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In this paper, we present a detailed theoretical study on acoustic- and optical-phonon emission by hot
electrons in AlxGa12xAs parabolic quantum wells in parallel magnetic fields. We consider the situation where
the phonon generation is detected by phonon emission experiments. The dependence of phonon emission on
the magnetic field, excitation power, and phonon emission angle has been studied through calculating the
electron energy loss rate in this configuration. The main results obtained from the present theoretical study are
the following. ~i! In low-, intermediate-, and high-energy excitations, phonon generation is mainly through
electron-phonon interaction via piezoelectric, deformation-potential, and polar-optical coupling, respectively.
~ii ! The strongest acoustic-phonon emission can be observed around a magnetic field at which an electronic
subband becomes depopulated, and the strongest LO-phonon emission occurs around a magnetic field where
the energy spacing between two subbands equals the LO-phonon energy~electrophonon resonance effect!. ~iii !
Phonon generation in the presence of parallel magnetic fields has a different angular distribution from that at
zero and perpendicular magnetic fields.@S0163-1829~96!016619-0#

I. INTRODUCTION

Phonon generation and scattering by hot electrons in low-
dimensional semiconductor systems~LDSS’s! have been of
considerable interest1,2 over the past two decades, due to
their paramount importance in semiconductor physics and
electronics and in device applications. In LDSS’s, phonons
provide the principal relaxation channel for excited electrons
and should have a significant effect on the physical proper-
ties of the device systems. Based on phonon generation and
absorption by hot electrons in LDSS’s, the exploration of use
of these structures as acoustical devices~e.g., high-frequency
ultrasonic generators3 and high-frequency radiation
modulators4! will enhance the field of device applications.5

Recent theoretical work6,7 has demonstrated that LDSS’s,
such as AlxGa12xAs/GaAs-based heterostructures, quantum
wells, quantum wires, superlattices, etc., are suitable for gen-
erating terahertz~THz! ultrasound waves based on the emis-
sion of THz acoustic phonons. State-of-the-art growth tech-
niques, such as molecular-beam epitaxy~MBE! and metal-
organic chemical-vapor deposition~MOCVD!, can confine
the conducting electrons in a LDSS within the nanometer
distance scale, so that the energies~e.g., electronic subband
energy, electron kinetic energy, Fermi energy, etc.! are on
the meV scale and, consequently, the energy~frequency! of
the acoustic phonons generated can reach the meV~THz!
scale. Additionally, the emission and absorption of polar-
optical phonons by hot electrons are very sensitive to THz
electromagnetic radiation, which has been observed
experimentally8 very recently. The investigation of the gen-
eration, propagation, and detection of THz electromagnetic
and ultrasonic waves has recently become an important re-
search field because of the potential device applications.
From the fact that electrons in a LDSS interact very much
more strongly with phonons than with photons, one would
expect that phonons may play an important role in generating
and detecting THz signals.

Phonon generation can be detected experimentally by
measuring the electron energy relaxation caused by electron-
phonon interaction in the device system, mainly through~i!
optical9 and transport10,11 measurements,~ii ! phonon emis-
sion experiments,2,12 and ~iii ! very recently, dc conductivity
measurements under polarized THz radiation.8 The experi-
mental results obtained from~i! only give integrated infor-
mation regarding the overall strength of the process of elec-
tron energy relaxation. In contrast, the phonon emission
experiments measure directly the frequency and angular dis-
tribution for generating different phonon modes and, there-
fore, give more detailed information about the electron-
phonon interaction. In~ii !, the electrons are heated by a
pulsed electric field and the intensity of the phonon signal is
measured by using superconducting tunnel junction phonon
spectrometers12 or sensitive imaging bolometers.13 Together
with the measurement of time of flight, the generated trans-
verse and longitudinal phonon modes can be resolved. The
measurements of~iii ! require8 techniques such as free-
electron lasers, and fewer results regarding electron-phonon
scattering have been reported to date. Therefore, at present,
the results obtained from phonon emission experiments are
supposed to be the best in checking the validity of the theo-
retical models. On the other hand, theoretical modeling in
conjunction with the phonon emission experiments will help
to predict and understand the experimental findings, and this
is the motivation of the present study.

