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The unique feature of electron interaction with acoustic-phonons is studied theoretically for a two-
dimensional electron gg@2DEG) in the presence of spin-orbi§O) interaction(SOI) induced by the Rashba
effect. The presence of SOl 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.
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[. INTRODUCTION Rashba effect in, e.g., InAs- and InGaAs-based 2DEG
systems3~1° At present, most of the published work is fo-
Phonon oscillations in semiconductors can provide high<used on the effect of spin-orbit interacti¢80OI) on elec-
frequency hypersonic sources with terahertz'¢Hz or  tronic and transport properties of the spintronic devices. In
THz) sound frequency for optic-phonons and sub-THz fre-order to explore the new applications of the spintronic sys-
quency for acoustic-phonons. Phonon generation and scattéems as acoustic devices such as high-frequency hypersonic
ing by nonequilibrium electrons in two-dimensional electronsources, it is important and necessary to examine the features
gas(2DEG) systems have been of considerable interest duef electron-phonon scattering in a spin split 2DEG. Recently,
to their paramount importance in semiconductor physics anfasko and Mitin examined the effect of SOI on frequency
in device application$.In semiconductor-based 2DEG sys- and angular distribution of the acoustic-phonon emission
tems, phonon scattering affects significantly the physicaffom a 2DEG, through calculating the differential energy flux
properties and emission and absorption of phonons by ele@f the phonon generation under the approximation of large
trons can lead to the realization of acoustic devices such &0lar angle scattering. Unfortunately, most of the important
high-frequency hypersonic generatdrt.has been realized Natures for electron-phonon scattering in a spin-splitting
that hypersonic  acoustic-phonon  emission from2PEG were not discussed in Ref. 16. In this paper, we will

semiconductor-based 2DEGs can be generated eitndf SHOMT I SEROSICN AR Y I U0 A0
optically® or electricall} through electronic transition P P ' :

around the Fermi level Over the past two decades or sd@Per will present more detailed discussions about the
. - P nigue features of electron-phonon interaction in a 2DEG in
acoustic-phonon generation froispin-degenerate2DEGs

. . . ) . the presence of SOI. In Sec. Il, the electronic transition rate
has been intensively investigated both experimeritaly induced by electron-phonon coupling in a 2DEG will be de-
and theoretically:”

o . rived by including the SOI. The intensity of the acoustic-
In recent years, significant progress has been made in 'Shonon generation can then be obtained by calculating
alizing spin p_olarize_d electronic systems on the basis of dielectron-energy-loss-rate using a Boltzmann equation ap-
luted magnetic semiconductors or narrow-gap semiconduct®roach. These analytical results will be discussed in Sec. Il.
nanostructures. One important aspect in the field of spingn sec. 111, the numerical results for the effect of SOI on
electronics (or spintronic$ is to investigate finite spin-  acoustic-phonon emission will be presented and discussed
splitting realized in the absence of a magnetic fiBldoe-  for an InGaAs-based 2DEG. The results will also be com-
cause of important applications to novel electronic devicegared with those reported in Ref. 16. The main conclusions

such as_spin-transistofs, spin-waveguide$, quantum  of the present study will be summarized in Sec. IV.
computers? etc. It is known that in narrow-gap semiconduc-

tor quantum wells, zero-B-field spin-splitting of electrons
can be achieved by the inversion asymmetry of the micro-
scopic confining potential due to the presence of the
heterojunctiort! This inversion asymmetry corresponds to  In this paper, we consider a narrow-gap semiconductor
an inhomogeneous surface electric field and, hence, this kinguantum well in which SOl is induced by the Rashba effect.
of spin-splitting is electrically equivalent to the Rashba spin-For a 2DEG in thexy plane, the single-electron Schiinger
splitting or Rashba effecf The state-of-the-art material en- equation including the lowest order of the SOI can be solved
gineering and micro- or nano-fabrication techniques havenalytically’ In the absence of electron-phonon coupling, the
made it possible to achieve experimentally observablelectron wave function can be written as a row vector

