs is 3598 kg/fn Thus for

Al,Ga _,As with x~0.3, the density interpolates to approxi-
whereH is a factor that depends on material parameters thahately 4794 kg/m, which differs from that of GaAs by only
we will determine below. Combining this with the results of 1094.
the above section, the fractional energy shift is then given by |n considering surface waves, the wave equation must be

supplemented with the boundary condition at the free surface

AU B —a?2 so that there is no total force at the surface. This condition is
U 1tiog(q,o)oy’ (20 \ritten ad51®

where Cijk|(9|uk:0, (24)
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where the subscrigt represents the direction normal to the with “c.c.” meaning complex conjugate. Finally, integrating
surface. For certain geometries, analytic solutions of thehe result of Eq(33) in the z direction yields an energy per

SAW equations are available. In the present case (08
surface with wave propagation in tf§@11] direction, the
velocity of SAW propagation is given by the solutignere
we are interested in the lowest velocity solujiarf the cubic
equatior??

c

Caa
where c},=3(cy1+Cip+2¢4s) and X=pv2/c,; gives the
SAW velocity vs.

For AlLGa _,As with x~0.3, the velocity is approxi-
mately 3010 m/sedThis differs from that of pure GaAs by

’ 2
C1C11—Cp2 11

2 '
Cc
Ci1 Cc

11

x) . (25

only 5%,) Once the velocity is determined, one can easily
solve analytically for the form of the SAW. For the experi-

unit surface area in the form given by Ed9) with

—2igp _ 2n0—2i¢ _ 2
, (e 1 (y—Q)% ly—9|
H:R%Cll(T"‘E +Cll( Q + o
. Q)2
+c44(<y2me2'@+%)
. RayQ
+20] e e o0 } 37

wherea=Re((}). This yields a humerical value of
H~28.8<10 N/m? (38

(the value for pure GaAs is lower by only about 2%

mental geometry we are presently considering, the displace-

ments for this wave can be written®4é?

ux:C(e—flqz—iqo+e—ﬂ*qz+i<p)eiq(x—vst), (26)

iUZ= C( ,ye—nqz—iqo_l_ ’)/* e—(l*qz+i<p)eiq(x—vst)’

(27)

with uy=0 and C the amplitude C has dimensions of
length. Here, theX direction is chosen in the direction of
wave propagatiorithe [011] direction. The parameter§),
v, and¢ are determined By?2

0=(C13— XCy3— 0%C11)(Caq— XC13— Q%Cya)

+Q2(ciptCh)?, (28
C1oFCyy
—q| 2| 29
Y Cas— (X+0Q%cyy 9
_ '}’* —Q*
—2ie_ _ ~ "
e =0 (30

In the case of AlGa _,As with x=0.3, the values ofy and
Q) and ¢ are given in this case by)~0.501+0.473,
y~—0.705+1.146, and ¢~1.06.

The local energy density of this wave can be writtenc/y2 126

as’l_5,17

E=3 Cijia Ui Uy, (31
where the strainy;; is given by
u”-:%(&iuj-h?jui). (32)

V. PIEZOELECTRIC COUPLING

When a piezoelectric coupling is added, the wave equa-
tions take the forrh®:”

Cijk1 99U+ €ijddip+ pU;=0, (39

eik|(9|(7iuk_ 6V2¢=0, (40)

wheree is the piezoelectric stress tensaf,is the electric
potential, anck is the dielectric constant of the mediuirere

€ is assumed to be isotropid-or GaAs and AlAgand other
cubic crystals of class3m), there is only one independent
nonzero component of the piezoelectric tehSoallede, ,.

The value ofe;, for GaAs has an accepted vatté’ of
approximately 0.157 C/f However, it should be noted that
there is a small amount of evideri¢ehat the actual value
might be somewhat lowdby perhaps as much as 40%or
the present work we will choose to work with the accepted
value. For the case of AlAs, it is even more difficult to find
a reliable value for the piezoelectric coupling. To the au-
thor's knowledge, no reliable measurement of this quantity
has been made to datéSeveral calculations o, have
been made, and the results range ffoms small as 0.02
as large as 0.22 C/fn If we choose one of these
for the value ofe, for AlAs and interpolate to obtaia,, for
Al,Ga _,As with x=0.3 (linear interpolation is thought to
be roughly correéf) we will obtain results that range from
approximately 0.11 C/rhto 0.18 C/nt. Sincee,, is squared
in the final resul{Eq. (21)], these uncertainties will be mag-
nified. Although this uncertainty results in an overall change

