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Hypersonic acoustic-phonon emission from two-dimensional electron gases in the presence
of spin-orbit interaction

W. Xu*
Department of Theoretical Physics, Research School of Physical Sciences and Engineering, Australian National University
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The unique feature of electron interaction with acoustic-phonons is studied theoretically for a two-
dimensional electron gas~2DEG! in the presence of spin-orbit~SO! interaction~SOI! induced by the Rashba
effect. The presence of SOI in a 2DEG can open up new channels for electronic transitions. As a result,
acoustic-phonon emission can be generated via intra- and inter-SO electronic transitions around the Fermi
level. However, it is found that due to selection rules induced by momentum and energy conservation during
an electron–acoustic-phonon scattering event, the intensity of the acoustic-phonon generation can be slightly
reduced by SOI. The frequency and angular dependence of the acoustic-phonon emission on SOI in an
InGaAs-based 2DEG has been examined.

DOI: 10.1103/PhysRevB.68.205329 PACS number~s!: 63.20.Kr, 71.70.Ej
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I. INTRODUCTION

Phonon oscillations in semiconductors can provide hi
frequency hypersonic sources with terahertz (1012 Hz or
THz! sound frequency for optic-phonons and sub-THz f
quency for acoustic-phonons. Phonon generation and sca
ing by nonequilibrium electrons in two-dimensional electr
gas~2DEG! systems have been of considerable interest
to their paramount importance in semiconductor physics
in device applications.1 In semiconductor-based 2DEG sy
tems, phonon scattering affects significantly the phys
properties and emission and absorption of phonons by e
trons can lead to the realization of acoustic devices suc
high-frequency hypersonic generators.2 It has been realized
that hypersonic acoustic-phonon emission fro
semiconductor-based 2DEGs can be generated e
optically3 or electrically1,4 through electronic transition
around the Fermi level. Over the past two decades or
acoustic-phonon generation fromspin-degenerate2DEGs
has been intensively investigated both experimentally1,3–5

and theoretically.6,7

In recent years, significant progress has been made in
alizing spin polarized electronic systems on the basis of
luted magnetic semiconductors or narrow-gap semicondu
nanostructures. One important aspect in the field of sp
electronics ~or spintronics! is to investigate finite spin-
splitting realized in the absence of a magnetic fieldB, be-
cause of important applications to novel electronic devi
such as spin-transistors,8 spin-waveguides,9 quantum
computers,10 etc. It is known that in narrow-gap semicondu
tor quantum wells, zero-B-field spin-splitting of electro
can be achieved by the inversion asymmetry of the mic
scopic confining potential due to the presence of
heterojunction.11 This inversion asymmetry corresponds
an inhomogeneous surface electric field and, hence, this
of spin-splitting is electrically equivalent to the Rashba sp
splitting or Rashba effect.12 The state-of-the-art material en
gineering and micro- or nano-fabrication techniques h
made it possible to achieve experimentally observa
0163-1829/2003/68~20!/205329~7!/$20.00 68 2053
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Rashba effect in, e.g., InAs- and InGaAs-based 2D
systems.13–15 At present, most of the published work is fo
cused on the effect of spin-orbit interaction~SOI! on elec-
tronic and transport properties of the spintronic devices.
order to explore the new applications of the spintronic s
tems as acoustic devices such as high-frequency hypers
sources, it is important and necessary to examine the feat
of electron-phonon scattering in a spin split 2DEG. Recen
Vasko and Mitin examined the effect of SOI on frequen
and angular distribution of the acoustic-phonon emiss
from a 2DEG, through calculating the differential energy fl
of the phonon generation under the approximation of la
polar angle scattering.16 Unfortunately, most of the importan
natures for electron-phonon scattering in a spin-splitt
2DEG were not discussed in Ref. 16. In this paper, we w
go beyond the approximation proposed by Ref. 16 a
present a more exact solution to the problem. Moreover,
paper will present more detailed discussions about
unique features of electron-phonon interaction in a 2DEG
the presence of SOI. In Sec. II, the electronic transition r
induced by electron-phonon coupling in a 2DEG will be d
rived by including the SOI. The intensity of the acousti
phonon generation can then be obtained by calcula
electron-energy-loss-rate using a Boltzmann equation
proach. These analytical results will be discussed in Sec
In Sec. III, the numerical results for the effect of SOI o
acoustic-phonon emission will be presented and discus
for an InGaAs-based 2DEG. The results will also be co
pared with those reported in Ref. 16. The main conclusi
of the present study will be summarized in Sec. IV.