Il. ANALYTICAL RESULTS
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Vino(R) =27 Ljo(ke+iky)/kle® Tyn(2), (1)  wherefy, (k) is the momentum-distribution function for an

electron in a staték,n,o>. Assuming thatf (k) can be

whereR=(r,z)=(x,y,2), k=(ky,ky) is the electron wave described by a drifted energy-distribution function, at the

vector along the 2D plané= (k2+ k§)1’2, nis an index for  first-moment, the energy-balance equatforan be derived

the nth electronic subband along the direction, ando by multiplying E,,,(k) to both sides of the Boltzmann equa-

==*1 corresponds to the: spin branches. The correspond- tion and summing ovek, n ando. For the case of a rela-

ing electron energy spectrum is tively weak electric fieldF,, the EELR per electron be-
comes(see the Appendjx

Eno(K)=Epn,(K)=%2K?12m* + £, + oak, (2) .

P=——a— No+ 1/2% 1/2]h wo| Vgl
wherem* is the electron effective mass ands the Rashba 27hi°nes EQ: [No FU2hwglVdl
parameter which measures the strength of the SOI. The elec- .
tron wave fUﬂ_CtIOﬂ(ﬂn(Z) and sgbband energy, a_Iong the % 2 Gn’n(qz)E dk f(E,,(K))
growth direction are determined by a spin-independent non oo Jo
Schralinger equation.

In the presence of electron-phonon coupling, the first- X@(x+)|(k,x+)+®(x,)|(k,x,) .
order steady-state electronic transition rate can be calculated [(k+ ok, )2+ ’ ®)

using Fermi’s golden rule. Using Eq&l) and(2) we have

where s=1—(al4mne) 2, ,fodk k(ok+ ka)f’(E)|E=Em(k)

is a normalization factorf’(x)=af(x)/ox, k,=m* alt?,

O(x) is a unit-step-function,y, ,=(2m*/42)(en—ep

+hwg), X.=—a'k, = J(k+ok,)>+ Yo I(k,x)

X Gprn(dz) Sk k+ g0 Enror (K) =Re{[ (x+K)2—g2)/[q%— (x—k)2]}? "2, andn, is the total

—E,(K) Fhoo] &) electron density of the 2DEG. For case of a narrow-width
ne Qb guantum well in which only the lowest electronic subband is

which measures the possibility for scattering of an electrorPresenti.e., n’=n=0), Eq.(5) becomes
from a statelk,n,o> to a statelk’,n’,a’> through emis-
sion (lower casg or absorption(upper casgof a phonon. p:E P(Q)E {(No+ 1)[|:'U(Q)+|;'U(Q)]
Here, Q=(d,9,) =(dx.qy.d,) is the phonon wave vector, Q oo
Vg is the electron-phonon interaction coefficienty is the + _
pi?onon frequencyNg=(e"“e/*8T— 1)1 is the pﬁgnon oc- ~NolJpo(Q+3, (AT}, (6a)
cupation numberG,,(q,) =|<n’|e'9%n>|? is the form  \here
factor of the electron-phonon scattering, ahg (k' k)
=(1+0o'ok’-k/k'k)/2 is a spin-dependent matrix element. m* )

In this paper, we consider that acoustic-phonon emission P(Q)= 53 fwolVal “Go(ay) (6b)
is generated and detected in a phonon emission experithent ¢
in which (i) a pulsed electric field is applied along the andGo(d,)=Goo(qz). Furthermore,
direction; (ii) electrons in the system are heated by this in-
plane electric field and, therefore, can interact more strongly = (0)= = dk f(E,(k))
with phonons; andiii) generated phonon waves can propa- Ly 0 m
gate in the system and phonon signals are detected by using,
e.g., superconducting tunnel junction phonon spectronfeters XO (X )(k,Xs) (60
placed at a certain angle to the growth direction of the]c
2DEG. It has been shown both experimentallgnd
theoretically’ that the power signals detected in the phonon = dk {(E (K
emission experiment can be described by the electron- J5 (Q)= A(Mym(k.yd (6d)
energy-loss-ratd EELR) induced by electron-phonon cou- 77 0 J(k+ok,)?+ ké - -
pling. Thus, in conjunction with the phonon emission experi- ,
ments, one needs to study the EELR due to the electrorf®"  Phonon —absorption. Here, E,(K) = Eo,(k), k&