Most of the experimental and theoretical studies2 on pho-
non emission from a two-dimensional semiconductor system
~2DSS! are focused on the case of zero12,14,15and/or perpen-
dicular magnetic field.16–18WhenB50, phonons are gener-
ated in the occupied electronic subbands. The intensity of the
phonon signal detected increases with increasing excitation
energy. At relatively low~high! input powers, the detected
phonon signal comes mainly from acoustic-phonon~optical-
phonon! emission. In the presence of strong perpendicular
magnetic fields, Landau quantization gives the possibility to
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generate phonons among the different Landau levels~LL’s !.
At relatively low excitation levels, the dependence of
acoustic-phonon generation on the magnetic field shows17,18

a Shubnikov–de Haas type of oscillation. The acoustic-
phonon emission is enhanced when the Fermi energy moves
through a LL. In an AlxGa12xAs/GaAs-based 2DSS, when
electron interaction with longitudinal optical~LO! phonons
becomes a dominant process of the electron energy relax-
ation, the magnetophonon resonance19 ~MPR! effect can be
observed by phonon emission experiments.16 The strongest
LO-phonon emission occurs at magnetic fields where the
condition of MPR is satisfied. In this paper, I pay attention to
the influence of a magnetic field applied parallel to the inter-
face of a 2DSS on the phonon generation. In this configura-
tion, the magnetic potential has the strongest coupling to the
confining potential of the two-dimensional electron gas
~2DEG! along the growth direction, and a hybrid magneto-
electric quantization of the electronic states is formed. The
electronic subband structure for different 2DSS’s in parallel
magnetic fields has been investigated in detail,20,21 and the
electronic properties in this situation show some interesting
and unusual behaviors.22–25From the points of view of both
fundamental study and device application, it would be valu-
able to study the phonon generation in this important geom-
etry. In a 2DSS, the strong dependence of the electronic
states on the parallel magnetic field offers the possibility to
produce a tunable phonon generator by varying the magnetic
field.

The basic difference between phonon emission and scat-
tering by a 2DEG in parallel magnetic fields and in zero or
perpendicular magnetic fields results from the following fac-
tors: ~i! The electron wave function, electronic energy spec-
trum, and density of states~DOS! are sharply different in
different configurations.~ii ! The electron-phonon interaction
has different characteristics in different geometries.~iii ! For
a 2DSS subjected to an in-plane magnetic field, the coupling
of the magnetic potential to the confining potential of the
2DEG implies that the electron motion will be strongly con-
fined, which results in an enhancement of the effective
electron-phonon interaction and, consequently, in an en-
hanced rate of phonon generation. In Sec. II, I will look at
the electronic states for a 2DSS subjected to an in-plane
magnetic field. I will discuss the nature of the electron-
phonon interaction in an AlxGa12xAs-based parabolic quan-
tum well ~PQW! structure in parallel magnetic fields in Sec.
III. The results for the electronic structure and electron-
phonon interaction in a 2DSS in parallel magnetic fields will
be applied in Sec. III to calculate the electron energy loss
rate induced by electron interaction with acoustic and LO-
phonons in conjunction with the phonon emission experi-
ments. My theoretical results for the dependence of acoustic-
and LO-phonon generation on the parallel magnetic field,
excitation, and phonon emission angle will be presented and
discussed in Sec. IV. The main conclusions of the present
study will be summarized in Sec. V.

II. ELECTRONIC STATES FOR A 2DEG
IN PARALLEL MAGNETIC FIELDS

When a magnetic field is applied along thex direction
~taking thexy plane as the 2D plane of a 2DEG!, the electron

wave function is of the kind,21 in the Landau gauge,

uk,N&5eik–rcNky
~z!, ~1!

with k 5 (kx ,ky) andr 5 (x,y), and the energy spectrum of
the electron becomes21

EN~k!5
\2kx

2

2m0*
1«N~ky!, ~2!

where a parabolic conduction-band structure has been con-
sidered, andm0* is the effective electron mass. The electron
wave function and the electronic subband energy along the
z direction ~growth direction! are determined by the one-
dimensional Schro¨dinger equation

F2
\2

2m0*
d2

dz2
1

\2

2m0*
~z2 l 2ky!

2

l 4
1U~z!2«N~ky!GcNky

~z!

50, ~3!

with l5(\/eB)1/2 the radius of the ground cyclotron orbit
andU(z) the confining potential energy of the 2DEG.

In this paper, I study the generation of phonons from a
parabolic quantum well system subjected to an in-plane mag-
netic field. One of the main merits of this device system is
that the electron wave function and the electronic subband
energy can be obtained analytically, which is very conve-
nient for further calculations of the electronic properties and,
hence, allows us to get easier access to the physics consid-
erations without involving heavy numerical calculation.
The PQW defines a system such asn- i -p- i -doped
semiconductors,26 the tailoring of the conduction-band edge
of a graded AlxGa12xAs structure,

27 etc. The confining po-
tential energy of this structure can be modeled by
U(z)5m0*v0

2z2/2 with v0 the characteristic frequency for
the confinement. For a PQW structure, the electron wave
function and energy spectrum are obtained, respectively, by

cNky
~z!5

1

A2NNp1/2l B
e2j2/2HN~j!, ~4!

with HN(x) the Hermite polynomials, and

En~k!5
\2kx

2

2m0*
1

\2ky
2

2mB*
1EN , ~5!