II. ANALYTICAL RESULTS

In this paper, we consider a narrow-gap semiconduc
quantum well in which SOI is induced by the Rashba effe
For a 2DEG in thexy plane, the single-electron Schro¨dinger
equation including the lowest order of the SOI can be solv
analytically.9 In the absence of electron-phonon coupling, t
electron wave function can be written as a row vector
©2003 The American Physical Society29-1
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Ckns~R!5221/2@1,is~kx1 iky!/k#eik•rcn~z!, ~1!

whereR5(r ,z)5(x,y,z), k5(kx ,ky) is the electron wave
vector along the 2D plane,k5(kx

21ky
2)1/2, n is an index for

the nth electronic subband along thez direction, ands
561 corresponds to the6 spin branches. The correspon
ing electron energy spectrum is

Ens~k!5Ens~k!5\2k2/2m* 1«n1sak, ~2!

wherem* is the electron effective mass anda is the Rashba
parameter which measures the strength of the SOI. The e
tron wave functioncn(z) and subband energy«n along the
growth direction are determined by a spin-independ
Schrödinger equation.

In the presence of electron-phonon coupling, the fir
order steady-state electronic transition rate can be calcul
using Fermi’s golden rule. Using Eqs.~1! and ~2! we have

Ws8s~n8,k8;n,k!5
2p

\ (
qz

@NQ11/271/2#uVQu2hs8s~k8,k!

3Gn8n~qz!dk8,k1qd@En8s8~k8!

2Ens~k!7\vQ#, ~3!

which measures the possibility for scattering of an elect
from a stateuk,n,s. to a stateuk8,n8,s8. through emis-
sion ~lower case! or absorption~upper case! of a phonon.
Here, Q5(q,qz)5(qx ,qy ,qz) is the phonon wave vector
VQ is the electron-phonon interaction coefficient,vQ is the
phonon frequency,NQ5(e\vQ /kBT21)21 is the phonon oc-
cupation number,Gn8n(qz)5u,n8ueiqzzun.u2 is the form
factor of the electron-phonon scattering, andhs8s(k8,k)
5(11s8sk8•k/k8k)/2 is a spin-dependent matrix elemen

In this paper, we consider that acoustic-phonon emiss
is generated and detected in a phonon emission experime1,4

in which ~i! a pulsed electric field is applied along thex
direction; ~ii ! electrons in the system are heated by this
plane electric field and, therefore, can interact more stron
with phonons; and~iii ! generated phonon waves can prop
gate in the system and phonon signals are detected by u
e.g., superconducting tunnel junction phonon spectromet4

placed at a certain angle to the growth direction of
2DEG. It has been shown both experimentally5 and
theoretically17 that the power signals detected in the phon
emission experiment can be described by the elect
energy-loss-rate~EELR! induced by electron-phonon cou
pling. Thus, in conjunction with the phonon emission expe
ments, one needs to study the EELR due to the elect
phonon scattering.

When a dc electric fieldFx is applied along thex direction
of a 2DEG, the corresponding semiclassical Boltzma
equation, for a case of nondegenerate statistics, reads

2
eFx

\

] f ns~k!

]kx
5 (

k8,n8,s8
@ f n8s8~k8!Wss8~n,k;n8,k8!

2 f ns~k!Ws8s~n8,k8;n,k!#, ~4!
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where f ns(k) is the momentum-distribution function for a
electron in a stateuk,n,s.. Assuming thatf ns(k) can be
described by a drifted energy-distribution function, at t
first-moment, the energy-balance equation18 can be derived
by multiplying Ens(k) to both sides of the Boltzmann equa
tion and summing overk, n and s. For the case of a rela
tively weak electric fieldFx , the EELR per electron be
comes~see the Appendix!