For the AlL.Ga, _,As surface wave discussed above, the endn the magnitude of the coupling, it will not change the func-

ergy density can be written Hs

E= % (C:,|_1| uxx|2+ C11| uzz| 2+ 2ClZRd: u:xuzz-l + C44| 2uxz|§)- )
33

Inserting the above described form of the wave yields th

strains
Uxx=1q Uy, (34)
U,,~iqC(yQe 9 ie4 ¢ c)eldxvsh, (35
2u,,=Cq([y—Q]e M9z ie4cc)edxvsh (36

tional form of the coupling with respect to changesaqd.
For definiteness, we will choose to work with a value of
e14 Of 0.145 C/n? for Al,Ga,_,As with x~0.3 (which is
close to the value for pure GapsThe uncertainty is ap-

é:)roximately 0.04 C/m. When this quantity is squared in Eq.

(21), the final result has an uncertainty in scale of about 50%.

Since the piezoelectric coupling, is small, it is clear
from the second equation thgt will be ordere;, smaller
thanu. Thus, the first equation will be solved by the nonpi-
ezoelectric solution discussed above with corrections only at
ordere?, The mechanical boundary conditions in the piezo-
electric case arg®
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in Eq. (21) yields a coupling constant?/2. The functional
dependence a#?/2 onqd is shown in Fig. 2. It is clear that

Again, this will be satisfied by the nonpiezoelectric solutiono dependence is quite nontrivial. First of all, the exponen-

with corrections at ordee?, The electrical boundary condi-

tion that the normal component of electric displaceni2s
continuous across the surface can be writtén as

v
$=i-=2D, (42)

D;= €39 \Ux— €dy b, (43

where Z is the transverse magnetic wave impedanc

tial decay at largeyd is roughly proportional te~9¢ rather
thane 299, This is because, due to the precise material pa-
rameters, the SAW decays into the bulkeas*® with a~

3. More importantly, at smaljd the coupling seems to os-
cillate. The reason for this is roughly that the boundary con-
dition fixes the strainu,, to be zero atz=0. Thus
E,(z=0) is mainly caused by the surface chafge., the

A; term in Eq.(48)]. As z (or d) increases, the effect of the
surface charge term quickly decays, but the stiaip be-

(Z=E,/H,) of the medium above the surface. The imped-COMes nonzero so that the coupling decays first, but then

ance of the adjoining medium can be written as

z= (44)

Us€p'

where ¢, is the adjoining medium’s dielectric constant.

These conditions can be rewritten as

0=(€oQ ¢+ €30 Ux— €d30)| 10 (45)

increases. Finally, at larggd, the exponential decay of the
SAW damps out the coupling.

VI. CONCLUSION AND FURTHER CONSIDERATIONS

This work has focused on surface acoustic waves in
Al ,Ga;_,As coupled to a 2DEG a distandeaway from the
surface of the sample. The general relafigq. (1)] between
the fractional SAW velocity shifdvs/vg, the attenuation

Here, this boundary condition must be properly treated since- and the conductivityr,, of the 2DEG was derived, and

nonpiezoelectric solution fan and solve Eqs(40) and(45)
for ¢. These two equations in our case can be recast as

EVzd): €14( 9 Uxxt23,Uy,), (46)
0=(€o0ep+e14Uyy— Ea2¢)|z=0- (47)
The proposed form of solution is
iCey . : .
¢: . 14e|q(x—v5t)[Ale—qu—|<p+Aze—Q qz+|qo+A3e—q2]
(48)

with C the amplitude of the SAW. Equatio@6) immedi-
ately yields the conditions

A =A*=—2—7_ZQ
1 2 o) 1°

(49

Finally, using Eq.(47) yields
=2
S 1+4r
with r=¢q/e~1/12.5.

As [cosp+TReAe %)+ Re QA 9] (50)

Once the potentialp has been determined, this potential

is then treated as the external pot_entjﬁ?‘t applied to the
2DEG. Note that the scalar potential then induced by the

density fluctuations in the 2DEG does not change the solu-

tion to Eqs.(40) and(45) above sinc&’?¢"'=0 everywhere
outside of the 2DEG andyq¢™=ed;¢™ at the surface

Appendiy. The form of the potential is given by E@l3)
where the functional dependenEeis given by
F(qd)=2|Ale” “%%cog Bqz+ ¢+ &)+ Age 9%, (51)

whereQ =+ Bi andA;=|A|e '¢. Here we have the val-

function of the producigd of the wave vectorg and the
distanced to the surface.