27
W, (n' .k’ ;n,k)= 72 [Ng+ 1/2% 1/2]|Vo|?h o (K’ k)
qz

O[ (k+ak,)?—k3]

or phonon emission and

phonon scattering. =2m*wolh, xo=—0'k,E[(k+ok,)?= ké]ljz' and y.
When a dc electric fielé, is applied along the direction = — o'k, = [(k+ok,)2+k3]¥2 The termsli , (Q) and

of a 2DEG, the corresponding semiclassical Boltzmanni”, (Q) express the contributions to the EELR for electronic
equatiOn, for a case of nondegenerate StatiStiCS, reads transition from Spin branches’ to o. The = Sign in these
terms implies that the SOI leads to two possible channels for
eF, of (k) ) S electronic transition between the’ and o spin branches
T Th ok, 2 [faor(K)Wegi(nkin' k') with the changes of the wave vectof—k=q and energy
E, (k') —E,(kK)=*%wq, due to the nonparabolic feature
—fre(K)W, o (n'K";n,K) ], (4) of the electron energy spectrusee the Appendix The

k'.n",o’
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physical reason behind this is that in the-" spin branch, tion then can be achieved through intra- and inter-SO elec-
two states with different wave vectofsr momentumsmay  tronic transitions. However, the requirement of momentum
have the same energy. and energy conservation for an electron-phonon scattering
Equation(6) reflects the fact that the net energy transferévent results in some selection rules according to different
rate due to electron-phonon coupling is the difference bescattering channels. Moreover, because electron-phonon cou-
tween phonon emission and phonon absorption by electroBling is essentially an inelastic scattering mechanism, emis-
in the system. When the SOI is present in a 2DEG, the emission or absorption of phonons via intra- and inter-SO elec-

sion and absorption of phonons can be achieved througﬁonic transitions can change the spin orientation of electrons

intra- and inter-SO electronic transitions. Moreover, eIectron—"";gt'efnonsequem'y' alter the spin polarization of the device

phonon interaction via phonon emission or absorption scaf® - .
From now on, | limit myself to the case of acoustic-

tering should obey the momentum and energy conservationhonon eneration. To investigate the frequency and angular
law, which has been reflected by tkefunctions shown in P 9 ' 9 q Y 9

Eq. (6). Below, on the basis of Eq6) | discuss the essential distribution of the acoustic-phonon emission, it is convenient

) . . to define the phonon wave vector in polar coordinafes
requirements to achieve an electron-phonon scattering eve'th(sinGCOSgb sinfsing,cosd), where 6 is the polar
via electronic transition in different spin channels. ! ' '

- 7 angle to thez axis (or the growth directionand ¢ is the

(D For o'=o0=1, 1,,(Q)=J..(Q=0. When azimythal angle to the direction along which the driven
intra-SO electronic transition is within the+” branch, pho-  glectric field is applied. Thug) and ¢ also define the pho-
non emission can be generated when kinetic energy of agon emission angle in the phonon emission experiment. The
electron E=ﬁ2k2/2m*BﬁwQ—a(\/ka2+kQ2—ka). Less re- total EELR per electron due to electron—acoustic-phonon
quirement forE is needed for phonon absorption scattering.scattering/given by Eq.(6)] can then be written as

(2 Foro'=1 ando=-1, 1, _(Q)=J,_(Q)=0. For
inter-SO electronic transition from the—" branch to the °° 2w m )
“ 4" branch, phonon emission can only be generated when P= fo d“’Qfo d¢f0 do Po(Q)siné. (7