P5
m*

2p\3nes
(
Q

@NQ11/271/2#\vQuVQu2

3 (
n8,n

Gn8n~qz!(
s,s

E
0

`

dk f~Ens~k!!

3
Q~X1!I ~k,X1!1Q~X2!I ~k,X2!

A~k1ska!21yn8n

, ~5!

where s512(a/4pne)(n,s*0
`dk k(sk1ka) f 8(E)uE5Ens(k)

is a normalization factor,f 8(x)5] f (x)/]x, ka5m* a/\2,
Q(x) is a unit-step-function, yn8n5(2m* /\2)(«n2«n8
6\vQ), X652s8ka6A(k1ska)21yn8n, I (k,x)
5Re$@(x1k)22q2#/@q22(x2k)2#%s8s/2, andne is the total
electron density of the 2DEG. For case of a narrow-wid
quantum well in which only the lowest electronic subband
present~i.e., n85n50), Eq. ~5! becomes

P5(
Q

P~Q! (
s8,s

$~NQ11!@ I s8s
1

~Q!1I s8s
2

~Q!#

2NQ@Js8s
1

~Q!1Js8s
2

~Q!#%, ~6a!

where

P~Q!5
m*

2p\3nes
\vQuVQu2G0~qz! ~6b!

andG0(qz)5G00(qz). Furthermore,

I s8s
6

~Q!5E
0

` dk f~Es~k!!

A~k1ska!22kQ
2

Q@~k1ska!22kQ
2 #

3Q~x6!I ~k,x6! ~6c!

for phonon emission and

Js8s
6

~Q!5E
0

` dk f~Es~k!!

A~k1ska!21kQ
2

Q~y6!I ~k,y6! ~6d!

for phonon absorption. Here,Es(k)5E0s(k), kQ
2

52m* vQ /\, x652s8ka6@(k1ska)22kQ
2 #1/2, and y6

52s8ka6@(k1ska)21kQ
2 #1/2. The terms I s8s

6 (Q) and
Js8s

6 (Q) express the contributions to the EELR for electron
transition from spin branchess8 to s. The 6 sign in these
terms implies that the SOI leads to two possible channels
electronic transition between thes8 and s spin branches
with the changes of the wave vectork82k5q and energy
Es8(k8)2Es(k)57\vQ , due to the nonparabolic featur
of the electron energy spectrum~see the Appendix!. The
9-2
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HYPERSONIC ACOUSTIC-PHONON EMISSION FROM . . . PHYSICAL REVIEW B68, 205329 ~2003!
physical reason behind this is that in the ‘‘2 ’’ spin branch,
two states with different wave vectors~or momentums! may
have the same energy.

Equation~6! reflects the fact that the net energy trans
rate due to electron-phonon coupling is the difference
tween phonon emission and phonon absorption by elec
in the system. When the SOI is present in a 2DEG, the em
sion and absorption of phonons can be achieved thro
intra- and inter-SO electronic transitions. Moreover, electr
phonon interaction via phonon emission or absorption s
tering should obey the momentum and energy conserva
law, which has been reflected by theQ-functions shown in
Eq. ~6!. Below, on the basis of Eq.~6! I discuss the essentia
requirements to achieve an electron-phonon scattering e
via electronic transition in different spin channels.