with EN5(N11/2)\vB . Here we have made the following
definitions. ~i! vB5Avc

21v0
2 with vc5eB/m0* the cyclo-

tron frequency;vB5v0 at B50. ~ii ! l B5(\/m0*vB)
1/2;

l B5 l 05(\/m0*v0)
1/2 at B50. ~iii ! mB*5m0* @11(vc /

v0)
2]; mB*5m0* at B50. ~iv! j5z/ l B2(vc /vB) l Bky ;

j5z/ l 0 when B50. Compared with the results obtained
from a PQW at zero magnetic field, we conclude that the
influences of an in-plane magnetic field on the electronic
structure are mainly through~1! shifting the centers of the
electron wave functions by the cyclotron motion of electrons,
~2! enhancing the effective electron mass along they direc-
tion, and~3! enhancing the energy separation between differ-
ent electronic subbands. These features are similar to the
case28 of a PQW wire subjected to a perpendicular magnetic
field.
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The free-electron Green function for a 2DEG in an in-
plane magnetic field is given by

GN,k~E!5@E2EN~k!1 id#21, ~6!

whose imaginary part is

ImGN,k~E!52pd@E2EN~k!#. ~7!

Thus the density of states for electrons in the energy level
N becomes

DN~E!5gsS 2
1

p D(
k
ImGN,k~E!5

1

2p2E d2k

3d@E2EN~k!#, ~8!

with gs52 the factor for spin degeneracy. For the case of a
PQW structure, we have

DN~E!5
Am0*mB*

p\2 Q~E2EN!, ~9!

whereQ(x) is the unit step function, and we see that the
representative density-of-states effective electron mass is
also enhanced by the parallel magnetic field.

The results presented above show that for a PQW struc-
ture the presence of the in-plane magnetic field will not
change the 2D nature of the system.

III. PHONON EMISSION FOR A 2DSS
IN PARALLEL MAGNETIC FIELDS

A. Electron energy loss rate

The results obtained from experimental14 and theoretical29

studies have indicated that the power signals detected in pho-
non emission experiments can be described by the electron
energy loss rate~EELR! induced by electron-phonon inter-
action. The hot-electron energy loss problem in 2DSS’s has
been investigated rather extensively.1,10,11,15However, most
published papers deal with the situation where the electron
energy relaxations measured by magnetotransport measure-
ments, i.e., by studying10,11,15the total EELR and/or the elec-
tron temperature. In phonon emission experiments, phonon
signals are normally detected in a certain angle regime at
fixed excitation level. Therefore, for the corresponding theo-
retical study, one has to consider the angular distribution of
the phonon emission.

In this paper we develop a simple model to calculate the
EELR in a 2DEG in in-plane magnetic fields. Using the
Boltzmann equation approach, the average energy loss per
unit time of an electron to the lattice, due to the electron-
phonon interaction in a 2DEG in parallel magnetic fields, can
be defined by30

PT5A(
N

E d2k EN~k!F] f N~k!

]t G
coll

5A(
N

E d2k f N~k!F2
d«

dt G
coll

, ~10!

where the presence of many electronic subbands in the struc-
ture has been taken into account,f N(k) is the distrib-

ution function for electrons in a stateuk,N&, and
A5@(N*d2k f N(k)#

21 is the normalization factor. Applying
the DOS for electrons in a 2DEG in a parallel magnetic field
to the condition of electron number conservation, we have
A51/(2p2ne) with ne the electron density of the 2DEG. In
Eq. ~10!, ] f N(k)/]t is the variation off N(k) at timet by the
scattering~collision! process, and the variation of electron
energy at timet by the scattering process is in the form

F2
d«

dt G
coll

5
gs

~2p!2(N8
E d2k8@12 f N8~k8!#

3@EN~k!2EN8~k8!#WN8N~k8,k!, ~11!

where the scattering in the case of degenerate statistics has
been included. The transition rate to scatter an electron from
a stateu k,N& to a stateu k8,N8& is given by

WN8N~k8,k!5WN8N
2

~k8,k!1WN8N
1

~k8,k!, ~12!

and after using Fermi’s golden rule

WN8N
6

~k8,k!5
2p

\ (
qz

F NQ

NQ11GCi~Q!GN8N~qy ,qz!dk8k1q

3d@EN8~k8!2En~k!7\vQ#, ~13!