EzﬁwQ+a(\/k2a+kQ2+ka); and phonon absorption can

only be achieved whenk,/2=%wgy and E= a(\/kza—sz Here, wo=v4Q is the acoustic-phonon frequency with
+Kky)—hog or E<a(k,— \/kz—k%)—ﬁwQ. These re- being the sound velocity of the material and

quirements are mainly due to the fact that the ™branch
has a higher energy level than the-" branch has. Hence, Q2P(Q)
the electronic transition from the—" branch to the “+” Po(Q)=——— > {(Ng+ 1)[I;,U(Q)+I;,U(Q)]
branch is more favorable to the phonon absorption scattering. (2m)°vs o' 0

(3) Wheno'=—-1 ando=1, J__(Q)=0. For inter-SO CNA[IY e 8
electronic transition fromor=1 to o’ =—1, two scattering oo o(QH 3,1, (QI} @

channels open up for phonon emission; one Ecr%wqg
—a(kg—k,/2) and another foriwqg— a(kq—K,/2)<E
<hwg— a(\/k2a+ kQ2 —k,). This is because when transition

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

is from the “+” branch to the “—" branch, there are two
possible states in the~" branch where the energy differ- IIl. NUMERICAL RESULTS
ence between these states and the initial state in thé * Here we consider an InGaAs-based 2DEG system in

branch isfiwg and the change of the electron wave vectoryhich hoth surface and bulklike acoustic-phonon modes are
after a scattering event ¢s There are less requirementsif  present. In phonon emission experiment, only the bulklike
for phonon absorption scattering but no contribution fromgeqystic phonons can propagate along the growth direction
J-,(Q) term. Thus, the electronic transition from the-"  and reach the phonon detectors located at a fixed angle to the
spin branch to the *” branch is more favorable to the growth direction. Thus, in the calculations, only electron in-
phonon emission scattering. teractions with bulklike acoustic phonons are included. In

(4) Foro'=o=—1, four scattering channels open up for InGaAs, which has a zinc-blende lattice structure, the
phonon emission whefi) E=fiwg+ a(kq+k,/2); (i) E  electron—acoustic-phonon interaction is mainly through de-
<hwqg—a(kg—K./2); (i) hog+ta(kgtk,/2)<E<hwg formation potential and piezoelectric coupling. It is well
+a(Vk,tkatk,); and (iv) ak,/2=fiwg and Esfiwg knowrP® that piezoelectric coupling leads to the emission of
—a(kqg—k,/2). There are two channels for phonon absorp-low-frequency acoustic phonons at relatively low-excitation
tion scattering with less requirement f&: Again, this is levels or electron temperatureT,<5 K, whereas
because in the " branch, two states with different wave deformation-potential coupling generates high-frequency
vectors may have the same energy. acoustic phonons at intermediate excitations wheteT5

The results discussed above indicate that in the presenee30 K. In the present study, we focus on phonon emission
of SOI, electron-phonon interaction in a 2DEG has somevia deformation potential coupling at intermediate excitation
unique features. The presence of SOl in a 2DEG can open upvels. For InGaAs, only the longitudinal phonon mode is
new channels for electronic transition accompanied by emiseonnected with the deformation potential and we therefore
sion or absorption of phonons. Phonon emission and absorfrave
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FIG. 1. Total power of phonon emission as a function of the FIG. 2. Contribution from different scattering channels to total
polar angleé to the growth direction for different Rashba param- power of phonon emission as a function éfangle at a fixed
etersa. Here, P(0)=[gdwqg Po(Q), Po(Q) is given by Eq.(8), Rashba parameter as indicated. Hevedf') corresponds to the
P(6) does not depend ow angle, andae=0 corresponds to a transition from a spin branch to a brancho’.
spin-degenerate 2DEG.

tion. From Fig. 1, we see that the intensity of phonon emis-
ﬁEZDwQ sion increases with increasing polar anglewhich implies