~1! For s85s51, I 11
2 (Q)5J11

2 (Q)50. When
intra-SO electronic transition is within the ‘‘1 ’’ branch, pho-
non emission can be generated when kinetic energy o
electron E5\2k2/2m* >\vQ2a(Aka

21kQ
2 2ka). Less re-

quirement forE is needed for phonon absorption scatterin
~2! For s851 and s521, I 12

2 (Q)5J12
2 (Q)50. For

inter-SO electronic transition from the ‘‘2 ’’ branch to the
‘‘ 1’’ branch, phonon emission can only be generated wh
E>\vQ1a(Aka

21kQ
2 1ka); and phonon absorption ca

only be achieved whenaka/2>\vQ and E>a(Aka
22kQ

2

1ka)2\vQ or E<a(ka2Aka
22kQ

2 )2\vQ . These re-
quirements are mainly due to the fact that the ‘‘1 ’’ branch
has a higher energy level than the ‘‘2 ’’ branch has. Hence
the electronic transition from the ‘‘2 ’’ branch to the ‘‘1 ’’
branch is more favorable to the phonon absorption scatter

~3! Whens8521 ands51, J21
2 (Q)50. For inter-SO

electronic transition froms51 to s8521, two scattering
channels open up for phonon emission; one forE>\vQ
2a(kQ2ka/2) and another for\vQ2a(kQ2ka/2)<E
<\vQ2a(Aka

21kQ
2 2ka). This is because when transitio

is from the ‘‘1 ’’ branch to the ‘‘2 ’’ branch, there are two
possible states in the ‘‘2 ’’ branch where the energy differ
ence between these states and the initial state in the ‘1 ’’
branch is\vQ and the change of the electron wave vec
after a scattering event isq. There are less requirements ofE
for phonon absorption scattering but no contribution fro
J21

2 (Q) term. Thus, the electronic transition from the ‘‘1 ’’
spin branch to the ‘‘2 ’’ branch is more favorable to the
phonon emission scattering.

~4! For s85s521, four scattering channels open up f
phonon emission when~i! E>\vQ1a(kQ1ka/2); ~ii ! E
<\vQ2a(kQ2ka/2); ~iii ! \vQ1a(kQ1ka/2)<E<\vQ

1a(Aka
21kQ

2 1ka); and ~iv! aka/2>\vQ and E<\vQ

2a(kQ2ka/2). There are two channels for phonon abso
tion scattering with less requirement forE. Again, this is
because in the ‘‘2 ’’ branch, two states with different wave
vectors may have the same energy.

The results discussed above indicate that in the pres
of SOI, electron-phonon interaction in a 2DEG has so
unique features. The presence of SOI in a 2DEG can ope
new channels for electronic transition accompanied by em
sion or absorption of phonons. Phonon emission and abs
20532
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tion then can be achieved through intra- and inter-SO e
tronic transitions. However, the requirement of moment
and energy conservation for an electron-phonon scatte
event results in some selection rules according to differ
scattering channels. Moreover, because electron-phonon
pling is essentially an inelastic scattering mechanism, em
sion or absorption of phonons via intra- and inter-SO el
tronic transitions can change the spin orientation of electr
and, consequently, alter the spin polarization of the dev
system.

From now on, I limit myself to the case of acousti
phonon generation. To investigate the frequency and ang
distribution of the acoustic-phonon emission, it is conveni
to define the phonon wave vector in polar coordinatesQ
5Q(sinu cosf,sinu sinf,cosu), where u is the polar
angle to thez axis ~or the growth direction! and f is the
azimuthal angle to thex direction along which the driven
electric field is applied. Thus,u andf also define the pho-
non emission angle in the phonon emission experiment.
total EELR per electron due to electron–acoustic-phon
scattering@given by Eq.~6!# can then be written as

P5E
0

`

dvQE
0

2p

dfE
0

p

du P0~Q!sinu. ~7!

Here, vQ5vsQ is the acoustic-phonon frequency withvs
being the sound velocity of the material and

P0~Q!5
Q2P~Q!

~2p!3vs
(
s8,s

$~NQ11!@ I s8s
1

~Q!1I s8s
2

~Q!#

2NQ@Js8s
1

~Q!1Js8s
2

~Q!#% ~8!

is the frequency and angular distribution function f
acoustic-phonon emission.