where the upper~lower! case refers to absorption~emission!
of a phonon with energy\vQ , Q5(q,qz)5(qx ,qy ,qz) is
the phonon wave vector, andNQ5@e\vQ /kBT21#21 is the
phonon occupation number. Further,Ci(Q) is the square of
the matrix element for an electron interacting with thei th
phonon mode, andGN8N(qy ,qz)5 z^ky8,N8ueiqzzuky ,N& z2 is
the form factor for electron-phonon interaction. In the pres-
ence of the parallel magnetic field the form factor depends on
bothqy andqz , because the electron wave function along the
z direction is a function ofky due to the cyclotron motion of
electrons, whereas at zero and perpendicular magnetic fields
the form factor depends only onqz . The termdk8,k1q stands
for the conservation of the electron momentum in the xy
plane, required by the electronic structure. The term
d@EN8(k8)2EN(k)7\vQ# leads to energy conservation
during an electron-phonon scattering event. After defining
Q5Q(sinf cosu,sinf sinu,cosf) in polar coordinates with
f the polar angle, whereu andf also define the phonon
emission angle, the total EELR per electron in a 2DEG in
parallel magnetic fields is obtained by

PT5E
0

`

dQE
0

2p

duE
0

p

df P~Q!. ~14!

The frequency and angular distribution function for the pho-
non emission are given by

P~Q!5 (
N8,N

@~NQ11!I N8N
2

~Q!2NQIN8N
1

~Q!#, ~15!

with
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I N8N
6

~Q!5
Q2vQ

4p4ne
Ci~Q!GN8N~qy ,qz!sinfE d2k f N~k!@1

2 f N8~k1q!#d@EN8~k1q!2EN~k!7\vQ#.

~16!

Equation~15! reflects the fact that the net energy transfer rate
is the difference between phonon emission and absorption by
hot electrons in the structure. In this paper, we limit our-
selves to the situation where the applied electric field~or
current! is low enough so that the hot-phonon effects15 are
negligible, i.e., we take the phonon temperature to be the
lattice temperature.

In this paper, we use a Fermi-Dirac type of statistical
energy distribution function as electron distribution through
f N(k)5 f @EN(k)#, where f (x)5@e(x2EF)/kBTe11#21 with
EF the chemical potential~or Fermi energy! andTe the elec-
tron temperature. The inclusion of electron-phonon scatter-
ing in the case of degenerate statistics implies that phonon
emission occurs mainly among the occupied electronic sub-
bands accompanied by electronic transitions around the
Fermi level.

Using the electron wave function for a PQW subjected to
an in-plane magnetic field the form factor for electron-
phonon interaction becomes

GN8N~qy ,qz!5CN8,NH l B22 F S vc

vB
D 2qy21qz

2G J , ~17!

where CN,N1J(y)5@N!/(N1J)! #yJe2y@LN
J (y)#2 with

LN
J (y) the associated Laguerre polynomials. After introduc-

ing the electron energy spectrum and the electron distribu-
tion function into Eq.~16!, we have

I N8N
6

~Q!5
Q2vQ

4p4\2ne
Sm0*mB*

«q
D 1/2Ci~Q!GN8N~qy ,qz!sinf

3E
0

` dx

Ax
f „«N8N

6
~Q!1x…@12 f „«N8N

6
~Q!

1x6\vQ…#, ~18!

with «q5\2qx
2/2m0*1\2qy

2/2mB* and «N8N
6 (Q)5EN

1(EN82EN1«q7\vQ)
2/4«q .

B. Acoustic- and LO-phonon generation
from an Al xGa12xAs PQW

For an AlxGa12xAs PQW structure, a gradual variation
of the Al content along the growth direction implies that the
phonon modes in the device system are very similar to those
in GaAs due to the structural compatibility between GaAs
and AlxGa12xAs. The surface phonon modes and the reflec-
tions of the phonon wave at the heterointerfaces in this struc-
ture are supposed to be much weaker than those devices such
as heterojunctions and square quantum wells. Further, in
phonon emission experiments, only the bulklike phonons can
reach the detectors located at a fixed angle to thexy plane.
The surface phonon modes can hardly propagate along thez
direction. In semiconductor materials such as GaAs,
electron-phonon interaction is mainly through coupling with
deformation-potential acoustic phonons, piezoelectric acous-

tic phonons, and longitudinal optical phonons. For GaAs
only the longitudinal-acoustic phonon mode is connected
with the deformation potential~DP! and the square of the
electron interaction matrix element is given by

CDP~Q!5
\ED

2Q

2pn l
;vQ , ~19!

with ED the deformation potential constant,r the density of
the material, andn l the longitudinal sound velocity. In a
zinc-blende-structure semiconductor such as GaAs, there is
only one nonzero independent piezoelectric constant,
e145e255e36, and the dielectric constantk and sound ve-
locity are isotropic. For electron interaction with longitudinal
~LP! and transverse~TP! piezoelectric phonons, the interac-
tion matrix elements are given, respectively, by31

CLP~Q!5Al

~3qxqyqz!
2

Q7 ;
sin4f cos2f sin2u cos2u

vQ
,

~20!

whereAi532p2\e2e14
2 /(k2rn i) with n i the corresponding

sound velocity, and

CTP~Q!5At

Q2~qx
2qy

21qx
2qx

21qy
2qz

2!2~qx
2qyqz!