2pv§ ' © that strong phonon signals can be detected at l&rgagles

_ _ close to#=90°. It is interesting to note that the presence of
HereEp, p, andus are, respectively, the deformation poten- so| does not change significantly the angular dependence of
tial constant, density, and longitudinal sound velocity of thethe phonon generation and, unexpectedly, the intensity of the
material. This paper assumes that the applied electric field ishonon emission is actually reduced slightly by the SOI. The
low enough so that the hot-phonon effects are negligible. Wehysical reason behind this is that although the presence of
take the lattice temperatuie=2 K at which an aluminum sQj in a 2DEG can open up new channels for electronic
bolometer can be used as phonon signal detédtarther-  ransition accompanied by the emission of phonons, the se-
more, the Fermi—Dirac function is taken as the electron diSI'ection rules induced by the requirement of momentum and
tribution function where the electron temperature is taken agnergy conservation during a scattering ev@st discussed
Te=20 K. previously can reduce the overall possibility for electron-

For an InGaAs/InAlAs heterojunction, the usual triangu- phonon Coup"ng in different Spin branches. An important
lar well approximation can be applied to model the confiningconclusion obtained here is that in the presence of SOI, the
potential normal to the interface. ThuSg(q,) can be calcu- intensity of acoustic-phonon generation via deformation po-
lated analytically. The material parameters for InGaAs argential coupling in a 2DEG does not differ significantly from
known?® (i) the electron effective mass* =0.042n, with that obtained in the absence of SOI.
me being the electron rest mags;) the density of material The contribution from different scattering channels to in-
p=5.66 g/cni; (iii) the longitudinal sound velocitys  tensity of phonon generatioR(6) is plotted in Fig. 2 as a
=4.3x10° cm/s; (iv) the deformation potential constant function of ¢ angle at a fixed Rashba parameter. For a spin-
Ep=11.7 eV; andv) the dielectric constant=14.6. More-  split 2DEG, electronic transition accompanied by the emis-
over, in the numerical calculations we use typical sampleion of phonons can be achieved through intra- and inter-SO
parameters for an InGaAs-based 2DEG. The total density ofcattering channels. The results shown in Fig. 2 indicate that
the 2DEG is taken a®i.=10"'cm ? and the depletion in the small # angle regime ¢<60° for a=2
charge densityNge,=5x 10 cm™2. Very recent experi- x10 1 eVm), acoustic-phonon emission is mainly gener-
mental resultS’ have indicated that in these spintronic sys-ated via inter-SO electronic transitions. At largeangles
tems, the Rashba parameter can reach upate3-4  (§>60°), phonon signals come mainly from intra-SO scat-
x10" " evm. tering. This is mainly due to the fact that inter-SO transition

The total power of acoustic-phonon emissioR(6)  requires a smaller momentum change than intra-SO transi-
=f°0°de Po(Q) detected at an angled(¢), is shown in tion does. Because electronic transition from spin bramch
Fig. 1 as a function of thé@ angle for different Rashba pa- =1 to the branckr’'=—1[i.e. (+,—) channe] corresponds
rameterse. HerePy(Q) is given by Eq.8) anda=0 is the  to the scattering of an electron from a higher energy state to
case without including SOI in a 2DEG. It should be noteda lower one, phonon emission is more possibly generated via
that for phonon emission via deformation potential coupling,(+,—) channel than via €,+) one. Furthermore, in the
Po(Q) depends only om1=(q>2(+ qf,)l’2 andqg,. As aresult, presence of SOI, more electrons are in the™spin branch
phonon emission does not depend on ¢hangle even when because it has a lower energy and more density of stites.
SOl is present. The angular and frequency dependence of thfes a result, intra-SO electronic transitions accompanied by
acoustic-phonon emission is mainly induced (bythe re- the emission of phonons can be more possibly achieved in
guirement of momentum and energy conservation during ghe “—" spin branch. It should be noted that a large polar
scattering eventfii) the electron-phonon coupling coeffi- angled to thez axis corresponds to a small angle scattering
cient; and(iii) the form factor for electron-phonon interac- of a 2DEG in thexy plane. It has been demonstrated

|VQ|2:
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FIG. 3. Frequency distribution of the acoustic-phonon emission FIG. 5. Frequency distribution of the phonon generation at an
detected ay=30° for different Rashba parameters. Hé&éwg) angle #=70° for different Rashba parameters. HeR{wg)
=Py(Q) given by Eq.(8) does not depend on thg angle. =Py(Q) given by Eq.(8).