Although Eq.(1) is very general, the values of the coef-
ficientso,,, and a?/2 are quite dependent on material param-
eters. As discussed in the text and in the Appendiy,is
dependent only on the velocity of the SAW and on the ef-
fective background dielectric constant in the 2DE@ich is
in general wave vector dependenThe coupling constant
«?[2, on the other hand, is very sensitive to the details of the
sample. In this paper we have focused only on a relatively
simple model geometry where the sample is assumed to be a
homogeneous slab of AGa;_,As to simplify the solution
of the wave problem. In actual experiments, the samples are
often complicated many-layer heterostructures. In the rel-
evant experiments; the bulk of the crystal(below the
2DEQG) is pure GaAs andnostof the crystal between the
2DEG and the surface is &ba, _,As with x~0.3. However,
additional thin layers of GaAs are added in this region, along
with Si dopants. In principle, we could solve the wave equa-
tions for this complicated geometry and apply similar meth-
ods, but in practice such problems can only be solved nu-
merically. However, since the elastic constants, densities,
and dielectric constants of ABa; ,As and GaAs are so
similar, we suspect that these heterostructures can be well
approximated by the homogeneous system discussed here.

In using Eq.(1) to extractoy,(q,w) from experimental
data, there are several complications. To begin with, accurate
measurements of the attenuation are extremely difficult, as
are absolute measurements of the velotithowever, mea-
surements of the relative velocity shift can be made quite
%ccurately. Another complication is that the above formula
for the velocity shift[Eq. (1)] gives the velocity shifAvg
relative to the velocity of the SAW if the conductivity of the
2DEG were infinite. In practice, the velocity shift is usually
measured relative to the velocity of the SAW at zero mag-
netic field. It is often the case in high mobility samplesur-

ues|A;|~1.59, ¢+ é~2.41,A;~ —3.10. Using these values ticularly at low frequencythat the conductivity at zero mag-
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netic field is sufficiently large that it can be consideredAl,Ga;_,As since the dielectric constant of the medium
infinite and this approximation becomes reasonable. Howabove the surfaceef~1) is much less than the dielectric
ever, more generally, if the conductivity at zero field is well constant of AlGa;_,As (e~12.5). In this appendix, we
known, the resulting measured shift can be appropriately acconsider the electrostatic problem of a charge in a 2DEG a
justed. distanced from this Al,Ga;_,As-air interface. Consider a

In Refs. 5-10, the parameters, and @%/2 are both fitto  chargee=1 placed in the 2DEG at positian=0 such that
experiment. To do this, the dc conductivity is measured andhe Al,Ga,_,As surface is at the coordinate=d. It is a
put into Eq.(1), the values ofo,, and %2 are then varied standard result of electrostatifshat the electrostatic poten-
until a good fit is obtained to the experimentally measuredial in the Al,Ga, _,As generated by such a charge is given
values ofAvq/vg as a function of magnetic field. There are by
several possible problems with this procedure. To begin
with, the zero frequencydc) conductivity is expected to be
somewhat different from the finite frequency and wave- 1
vector conductivityo,,(q,w=v.0) that must be used in Eq. ®(r)= Z(m+
(1). Furthermore, there are indications that due to large scale
inhomogeneities in the sampléthe measured dc conductiv- R ) ]
ity may not accurately represent the spatial average,of Here, |r +2zd| is the distance from to the image charge, a
We thus conclude that these experimental fits of these pdlistanced away from the surface on the air side. Restricting
rameters to the dc conductivity should be viewed with caud t© lie in the plane of the 2DEG, and Fourier transforming,
tion. Nonetheless the qualitative features of these experb('e‘IdS
ments are relatively robust and many of the conclusions
drawn from these experiments are relatively indepeffident

€— €p
et eg

;) AD
Ir+2zd|/)

of the precise value of the fit parameters, and a?/2. A v(k)=f d?re’®Td(r) (A2)
more careful quantitative analysis of these data is given in
Ref. 13.

which can be evaluated using Eqgs. 6.564, 8.411, and 8.469.3
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APPENDIX: COULOMB INTERACTION NEAR A

DIELECTRIC INTERFACE . . .
which can be rewritten in the form of E¢4). Note that the

The Coulomb interaction between electrons in the 2DEGeffective dielectric constant ranges franfor largeqd>1 to
is affected by the presence of the free surface of e+ €g)/2 for qd<<1.