2

Q7

;
sin2f

vQ
@cos2f1 sin2f sin2u cos2u~129 cos2f!#,

~21!

with n t the transverse sound velocity. In Eqs.~19!–~21! we
have used the long-wavelength approximation for acoustic-
phonon modes, i.e.,vQ.n iQ. From Eqs.~19!–~21! we note
that the basic differences for electron–acoustic-phonon inter-
action via DP or piezoelectric~PE! coupling are~i! the DP
coupling is proportional to the phonon frequencyvQ ,
whereas the PE coupling is proportional to 1/vQ ; and~ii ! the
quantityCDP(Q) @Eq. ~19!# does not depend on the emission
angle, whereasCLP(Q) @Eq. ~20!# and C TP(Q) @Eq. ~21!#
show a strong dependence on the anglesf and u. For
electron–LO-phonon interaction, described by the Fro¨hlich
Hamiltonian, we have

CLO~Q!54paLLO~\v LO!2/Q2, ~22!

with a the electron–LO-phonon coupling constant,
LLO5(\/2m0*vLO)

1/2 the polaron radius, and for LO-
phononsvQ→vLO with vLO the LO-phonon frequency.
CL O(Q) does not depend on the emission angle.

In the present paper, I calculate the intensity of phonon
signals measured at an angle (u,f) in a phonon emission
experiment. The detected signal is the contribution of pho-
non emission in different vibration modes:

P~u,f!5PDP~u,f!1PLP~u,f!1PTP~u,f!1PLO~u,f!,
~23!

where

Pi~u,f!5 (
N8,N

E
0

`

dQ@~NQ11!I N8N
2,i

~Q!2NQIN8N
1,i

~Q!#,

~24a!
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with

I N8N
6,i

~Q!5Yi~Q!
GN8N~qy ,qz!

AmB* cos
2u1m0* sin

2u

3E
0

` dx

Ax
f „«N8N

6
~Q!1x)@12 f ~«N8N

6 ~Q!1x6\vQ…#.

~24b!

The functional forms ofYi(Q) for different phonons are
given, respectively, by

YDP~Q!5
A2m0*mB*ED

2 ~\vQ!3

8p4\5rn l
3ne

, ~25a!

YLP~Q!5
72A2m0*mB* e

2e14
2 ~\vQ!

p2\3k2rn lne

3~sin2f cosf sinu cosu!2, ~25b!

YTP~Q!5
8A2m0*mB* e

2e14
2 ~\vQ!

p2\3k2rn tne

3sin2f@cos2f1sin2f sin2u

3cos2u~129 cos2u!#, ~25c!

and

YLO~Q!5
A2m0*mB*aLLO~\vLO!3

p3\4neQ
. ~25d!

For LO-phonons, NQ→N05@e\v LO /kBT21#21 and
«N8N

6 (Q)→EN1(EN82EN1«q7\vLO)
2/4«q .

IV. RESULTS AND DISCUSSION

In this paper my calculations are performed for
Al xGa12xAs PQW structures. In order to limit the number
of parameters, I take most material parameters as those in
GaAs. I use the representative density-of-states effective
electron mass for GaAs at zero magnetic field
(m0*50.0665me with me the electron rest mass! as the effec-
tive electron mass. The dielectric constant and the material
density are taken to bek512.9 andr55.37 kg/m3, respec-
tively. For GaAs, the electron–LO-phonon coupling constant
a50.068 and the LO-phonon energy\vLO536.6 meV. Fur-
ther, I take the longitudinal~transverse! sound velocity as
n l55.293103 m/s (n t52.483103 m/s! in GaAs. It is well
known32 that the deformation potential and piezoelectric
constant will be enhanced in a dimensionally reduced sys-
tem. In this paper, I takeED511 eV ande14523109 V/m
in the calculations.

The sample parameters, such as the characteristic fre-
quency of a PQW and the electron density of the 2DEG, can
be taken from the experimental data. For a model calcula-
tion, I take\v058 meV andne5631015 m22. The chemi-
cal potential~or Fermi energy! can be determined using the
condition of electron number conservation. The results ob-
tained from the numerical calculations show that at zero and
small magnetic fields, there are two occupied subbands in the
system, whereas at high magnetic fields (B.6 T! only the

lowest subband is occupied by electrons. By varying the par-
allel magnetic field, one can tune the energy difference be-
tween Fermi level and subbands and between different sub-
bands, which implies that applying a parallel magnetic field
to a 2DSS can produce a tunable device.

