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Transport relaxation rate of a two-dimensional electron gas:
Surface acoustic-phonon contribution
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The transport relaxation rate716f a two-dimensional electron gas due to scattering by thermally excited
surface acoustic phonons is calculated. The temperature dependenedsofolind to be linear i for high
temperatures, but decreases liké as T drops below the Bloch-Gneisen temperature for surface sound,;
a=7 (5) for the deformation-potentigpiezoelectri¢ interaction. The effect of a finite distance between the
crystal surface and the two-dimensional electron gas is discussed. The results are compared with those that
have been calculated for three- and two-dimensional phonons interacting with a two-dimensional electron gas.
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At low temperaturesT, the mobility (or transport relax- replaced the surface phonons by a strictly 2D phonon system
ation timer) of the two-dimensional electron gé2DEG) in (i.e., a layer of vibrating atomsOur calculations are based
GaAs/Al,Ga, _,As heterostructures is mainly limited by on the proper matrix elements for the interaction between
scattering from impurities and imperfections. In a degenerat®AP’s and 2D electrorfSWe shall show that the replace-
electron system, these scattering processes are temperatit€nt of SAP’s by 2D phonons leads to a differ@ntiepen-
independent. They are thus described by a constant transpéience and a different order of magnitudergf(T). In fact,

relaxation timer,. Assuming Matthiesen’s rule, the total the T dependence of the relaxation rate due to scattering by
transport relaxation rate can be written as }(T)  Surface phonons agrees with that arising from the interaction

:TF1+TF;hl(T), where Tph(T) may be identified with the with 3D phonons and the contributions of SAP’s and 3D

_1 .
temperature-dependent effect of phonon scatteringron PONONS o7y, (T) can be of the same order of magnitude.
Even though the rate* might not be well known, the tem- This is in contrast to the results of Ref. 3 which predict that

1 l

erature dependence ef,, enables one to extract informa- SAP's dominate I, once T drops sufficiently below
b P b . . Tge. Moreover, our calculations show clearly that and how
tion on the electron-phonon scattering from mobility mea-

’ -1 .
surements. Indeed, an experiment of this kind has bee € effect of SAP’s om,; (T) depends on the distance of the

performed by Stamer et al! The results have been ex- DEG from the surface of the heterostructure.

plained in terms of the scattering of three-dimensica) The transport rglaxauon rate associated with surface
phonons from 2D electrons using predictions of a theoryphonons can be written as

developed by Pricé According to Price, the temperature de-

pendence ofrghl(T) undergoes a smooth transition from a i: 2 [1-cos(k k’)]Wiqf (1—f,) (1)
linearT dependence to a strongEf dependence as the tem- Tsap ik’ ’ ok Tk K

perature is reduced beloWsTgs=2kcAic, wherekg is the

Fermi wave vector of the 2DEG aris, depending on the whereqis the 2D wave vector of a SAR,andk’ refer to the
phonon mode involved, the longitudinal or transversal soun@D wave vectors of an electron prior to and after an electron-
velocity. The exponent is equal to 5 for the piezoelectric phonon interactiond is the angle betweek andk’, andf is
electron-phonon interaction, whereas deformation-potentidghe Fermi distribution function. The transition raW is
coupling leads tax=7. Tgg determines the temperature at given by

which short-wavelength phonongphonon wave vector

g=~2kg) cease to contribute to the electron-phonon scatter- 27 |MEE,|2 1
ing processes. FOF<Tgg, only electron-phonon scattering WEE'ZT —2( gt 55| 0(ex— e Fhag). (2)
through small angles remaing<€2kg). The transition from ' le(a)] 22

a high-temperature to a Iow-temperature_ r_egime can bﬁ"he dispersion law for surface acoustic waveswis=sq
viewed as a result of the phase-space restriction for electron- = Sa,

phonon interaction processes imposed at temperatures IestgIeres denotes their sound velocitg€ £c, , wherec, is the

thanTgs. In this sense, the low-temperature range may b ransversal sound velocity argh-0.9 for GaAs; cf. Ref. 3

referred to as the Bloch-Gneisen(BG) regime?! Note that Qsoru%%ir/g\'\;e;:g’\? T[eliq(Z) r/efers_tlca_tlhi('as g]rglsshlg?/
Tge is much smaller than the Debye temperature since th@ ption of 9 Pliwg kBT_) P
: . non distribution function. The matrix elements for the
inverse lattice constant greatly excedgs : ; .
. ; - .. electron-SAP interaction are given‘by