experimentally® that the events of small angle scattering in
the 2D plane of a 2DEG do not change spin orientation o
electrons significantly. Consequently, physical quantities de
termined by small angle electronic scattering, such as qua
tum lifetimes in different spin orbits, depend weakly on
SOI® One important conclusion drawn from Fig. 2 is that at
large phonon emission angle~90°, acoustic-phonon scat-

tering does not alter significantly the spin orientation of the
2DEG, where phonon emission is mainly generated vi
intra-SO transitions. At a smald angle, acoustic-phonon

]jor source of the phonon signal, and inter-SO scattering
(—,+) results mainly in phonon absorption which gives a

negative contribution to the intensity of phonon generation.
NWhen 0q>0.3 THz, phonon emission is dominated by

inter-SO scattering and contribution from the (—) chan-

nel is larger than that from the-(,+) one.

In Fig. 5 the spectrum of the acoustic-phonon emission is
shown at a relatively large polar angle=70° for different
%Rashba parameters. Again, the SOI in a 2DEG affects
weakly the frequency distribution of the phonon emission

scattering is mainly achieved via inter-SO transition duringdetected ab=70°. Compared with phonon signals detected
which spin orientation of an electron has to be exchanged.at H=30° (see Fig. 3 ong finds thatgﬁ=70° agmuch more

The frequency distribution of the acoustic-phonon emis-, o
. ) o broadened phonon spectrum can be observed. This implies
sion detected at a relatively small polar angle30° is

shown in Fig. 3 for different Rashba parameters. With in-that Z'gher'lfrequencylaCOLr‘]St'C'thSOD emlssﬁonllcan hbe de-
creasinga, SOl increases and intensity of phonon emissionteCte atalarged angle. The contribution to the fine shape

e o A of the phonon spectrum from different scattering channels is
decreases slightly similar to those shown in Fig. 1. The re

T H H _ o — —11
sults shown in Fig. 3 implies that the presence of SOI doegloief 'II'nH?g. ?};?]rfn_ 7e?’ni§snigg iszxrr%ginl e\a/lgl?ﬁe\\//\glienvia
not change significantly the frequency distribution of iC;?ra-SO tra’nsFi)tion within the “” spin bran)::h The emis-
acoustic-phonon emission via deformation potential cou-.. P X

pling, where generated phonon frequency is at abbut sion of high-frequency phononsog>1.2 THz) is mainly

= wg/2m~0.1 THz. The contribution from different scatter- ((leie_t;) 'Irnrfgr-rggjltzc;gtgxrrﬁnlrlli trsme 4C:r?<;]%eilrs1d’i(({:—;teat?gt in
ing channels to frequency distribution of the phonon emis_the, résence of SOI electrons%n.teract more strongly with
sion at #=30° is shown in Fig. 4 at a fixed. In low- P ' gy

frequency regime go<0.3 THz at a=2x10 " eVm), low-frequency acoustic phonons via intra-SO scattering

intra-SO transition within the “” branch contributes a ma- channe_ls. In such a case, I_owa_requency acqustlg-phonon
scattering does not change significantly the spin orientation

of the electrons. On the other hand, when inter-SO scattering

T
T 5 0=2x10"" eVm| channels open up, electrons can interact more strongly with
= Total ne=10"" cm?®
[&]
R 9=30°
g 4 14 T T T T T
N E a=2x10"" evm
© k3]
z 2 2
"6 =~
S N
a g | ‘\—~_;-;-*... e
0.0 0.5 1.0 15 =
S
g (THZ) o