Normally phonon emission experiments are carried out at
low temperatures because of using superconducting bolom-
eters as the phonon detectors. In the calculation I take the
lattice temperature T52 K that corresponds to using an Al
bolometer as the phonon detector.14 To calculate the inten-
sity of the phonon signal detected, we need to know the
electron temperature. In principle, the electron temperature
can be calculated using the experimental data of total energy
loss (PT) which can be deduced from the applied electric
field and from the sample resistivity measured at the corre-
sponding electric field. At low lattice temperatures and low
excitation levels, the relation between input power~or total
energy loss! and electron temperature was predicted33 by
PT;(Te

n2Tn) and in most cases14 n;3. At high lattice tem-
perature and/or high excitation levels, the relation becomes34

PT;(\vLO /t)exp(2\vLO /kBTe) with t the effective hot-
electron relaxation time. The practical evaluation of electron
temperature as a function of input power complicates the
numerical calculation considerably,29 and I do not attempt it
in the present paper. As for a theoretical study I take the
electron temperature (Te) as an input parameter in the cal-
culations.

The intensity of phonon signal detected at a fixed angle
@i.e., the quantityP(u,f)] as a function of electron tempera-
ture is shown in Fig. 1 at a fixed parallel magnetic field. In
the low-excitation-energy regime~i.e., at low electron tem-
peraturesTe,5 K!, piezoelectric phonon emission is the ma-
jor source of the signal. At intermediate excitation levels
(5,Te,30 K!, the generation of deformation-potential
acoustic phonons from the device can be observed. At high
input powers (Te.40 K!, the phonon signal comes mainly

FIG. 1. Intensity of phonon signal,P(u,f), as function of elec-
tron temperature at a fixed in-plane magnetic field. The contribution
from electron-phonon interaction via deformation-potential~DP!,
piezoelectric~PE!, and polar-optical~LO! coupling is presented.
The solid curve is the total phonon signal detected at angle (u,f)
andPPE(u,f)5PTP(u,f)1P LP(u,f). The sample parameters are
\v058 meV andne5631015 m22.
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from LO-phonon emission. We note that~i! these results
agree with the experimental data obtained14 for
Al xGa12xAs/GaAs-based 2DSS’s;~ii ! the emission of dif-
ferent phonons at different electron temperatures is very
similar to the resistivity~or mobility! limited by different
phonon scattering at different lattice temperatures;32 ~iii ! be-
cause the generated PE phonons come mainly from trans-
verse vibration modes~see Figs. 2 and 3!, the transverse
acoustic~TA! phonon signals can be detected at relatively
low input power; and ~iv! longitudinal acoustic ~LA !
phonons can be measured at intermediate input powers. The
results obtained from the experimental measurements14 have
indicated that for an AlxGa12xAs/GaAs-based 2DSS at zero
magnetic field, the electron temperatureTe550 K corre-
sponds to an input power at about 5 pW/electron and when
PT is less than about 4 pW/electron acoustic-phonon emis-
sion can be detected. The PE- and DP-phonon emission at
different input power regimes is a consequence of the fact
that the coupling coefficient for PE phonons~DP phonons! is
proportional to 1/vQ (vQ), which favors the generation of

low-frequency~high-frequency! acoustic phonons. Electron
interaction with low-frequency~high-frequency! phonons
will result in a relatively weak~strong! energy relaxation
because of small~large! energy transfer. The results obtained
from our further calculations show that the above-mentioned
features will not be changed by varying the in-plane mag-
netic fields. The magnetic field will play a role mainly in
varying the intensity of phonon emission detected at a fixed
angle. Below, we discuss the generation of acoustic and LO
phonons at different input power regimes.

A. Acoustic-phonon generation

Let us first look at the dependence of generating different
phonon modes on the parallel magnetic field at a fixed angle
for different electron temperatures,Te530 K ~Fig. 2! and 40
K ~Fig. 3!. WhenTe<30 K, phonon emission is dominated
by acoustic-phonon generation up to a high magnetic field.
LO-phonon generation increases rapidly with increasing
magnetic field. WhenTe>40 K, LO phonons are the major
source of the phonon signal in all magnetic fields. From Figs.
2 and 3, we see the following.~i! The acoustic-phonon gen-
eration is enhanced by parallel magnetic fields whenB,6 T.
~ii ! The strongest acoustic-phonon emission occurs around
B56 T where the subbandN51 becomes depopulated. The
closing down of the scattering channel in the electronic sub-
bandN51 leads to a suppression of the acoustic-phonon
emission.~iii ! With further increase in the magnetic field
~B.9 T!, acoustic-phonon generation can be enhanced again
by the magnetic fields.~iv! The depopulation of electrons in
the higher subband affects LO-phonon emission weakly due
to the relatively large energy transfer for electron–LO-
phonon scattering.