It is the purpose of this paper to discuss the contribution
of thermally excited surface acoustic phond@84P’s) to the
transport relaxation rate of the 2DEG. Lestlal® have al- IMZ9 2= h e 2K%B g5 ., 3)
ready tried to address this problem. However, these authors kk'l L 2ps N Tkxaqk’
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B,0%?=cpaE2q® for deformation-potential interaction

Bnq"= . - .
nd Bo=Cpa(€B)? for piezoelectric interaction.
|
B, represents an angle average with resped. to?, p, E, 1 2"c,m*kp !
e, and B are the normalization area in the 2D plane of the ?ap:—ﬁspsz BnkasT, (6)

electron gas, the mass density of GaAs, the deformation-
potential constant, the electron charge, and the piezoelectritherec,=5/16 andcy=1. That is, the transport relaxation
modulus, respectivelycp, and cp, are numerical coeffi- rate exhibits a linearT dependence independent of the
cients of order unity. The exponential function accounts for éelectron-phonon interaction involved. This is a natural result
finite distancez, of the 2DEG from the surface. The decay of because all SAP’s that may contribute to scattering processes
a surface acoustic wave towards the interior of the sample i8re thermally excited and a further rise of the temperature
determined by the decay lengthxq) t. For the increases only the number of phonons. This number is pro-
deformation-potential interaction, only one coefficienbc-  portional toT. For a>1 (BG regime, Eg. (5) can be ap-
curs that coincides with the decay constant of the longitudiProximated by

nal component of the surface wawe= x,~0.8. For the pi-
ezoelectric interaction, three different coefficients<1, i:(5+n)!§(5+n)m*(a§)2 (kB_T)SM R
i=1,2,3, appear. For the sake of simplicity, all of them are Tsap mhkps "\ #s '

replaced by an effective decay constant e the def i tential and oi lectric int i
The experimental results of Ref. 1 confirm that the screen’-&- € delormation-potential and piezoelectric interactions

ing of the electron-phonon coupling due to the 2DEG is notgive rise to a’ and aT° dependence, respectively. Thus the
negligible. Screening is accounted for in Eg) by the di- power laws fqr the temperature erendgnce af.jagree
electric functios with those valid for 3D phonons in the high-temperature as

well as in the BG regime. Neglecting the minor differences
betweenrs and the longitudinal and transversal sound veloci-
e(q) =1+ i H(q), (4) ties, agreement is also found with respect to the other physi-
agq cal quantities determining the order of magnitude of the re-
laxation times. This implies that SAP’s can contribute
where ag is the effective Bohr radius. Up to the function significantly to the temperature-dependent part of the trans-
H, the latter expression agrees with the dielectric function ofort relaxation rate if the distance between the surface and
a strictly 2D electron systefhtH comprises the effects due to the 2DEG is small enough.
a finite thicknessd of the 2DEG. In the limiting cases A valuezy>(4xkg) ™ results in the following modifica-
gqd<1 and qd>1 it approaches unity or behaves like tions of the above expressions. The high-temperature result
(qd) %, respectively. This implies the following approxima- (6) is reduced by a factor of the order of kkgz,) ~**" if
tions for large(high-T range and small(low-T range wave the scre_ening _of the Iargest wave vectors that are (_)f rel-
vectors, £(2kg)~1 and (q<2kg)~(akq) !, which will ~ evance in the integre(5) is small, e(1/2«zy)~1. For effi-
be used below. cient screening or larger distancags the reduction is given
Substituting expressior®)—(4) into Eq. (1), we obtain by (2krag)?/(4xkezo)**", i.e., the influence of the SAP's
on the 2DEG decreases according to a power law in the
quantity Kgzo) ~1. This modified high-temperature result re-

1 23" "m*kiB, [a x3+n . ) :
_ F=n mains valid untilT drops below a reduced BG temperature
T oatn | dx ) '
Tsap Thopsa o 1-—x%a® Tee= Tacl4kkezy. For temperatures beloWgg the relax-
—drkezxla « ation rate is again given by E7).
e~ MR e . .
« (5) Let us now compare our results with those following from
le(2kex/a)|? (€°—1)2’ a replacement of the SAP’s by a 2D phonon system. In Ref.