FIG. 4. Contribution from different scattering channels to inten-
sity of phonon generation versus phonon frequency at a ftked
angle and a fixedr. Here P(wq)=Po(Q) given by Eq.(8) and
(o,0") corresponds to the transition from a spin brancho a FIG. 6. Contribution to generated phonon frequency from dif-
brancho’. ferent scattering channels detectedat70° at a fixedw parameter.
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high-frequency acoustic phonons via exchanging of theivia inter-SO transitions in the sma#l angles has been in-
spin orientations. These theoretical results suggest that th@duded here, the significant blueshift of the phonon spectrum
spin polarization of a 2DEG can only be altered significantlywith decreasingé shown in Fig. 2 in Ref. 16 cannot be
when electrons are scattered by high-frequency acoustikeproduced in the present paper. Furthermore, the contribu-
phonons. tions from different scattering channels to the generation of
The theoretical results shown above indicate that the freacoustic-phonon emission has been examined in this paper.
quency and angular distribution of the acoustic-phonon emisThis can be more helpful to understand the unique feature of
sion from a splitting-split 2DEG does not differ significantly €lectron-phonon interaction in a 2DEG in the presence of
from those observed in the phonon emission experiments fopOl.
spin-degenerate 2DEGs. However, it is found that if the pho-
non detector is placed at a small polar angle0° to the
growth direction, phonon signals are mainly generated via
inter-SO electronic transitions. When the phonon detector is In this paper, | have examined the effects of SOI, induced
placed at a large anglé~90°, intra-SO transitions contrib- by the Rashba effect, on emission and scattering of phonons
ute a major source of the phonon signal. On the basis thah general and acoustic phonons in particular in 2DEG sys-
phonon emission experimentscan measure the angular dis- tems. It has been found that SOI in a 2DEG can result in
tribution of the phonon generation, these experimental techsome unique features for electron-phonon interaction. In
niques can then be used to examine spin-dependent elegenjunction with a phonon emission experiment, | have de-
tronic transitions in spintronic systems. Moreover, since theseloped a simple theory to study the frequency and angular
strength of the SOI in InGaAs-based spintronic devices cadependence of the acoustic-phonon generation from a spin
be controlled by applying a gate voltddeor varying the  split 2DEG. The influence of the SOI on acoustic-phonon
sample growth parametel3,it is therefore expected that emission has been investigated for an InGaAs-based 2DEG.
these predictions can be tested in the near future. The main conclusions obtained from this study are summa-
From a theoretical point of view, there is no essentialrized as follows.
difference of the frequency and angular distribution function (1) In the presence of SOI, new channels open up for
for phonon emission obtained from using an energy-balancelectronic transition around the Fermi level accompanied by
equation approach developed here or from using directly thehe emission and absorption of phonons. As a result, phonon
differential energy flux proposed in Ref. 16. However, inscattering and generation can be achieved via intra- and
order to carry out an angle integration, Ref. 16 assumeghter-SO electronic transitions. However, the requirement of
sin@>vs/ve, whered is an angle betweekandk’ andvgis  momentum and energy conservation during an electron-
the Fermi velocity. Noting thaf used in Ref. 16 is basically phonon scattering event introduces some selection rules for
the same a9 defined in this paper, the approximation ap- electron-phonon coupling in different scattering channels.
plied by Ref. 16 corresponds therefore to the case of large These selection rules may reduce slightly the overall strength
angle scattering discussed in the present paper. It should lo# the electron-phonon interaction.
noted that the angle integration mentioned in Ref. 16 has (2) The presence of SOI does not change significantly the
been carried out exactly and analytically in the present studgpectrum and emission angle of the acoustic-phonon genera-
(see the Appendix Hence, this paper presents a more exaction via deformation potential coupling, compared to the case