III. NUMERICAL RESULTS

Here we consider an InGaAs-based 2DEG system
which both surface and bulklike acoustic-phonon modes
present. In phonon emission experiment, only the bulkl
acoustic phonons can propagate along the growth direc
and reach the phonon detectors located at a fixed angle to
growth direction. Thus, in the calculations, only electron
teractions with bulklike acoustic phonons are included.
InGaAs, which has a zinc-blende lattice structure,
electron–acoustic-phonon interaction is mainly through
formation potential and piezoelectric coupling. It is we
known5,6 that piezoelectric coupling leads to the emission
low-frequency acoustic phonons at relatively low-excitati
levels or electron temperatureTe,5 K, whereas
deformation-potential coupling generates high-frequen
acoustic phonons at intermediate excitations where 5,Te
,30 K. In the present study, we focus on phonon emiss
via deformation potential coupling at intermediate excitati
levels. For InGaAs, only the longitudinal phonon mode
connected with the deformation potential and we theref
have
9-3
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uVQu25
\ED

2 vQ

2rvs
2 . ~9!

HereED , r, andvs are, respectively, the deformation pote
tial constant, density, and longitudinal sound velocity of t
material. This paper assumes that the applied electric fie
low enough so that the hot-phonon effects are negligible.
take the lattice temperatureT52 K at which an aluminum
bolometer can be used as phonon signal detector.5 Further-
more, the Fermi–Dirac function is taken as the electron d
tribution function where the electron temperature is taken
Te520 K.

For an InGaAs/InAlAs heterojunction, the usual triang
lar well approximation can be applied to model the confin
potential normal to the interface. Thus,G0(qz) can be calcu-
lated analytically. The material parameters for InGaAs
known:19 ~i! the electron effective massm* 50.042me with
me being the electron rest mass;~ii ! the density of materia
r55.66 g/cm3; ~iii ! the longitudinal sound velocityvs
54.33105 cm/s; ~iv! the deformation potential constan
ED511.7 eV; and~v! the dielectric constantk514.6. More-
over, in the numerical calculations we use typical sam
parameters for an InGaAs-based 2DEG. The total densit
the 2DEG is taken asne51011 cm22 and the depletion
charge densityNdepl5531010 cm22. Very recent experi-
mental results13 have indicated that in these spintronic sy
tems, the Rashba parameter can reach up toa;3 –4
310211 eV m.

The total power of acoustic-phonon emission,P(u)
5*0

`dvQ P0(Q) detected at an angle (u,f), is shown in
Fig. 1 as a function of theu angle for different Rashba pa
rametersa. HereP0(Q) is given by Eq.~8! anda50 is the
case without including SOI in a 2DEG. It should be not
that for phonon emission via deformation potential couplin
P0(Q) depends only onq5(qx

21qy
2)1/2 andqz . As a result,

phonon emission does not depend on thef angle even when
SOI is present. The angular and frequency dependence o
acoustic-phonon emission is mainly induced by~i! the re-
quirement of momentum and energy conservation durin
scattering event;~ii ! the electron-phonon coupling coeffi
cient; and~iii ! the form factor for electron-phonon intera

FIG. 1. Total power of phonon emission as a function of t
polar angleu to the growth direction for different Rashba param
etersa. Here, P(u)5*0

`dvQ P0(Q), P0(Q) is given by Eq.~8!,
P(u) does not depend onf angle, anda50 corresponds to a
spin-degenerate 2DEG.
20532
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tion. From Fig. 1, we see that the intensity of phonon em
sion increases with increasing polar angleu, which implies
that strong phonon signals can be detected at largeu angles
close tou590°. It is interesting to note that the presence
SOI does not change significantly the angular dependenc
the phonon generation and, unexpectedly, the intensity of
phonon emission is actually reduced slightly by the SOI. T
physical reason behind this is that although the presenc
SOI in a 2DEG can open up new channels for electro
transition accompanied by the emission of phonons, the
lection rules induced by the requirement of momentum a
energy conservation during a scattering event~as discussed
previously! can reduce the overall possibility for electro
phonon coupling in different spin branches. An importa
conclusion obtained here is that in the presence of SOI,
intensity of acoustic-phonon generation via deformation
tential coupling in a 2DEG does not differ significantly fro
that obtained in the absence of SOI.