The dependence of acoustic-phonon emission on the
angleu is shown in Fig. 4 at a fixed anglef and electron
temperature for different magnetic fields. AtTe520 K, the
emission of DP phonons is the dominant process of phonon
generation, which results in a weak dependence of the pho-
non generation on the angleu atB50. The angular distribu-
tion of phonon generation is determined by~i! the require-

FIG. 2. Total intensity of phonon signal~solid curve! and the
contribution from different phonon modes as a function of parallel
magnetic field at electron~lattice! temperatureTe530 K ~T52 K!.
The sample parameters are the same as Fig. 1.

FIG. 3. Same as in Fig. 2 but forTe540 K.

FIG. 4. Dependence of acoustic-phonon emission on the angle
u at a fixed anglef for different magnetic fields. The sample pa-
rameters are the same as in Fig. 1.
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ments of momentum and energy conservation during a
scattering event;~ii ! the electron-phonon interaction matrix
element, i.e.,Ci(Q); and ~iii ! the form factor for electron-
phonon interaction, i.e.,GN8N(qy ,qz). At B50, the form
factor depends only onqz ~i.e., on the anglef) and a weak
dependence of the phonon emission on the angleu can be
expected. WhenBÞ0 the form factor is a function of
(vc /vB)

2l B
2qy

2 @see Eq.~17!#, which results in a strong de-
pendence of the phonon emission on the angleu and on the
magnetic field~see Fig. 4!. The nature of electron interaction
with bulklike phonons implies that the form factor depends
always onqz . Thus a strong dependence of acoustic-phonon
emission on the anglef can be observed in all magnetic
fields ~see Fig. 5! and for all acoustic-phonon modes. Our
theoretical results indicate that~1! a stronger acoustic-
phonon emission can be observed at a larger angleu, ~2! the
magnetic field will drive the emission of acoustic phonons
towards a smaller-u regime, and~iii ! the TA-phonon modes
can be detected at a largeu angle (u.60°).

B. LO-phonon emission: electrophonon resonance effect

From Fig. 1, we know that when the electron temperature
Te>40 K LO-phonon emission is a dominant process of the
electron energy relaxation and LO-phonon emission in-
creases rapidly withTe . The intensity of LO-phonon emis-
sion as a function of parallel magnetic field is shown in Fig.
6 at a fixed angle (u,f) for different electron temperatures,
Te540, 50, and 60 K. To look at the net contribution of the
magnetic field, we have scaled the intensity of the LO-
phonon signalP(u,f) by its value at zero magnetic field,
P0(u,f). The effect of electrophonon resonance35 can be
clearly seen from Fig. 6. Although the oscillation in Fig. 6 is
observed by varying the magnetic field, the nature of the
electronic subband structure and of the DOS for a PQW sub-
jected to in-plane magnetic fields suggests that this oscilla-
tion should be connected to theelectrophonon resonance
~EPR! effect instead of calling itmagnetophonon resonance
~MPR!.19 The basic difference between EPR and MPR is that
EPR ~MPR! is a consequence of electron–LO-phonon reso-
nant scattering among the different electronic subbands~dif-

ferent Landau levels! and that the DOS for electrons in a
system with EPR differs sharply from that with MPR. In a
2DEG, EPR occurs when the energy difference between two
electronic subbands equals the LO-phonon energy, i.e., when
the conditionu«n2«mu5\vLO is satisfied. This gives rise to
a resonant electron–LO-phonon scattering between subbands
n andm, and, consequently, to an enhancement of the LO-
phonon generation. For a PQW subjected to parallel mag-
netic fields, EPR can be observed aroundnvB5vLO with
n the index difference between two subbands. Our results
show that~i! whenB,20 T LO-phonon emission increases
rapidly with increasing parallel magnetic field, becausevB
increases with increasing B and the increase invB leads to
an approach to the condition of EPR;~ii ! the strongest LO-
phonon emission can be observed at aboutB520 T where
EPR occurs between subbands 0 and 1;~iii ! whenB.20 T
LO-phonon emission first decreases and then increases with
increasing magnetic field; and~iv! the EPR effect observed
in phonon emission experiments depends weakly on the elec-
tron temperature~i.e., on the input power! in the LO-phonon
emission regime. We note that although we have included
five electronic subbands~i.e., N50→4) in our cal-
culations we cannot see the EPR oscillations at
vLO /vB52,3, . . . , i.e., between subbands 0↔2, 0↔3, etc.
The reasons are that our calculation is performed at low tem-
peratures~at T52 K, the contribution from LO-phonon ab-
sorption scattering is very small! and that we have used a
Fermi-Dirac type of electron distribution function in the cal-
culation. In high magnetic fields, the subbandsN>2 are far
above the Fermi level, which will suppress the contribution
to the EPR from the higher subbands.