solution to the problem. As discussed previously in this secwithout inclusion of SOl in a 2DEG. For a typical InGaAs-
tion, a larged angle corresponds to a small angle scatteringbased 2DEG, the frequency of the acoustic-phonon emission
of a 2DEG in thexy plane. With increasing, the inter-SO can be generated at abof#0.1 THz and strong phonon
scattering rate can be reduced and intra-SO scattering caignals can be detected at a large polar angle to the growth
become dominar(see Fig. 2 Thus, the approximation used direction.
in Ref. 16 may result in an under-evaluation of the contribu- (3) At a large polar angl@~90°, which corresponds to a
tion from inter-SO transitions in relatively smallangle re-  small angle scattering of a 2DEG in the 2D plane, electron-
gime and from high-frequency acoustic-phonon scattering. Iphonon scattering is mainly achieved via intra-SO transi-
has been shown in this section that inter-SO transition leadsons. In such a case, spin orientation of an electron does not
to the emission of high-frequency acoustic phonons andlter significantly by acoustic-phonon scattering. This is in
dominates phonon generation in the smalangle regime. line with experimental results obtained from magnetotrans-
After comparing the results obtained from this study withport measurements, where very little difference of the
those reported in Ref. 16, one finds tligtthe inclusion of quantum lifetimes in different spin branches has been ob-
the high-frequency acoustic-phonon emission via inter-SGerved. At smallp angles, the electron-phonon scattering is
transitions can smooth the high-frequency cutoff of the pho-mainly through inter-SO transition channels. As a result, the
non spectrum reported in Ref. 16ee Figs. 3 and 5 in this exchange of spin orientation of electrons can be achieved via
paper and Fig. 2 in Ref. }6(ii) at a smallé angle, phonon acoustic-phonon scattering at small polar angles. Further-
emission is mainly generated via inter-SO transitigese  more, low-frequency acoustic-phonon emission is generated
Fig. 4 and, therefore, the more broadened spectrum at eainly via intra-SO scattering, whereas high-frequency
smallerd angle shown in Fig. 2 in Ref. 16 is a consequenceacoustic-phonon signals come mainly from inter-SO transi-
of the under-evaluation of inter-SO generation; &iid be-  tions.
cause the contribution from high-frequency phonon emission These theoretical results suggest that in a spintronic sys-
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tem, spin polarization of electrons can only be changed sigthe -function in Eq.(Al) represents the energy conservation
nificantly when channels for high-frequency acoustic-phonoraw during an electron-phonon scattering evéinj;there are
scattering open up at relatively small polar angles to thepossibly two real and positive roots frdetermined from a
growth direction. The author hopes that the results presentesbnparabolic functiori?X?/2m* + o' aX=¢; and (iii) X is
and discussed in this paper will be helpful in designing thethe absolute value of the electron wave vector in the final
spintronic materials and in applying the spintronic systemsstate after scattering and, therefobé,should be real and

as high-frequency hypersonic devices.
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APPENDIX

To obtain Eq.(5), one needs to calculate
2

II(k,q)=f do g(0) 5(A>X212m* + o' aX—h2k?/2m*
0

—oak—12y,/2m*), (A1)

where 6 is an angle betweek andq, y, ,=2m*(e,— &
+hog)/h? and X=k'=|k+q|=k*+q°+2kqcosd de-
termined by the momentum conservation law. Noting that

positive, we havel (k,q)=11,(k,q)+ Il _(k,q), where

1.(k,q)
_m* O(X.)O[4k*g*— (X2 —K*—¢?)?]g( )X
7 (koK) T Yo AKGE— (X2 —k2—q?)
(A2)

Here O®(x) is a wunit step function, X.=-0o'k,
+J(k+ok,)?+y,n and . is determined by solving .

= Jk?+g°+2kqgcosf. . It should be noted that in the pres-
ence of SOI, two rootX.. implies two possible channels for
electronic transitions which satisfy the momentum and en-
ergy conservation laws, when initial state of an electron is at
|k,n,o>. This is in sharp contrast to the case of a spin-
degenerate 2DEGi.e., «=0) where a parabolic energy
spectrum results in only one real and positive rootfdrom
h2X212m* =¢.
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