The contribution from different scattering channels to
tensity of phonon generationP(u) is plotted in Fig. 2 as a
function of u angle at a fixed Rashba parameter. For a sp
split 2DEG, electronic transition accompanied by the em
sion of phonons can be achieved through intra- and inter
scattering channels. The results shown in Fig. 2 indicate
in the small u angle regime (u,60° for a52
310211 eV m), acoustic-phonon emission is mainly gen
ated via inter-SO electronic transitions. At largeu angles
(u.60°), phonon signals come mainly from intra-SO sc
tering. This is mainly due to the fact that inter-SO transiti
requires a smaller momentum change than intra-SO tra
tion does. Because electronic transition from spin branchs
51 to the branchs8521 @i.e. (1,2) channel# corresponds
to the scattering of an electron from a higher energy stat
a lower one, phonon emission is more possibly generated
(1,2) channel than via (2,1) one. Furthermore, in the
presence of SOI, more electrons are in the ‘‘2 ’’ spin branch
because it has a lower energy and more density of stat20

As a result, intra-SO electronic transitions accompanied
the emission of phonons can be more possibly achieve
the ‘‘2 ’’ spin branch. It should be noted that a large pol
angleu to thez axis corresponds to a small angle scatter
of a 2DEG in the xy plane. It has been demonstrate

FIG. 2. Contribution from different scattering channels to to
power of phonon emission as a function ofu angle at a fixed
Rashba parameter as indicated. Here (s,s8) corresponds to the
transition from a spin branchs to a branchs8.
9-4
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HYPERSONIC ACOUSTIC-PHONON EMISSION FROM . . . PHYSICAL REVIEW B68, 205329 ~2003!
experimentally15 that the events of small angle scattering
the 2D plane of a 2DEG do not change spin orientation
electrons significantly. Consequently, physical quantities
termined by small angle electronic scattering, such as qu
tum lifetimes in different spin orbits, depend weakly o
SOI.15 One important conclusion drawn from Fig. 2 is that
large phonon emission angleu;90°, acoustic-phonon sca
tering does not alter significantly the spin orientation of t
2DEG, where phonon emission is mainly generated
intra-SO transitions. At a smallu angle, acoustic-phonon
scattering is mainly achieved via inter-SO transition dur
which spin orientation of an electron has to be exchange

The frequency distribution of the acoustic-phonon em
sion detected at a relatively small polar angleu530° is
shown in Fig. 3 for different Rashba parameters. With
creasinga, SOI increases and intensity of phonon emiss
decreases slightly similar to those shown in Fig. 1. The
sults shown in Fig. 3 implies that the presence of SOI d
not change significantly the frequency distribution
acoustic-phonon emission via deformation potential c
pling, where generated phonon frequency is at abouf
5vQ/2p;0.1 THz. The contribution from different scatte
ing channels to frequency distribution of the phonon em
sion at u530° is shown in Fig. 4 at a fixeda. In low-
frequency regime (vQ,0.3 THz at a52310211 eV m),
intra-SO transition within the ‘‘2 ’’ branch contributes a ma

FIG. 3. Frequency distribution of the acoustic-phonon emiss
detected atu530° for different Rashba parameters. HereP(vQ)
5P0(Q) given by Eq.~8! does not depend on thef angle.

FIG. 4. Contribution from different scattering channels to inte
sity of phonon generation versus phonon frequency at a fixeu
angle and a fixeda. Here P(vQ)5P0(Q) given by Eq.~8! and
(s,s8) corresponds to the transition from a spin branchs to a
branchs8.
20532
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jor source of the phonon signal, and inter-SO scatter
(2,1) results mainly in phonon absorption which gives
negative contribution to the intensity of phonon generati
When vQ.0.3 THz, phonon emission is dominated b
inter-SO scattering and contribution from the (1,2) chan-
nel is larger than that from the (2,1) one.