3, the transport relaxation rater}$ due to deformation po-
wherem* is the effective electron mass=2 (0) for the tential interaction between 2D phonons and the 2DEG has
deformation potential (piezoelectri¢ interaction, and been calculated. Screening was not taken into account. As a
a=2hkes/kgT. The decay of the surface waves with in- result, 1/, depends linearly on temperature for>Tgg,
creasing distance from the surface is generally irrelevant ibut shows ar* dependence in the opposite case. Omitting
4kkezp<1l. For GaAs/ALGa;_,As heterostructures, the influence of screening in Eq5), e=1, we find
(4xke)~tis of the order of 3 nm. Let us first assume that 1/7¢,~T° [instead of~T’ with screening; see Eq7)] in
Z, is of this order and then consider how the result isthe BG regime. The magnitude of the rates can be compared
changed due to a largémore realisti¢ distancez, between replacing the numbeN of lattice cells in the normalization
the surface and the 2DEG. In the case under consideratioarea used in Ref. 3 bly?/b?, whereb is the lattice constant.
the BG temperature can be defined k=1, ie., Suppressing numerical prefactors, the ratio of the relaxation
keTee=2%keS. Tee=6 K is thus in the same range as for rates can be written asrfp) */(7ss) ~*=(bke) "' in the
3D phonons. In the high-temperature regim€l, formula  high-temperature  range,  whereas Tzd)_l/(Tsa;)_l
(5) reduces to =a(bk:)"! is found for T<Tgg (i.e., a>1). Since
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bk-<1, the replacement of surface waves by a 2D sounémployed a formalism developed by Badalyan and
wave leads to a significant overestimation of the transportevinson’ which describes all branches of elastic modes on
relaxation rate. The discrepancy becomes larger when wihe same footing, i.e., both SAP{glecaying exponentially
incorporate the effect of a finite distanzg>(4xke) ™. with increasing distance from the surfaand 3D phonons
The relations among the various transport relaxation timegnondecayinyare subject to the elastic boundary conditions
for 3D, 2D, and surface acoustic phonons can be understoqghposed at the surface. It turns out that all elastic modes
by considering the interplay between the matrix element fofgaqg, up to numerical factors, to the same highEq. (6)]
the electron-phonon intera(_:tion and the density of stategng jowT [Eq. (7)] limiting forms as far as H,(T) is con-
(DOS) of phonons. The matrix elements in @) for SAP'S  corneqd. That is, bulk phonons provide a qualitatively correct
have one power oly more compared to those for 3D escription also in the case where the 2DEG is very close to
phon'ons“. This compensates exact_ly for thg reduced DOS o he surface of the sample. Since the approach of Ref. 7 ap-
SAP's, appearing in Eq(1) when integrating oveq. The plies to the deformation-potential coupling, it remains to be

qualitative agreement 0f3D_and TsapiS therefore natural. On seen whether this is true for the piezoelectric interaction as
the other hand, the matrix elements for 2D phorioae well

constructed in analogy with those for 3D phonons and hence

o In conclusion, we have shown that surface acoustic
exhibit the samey dependence. Consequently, the reducegj

honons lead to the same temperature dependence of the
ransport relaxation time as 3D phonons. They even contrib-
ute a term of the same order of magnitude if the distance
90 between the surface and the 2DEG is smaller than
?4KkF)‘1. For surface phonons, the onset temperature of the

DOS of 2D phonons is not compensated, resulting in an e
sentially different transport relaxation time.

We have seen that SAP’s make a substantial contributio
to the total phonon-induced transport relaxation rate in th
smallzy and/or lowT limits, .i.e., wher) the largest wave vec- Bloch-Grineisen regime depends ar and is given by
tors g of the thermally excited SAP’s become of the samey, 1 _ oz simax{4xkezy, 1}
order as £,) *. In this case, the influence of the surface © B¢ F Fe0 A
cannot be considered as a small perturbation. This poses the | gratefully acknowledge fruitful discussions with O.
question whether extended bulk phontheepresent an ap- Entin-Wohlman and Y. B. Levinson and financial support by
propriate description of the corresponding elastic displacethe German-Israeli Foundation and the Deutsche Fors-
ment modes in this regime. To answer this question, we havehungsgemeinschatft.
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