1K. A. Ingebrigtsen, J. Appl. Phy<0, 2681(1969. Rev. Lett71, 3846(1993; see also R. L. Willett, Surf. ScB05,
2C-C. Tseng and R. M. White, J. Appl. Phy&8, 4274(1967). 76 (19949.

3p. Bierbaum, Appl. Phys. Let21, 595(1972. 10R. L. Willett, K. W. West, and L. N. Pfieffer, Phys. Rev. L&,
4A. L. Efros and Y. M. Galperin, Phys. Rev. Le64, 1959(1990; 2988(1995.

Some of the calculations given in this work are very similar to 1*R. L. Willett (private communication
those given here. However, in this reference, the 2DEG is as!?For related work, see A. Schenstramal,, Solid State Comn65,

sumed to be a distanak above(i.e., outside of the piezoelec- 739 (1988; V. W. Ramptonet al, Semicond. Sci. TechnoV,
tric. 641 (1992; A. Esslingeret al, Surf. Sci.30583 (1994); J. M.
SA. Wixforth, J. P. Kotthaus, and G. Weimann, Phys. Rev. Lett.  Shiltonet al, J. Phys. Condens. Matéef, 7675(1995.
56, 2104(1986). 133, H. Simon, B. I. Halperin, and R. L. Willetunpublishedl
5A. Wixforth et al, Phys Rev. B40, 7874(1989. 14Handbook of Optical Constants of Soljdsdited by E. D. Palik
"R. L. Willett, M. A. Paalanen, R. R. Ruel, K. W. West, L. N. (Academic, Boston, 1985 Handbook of Optical Constants of
Pfeiffer, and D. J. Bishop, Phys. Rev. L&, 112(1990. Solids I, edited by E. D. PalikAcademic, Boston, 1991
8R. L. Willett, R. R. Ruel, M. A. Paalanen, K. W. West, and L. N. *°L. D. Landau and E. M. LifshitzTheory of Elasticity 3rd ed.
Pfeiffer, Phys. Rev. Bl7, 7344(1993. (Pergamon, Oxford, 1986

9R. L. Willett, R. R. Ruel, K. W. West, and L. N. Pfeiffer, Phys. °G. W. Farnell inPhysical Acousticsedited by W. P. Mason and



13884

R. N. Thurston(Academic Press, London, 1970/ol. 6; See
also G. W. Farnell, ilAcoustic Surface Wavesdited by A. A.
Oliner (Springer-Verlag, New York, 1978

17B. A. Auld, Acoustic Fields and Waves in Solid#/iley, New
York, 1973, Vol. 1.

8see also T. W. Grudowski and M. Gilden, Appl. Phys. L&8,

412 (1980. Note that the experimental geometry used in this

reference is slightly different from that considered here.

19M. NeubergerHandbook of Electronic MaterialéPlenum, New

York, 1971, Vol. 2, and references therein.

20N, Chetty, A. MUroz, and R. M. Martin, Phys. Rev. &0, 11 934
(1989, and references therein.

2IR. Stonely, Proc. Soc. London, Ser.282, 447 (1955.

2|t should be noted that in Eq26) the forms of the solutions
assume that the two roots of E®8) are complex conjugate

pairs(Q andQ*). This is indeed the case for £ba; _,As sys-

tems. However, for systems with somewhat smaller anisot-

STEVEN H. SIMON 54

ropy (i.e., whenc,, is closer toc;,) the two roots can become
real and unequal and the form of solution shown here is not
correct.

23], L. Sanchez-Rojast al., Appl. Phys. Lett65, 2042(1994, and
references therein.

243, Adachi, Physical Properties of 1II-V Semiconductor Com-
pounds(Wiley, New York, 1992, and references therein.

253, de Gironcoliet al, Phys. Rev. Lett62, 2853(1989.

28K, Hubner, Phys. Status Solidi B4, 627 (1973.

273, H. Simon and B. I. Halperin, Phys. Rev. L&t8 3278(1994;
I. Ruzin, N. R. Cooper, and B. I. Halperin, Phys. Rev.5B
1558 (1996; I. Ruzin, N. R. Cooper, S. H. Simon, and B. 1.
Halperin (unpublished

283, D. JacksonClassical Electrodynamic2nd ed.(Wiley, New
York, 1979, p. 147.

2| s. Gradshteyn and I. M. RyzhiRable of Integrals, Series, and

Products(Academic Press, San Diego, 1980