In Fig. 5 the spectrum of the acoustic-phonon emission
shown at a relatively large polar angleu570° for different
Rashba parameters. Again, the SOI in a 2DEG affe
weakly the frequency distribution of the phonon emissi
detected atu570°. Compared with phonon signals detect
at u530° ~see Fig. 3!, one finds that atu570° a much more
broadened phonon spectrum can be observed. This imp
that higher-frequency acoustic-phonon emission can be
tected at a largeru angle. The contribution to the line shap
of the phonon spectrum from different scattering channel
plotted in Fig. 6 foru570° anda52310211 eV m. When
vQ,1 THz, phonon emission is mainly achieved v
intra-SO transition within the ‘‘2 ’’ spin branch. The emis-
sion of high-frequency phonons (vQ.1.2 THz) is mainly
due to inter-SO scattering in the channels (2,1) and
(1,2). The results shown in Figs. 4 and 6 indicate that
the presence of SOI, electrons interact more strongly w
low-frequency acoustic phonons via intra-SO scatter
channels. In such a case, low-frequency acoustic-pho
scattering does not change significantly the spin orienta
of the electrons. On the other hand, when inter-SO scatte
channels open up, electrons can interact more strongly w

n

-

FIG. 5. Frequency distribution of the phonon generation at
angle u570° for different Rashba parameters. HereP(vQ)
5P0(Q) given by Eq.~8!.

FIG. 6. Contribution to generated phonon frequency from d
ferent scattering channels detected atu570° at a fixeda parameter.
9-5
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high-frequency acoustic phonons via exchanging of th
spin orientations. These theoretical results suggest tha
spin polarization of a 2DEG can only be altered significan
when electrons are scattered by high-frequency acou
phonons.

The theoretical results shown above indicate that the
quency and angular distribution of the acoustic-phonon em
sion from a splitting-split 2DEG does not differ significant
from those observed in the phonon emission experiments
spin-degenerate 2DEGs. However, it is found that if the p
non detector is placed at a small polar angleu;0° to the
growth direction, phonon signals are mainly generated
inter-SO electronic transitions. When the phonon detecto
placed at a large angleu;90°, intra-SO transitions contrib
ute a major source of the phonon signal. On the basis
phonon emission experiments1,4 can measure the angular di
tribution of the phonon generation, these experimental te
niques can then be used to examine spin-dependent
tronic transitions in spintronic systems. Moreover, since
strength of the SOI in InGaAs-based spintronic devices
be controlled by applying a gate voltage14 or varying the
sample growth parameters,15 it is therefore expected tha
these predictions can be tested in the near future.

From a theoretical point of view, there is no essen
difference of the frequency and angular distribution funct
for phonon emission obtained from using an energy-bala
equation approach developed here or from using directly
differential energy flux proposed in Ref. 16. However,
order to carry out an angle integration, Ref. 16 assum
sinu@vs/vF , whereu is an angle betweenk andk8 andvF is
the Fermi velocity. Noting thatu used in Ref. 16 is basically
the same asu defined in this paper, the approximation a
plied by Ref. 16 corresponds therefore to the case of largu
angle scattering discussed in the present paper. It shoul
noted that the angle integration mentioned in Ref. 16
been carried out exactly and analytically in the present st
~see the Appendix!. Hence, this paper presents a more ex
solution to the problem. As discussed previously in this s
tion, a largeu angle corresponds to a small angle scatter
of a 2DEG in thexy plane. With increasingu, the inter-SO
scattering rate can be reduced and intra-SO scattering
become dominant~see Fig. 2!. Thus, the approximation use
in Ref. 16 may result in an under-evaluation of the contrib
tion from inter-SO transitions in relatively smallu angle re-
gime and from high-frequency acoustic-phonon scattering
has been shown in this section that inter-SO transition le
to the emission of high-frequency acoustic phonons
dominates phonon generation in the smallu angle regime.
After comparing the results obtained from this study w
those reported in Ref. 16, one finds that~i! the inclusion of
the high-frequency acoustic-phonon emission via inter-
transitions can smooth the high-frequency cutoff of the p
non spectrum reported in Ref. 16~see Figs. 3 and 5 in this
paper and Fig. 2 in Ref. 16!; ~ii ! at a smallu angle, phonon
emission is mainly generated via inter-SO transitions~see
Fig. 4! and, therefore, the more broadened spectrum a
smalleru angle shown in Fig. 2 in Ref. 16 is a consequen
of the under-evaluation of inter-SO generation; and~iii ! be-
cause the contribution from high-frequency phonon emiss
20532
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via inter-SO transitions in the smallu angles has been in
cluded here, the significant blueshift of the phonon spectr
with decreasingu shown in Fig. 2 in Ref. 16 cannot b
reproduced in the present paper. Furthermore, the contr
tions from different scattering channels to the generation
acoustic-phonon emission has been examined in this pa
This can be more helpful to understand the unique featur
electron-phonon interaction in a 2DEG in the presence
SOI.

IV. SUMMARY

In this paper, I have examined the effects of SOI, induc
by the Rashba effect, on emission and scattering of phon
in general and acoustic phonons in particular in 2DEG s
tems. It has been found that SOI in a 2DEG can resul
some unique features for electron-phonon interaction.
conjunction with a phonon emission experiment, I have
veloped a simple theory to study the frequency and ang
dependence of the acoustic-phonon generation from a
split 2DEG. The influence of the SOI on acoustic-phon
emission has been investigated for an InGaAs-based 2D
The main conclusions obtained from this study are summ
rized as follows.

~1! In the presence of SOI, new channels open up
electronic transition around the Fermi level accompanied
the emission and absorption of phonons. As a result, pho
scattering and generation can be achieved via intra-
inter-SO electronic transitions. However, the requiremen
momentum and energy conservation during an electr
phonon scattering event introduces some selection rules
electron-phonon coupling in different scattering channe
These selection rules may reduce slightly the overall stren
of the electron-phonon interaction.

~2! The presence of SOI does not change significantly
spectrum and emission angle of the acoustic-phonon gen
tion via deformation potential coupling, compared to the ca
without inclusion of SOI in a 2DEG. For a typical InGaAs
based 2DEG, the frequency of the acoustic-phonon emis
can be generated at aboutf ;0.1 THz and strong phonon
signals can be detected at a large polar angle to the gro
direction.

~3! At a large polar angleu;90°, which corresponds to a
small angle scattering of a 2DEG in the 2D plane, electr
phonon scattering is mainly achieved via intra-SO tran
tions. In such a case, spin orientation of an electron does
alter significantly by acoustic-phonon scattering. This is
line with experimental results obtained from magnetotra
port measurements,15 where very little difference of the
quantum lifetimes in different spin branches has been
served. At smallu angles, the electron-phonon scattering
mainly through inter-SO transition channels. As a result,
exchange of spin orientation of electrons can be achieved
acoustic-phonon scattering at small polar angles. Furt
more, low-frequency acoustic-phonon emission is genera
mainly via intra-SO scattering, whereas high-frequen
acoustic-phonon signals come mainly from inter-SO tran
tions.

These theoretical results suggest that in a spintronic
9-6
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tem, spin polarization of electrons can only be changed
nificantly when channels for high-frequency acoustic-phon
scattering open up at relatively small polar angles to
growth direction. The author hopes that the results prese
and discussed in this paper will be helpful in designing
spintronic materials and in applying the spintronic syste
as high-frequency hypersonic devices.

ACKNOWLEDGMENTS

The author acknowledges financial support from the A
tralian Research Council via an ARF Research Fellows
Program. Discussions with P. Vasilopoulos~Concordia Uni-
versity, Canada! are gratefully acknowledged.

APPENDIX

To obtain Eq.~5!, one needs to calculate

II ~k,q!5E
0

2p

du g~u!d~\2X2/2m* 1s8aX2\2k2/2m*

2sak2\2yn8n/2m* !, ~A1!

whereu is an angle betweenk and q, yn8n52m* («n2«n8
6\vQ)/\2, and X5k85uk1qu5Ak21q212kq cosu de-
termined by the momentum conservation law. Noting that~i!
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