The MPR effect has been observed in 2DSS’s in strong
perpendicular magnetic fields by phonon emission
experiments.16 To observe the EPR effect in the presence of
parallel magnetic fields, it would be valuable to look at the
LO-phonon emission angle theoretically in order to get the
strongest LO-phonon signals. In Fig. 7 the intensity of the

FIG. 5. Dependence of acoustic-phonon emission on the angle
f at a fixed angleu for different magnetic fields. The sample pa-
rameters are the same as in Fig. 1.

FIG. 6. Dependence of LO-phonon emission on parallel mag-
netic field for different electron temperatures:Te540 ~solid curve!,
50 ~dotted curve!, and 60 K~dashed curve!. P0(u,f) is the phonon
intensity at B50. The sample parameters are the same as in Fig. 1.
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LO-phonon signal is plotted as function of the angleu at a
fixed angle u. At zero magnetic field, the electron–LO-
phonon interaction matrix element@see Eq.~22!# and the
form factor are independent of the angleu, and so the LO-
phonon emission depends very little onu. WhenBÞ0, the
dependence of the form factor onqy leads to a variation of
the LO-phonon emission with the angleu. Similar to the
acoustic-phonon generation, the strong dependence of LO-
phonon emission on the anglef can be seen in all magnetic
fields ~see Fig. 8!. The most significant conclusion we draw
from Fig. 8 is that when the EPR condition is not satisfied,
e.g., atB50, 10, and 30 T, LO phonons are generated at
large anglesf, whereas under the EPR condition, i.e., at
B520 T, LO-phonon emission be detected at almost all
angles (f.10°). This can be used for experimental mea-
surements in order to observe the EPR effect.

To date, there is a lack of systematic experimental obser-
vation of the electrophonon resonance effect. Using transport

measurements,36 the EPR effect will be weakened consider-
ably by electron-impurity scattering. Further, the proposed
experimental methods to vary the energy spectrum of a
2DEG, such as through applying a gate voltage36 and/or us-
ing illuminations,37 will also vary sample parameters such as
the electron density, concentration and distribution of the
impurities, etc. The experimental data for the EPR effect
may be smeared by these factors. It can be seen from the
theoretical results presented in this paper that by combining a
strong magnetic field applied parallel to the interface of a
2DSS with the measurement of phonon emission, the effect
of electrophonon resonance may be observed experimentally.

V. SUMMARY

In this paper, I have studied the electronic subband struc-
ture for a two-dimensional semiconductor system in the pres-
ence of a magnetic field applied parallel to the interface of
the 2DSS. Using these results, I have studied the emission of
acoustic and LO phonons from an AlxGa12xAs parabolic
quantum well subjected to in-plane magnetic fields. I have
developed a theoretical model from which the angular and
frequency distribution of the phonon generation can be cal-
culated in conjunction with phonon emission experiments.
The dependence of generation of acoustic and LO phonons
on the parallel magnetic field, electron energy excitation, and
phonon emission angle has been studied in detail. The main
results obtained from the present theoretical study are sum-
marized as follows.

When a magnetic field is applied parallel to the interface
of a 2DSS, the coupling of the magnetic potential to the
confining potential of the 2DEG along the growth direction
will result in a hybrid magnetoelectric quantization of elec-
tron motion. For a PQW structure, the influence of the par-
allel magnetic field on the electronic states is mainly through
shifting the centers of the electron wave functions by the
cyclotron motion of electrons, enhancing the effective elec-
tron mass and the representative density-of-states effective
electron mass, and enhancing the energy separation between
different electronic subbands. Nevertheless, the electrons in a
PQW in parallel magnetic fields still retain their 2D nature.

The effect of the parallel magnetic field on the electron-
phonon interaction in a 2DEG is mainly through varying the
form factor for electron-phonon coupling. The dependence
of the electron wave function onky gives rise to a depen-
dence of the form factor on bothqy and qz , which is in
contrast to the case of zero and perpendicular magnetic fields
where the form factor depends only onqz .

The power signal caused by the phonon emission and de-
tected in phonon emission experiments can be described
theoretically by the electron energy loss rate induced by
electron-phonon interaction. To be close to the situation of
phonon emission experiments, the angular distribution of
phonon emission should be considered in the calculations. A
simple model, based on the Boltzmann equation approach,
can be applied to calculate the EELR for a 2DEG in parallel
magnetic fields and to evaluate the intensity of the phonon
signal detected in phonon emission experiments.

The results obtained from my theoretical study show that
~i! at low-energy excitation levels~i.e., electron temperature
Te,5 K!, phonon emission occurs mainly through electron

FIG. 7. LO-phonon emission angleu at a fixed anglef for
different magnetic fields. The sample parameters are shown in Fig.
1.

FIG. 8. LO-phonon emission anglef at a fixed angleu for
different magnetic fields. The sample parameters are shown in Fig.
1.
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interaction with piezoelectric acoustic-phonons,~ii ! at inter-
mediate excitations~i.e., 5,Te,40 K!, the emission of
deformation-potential acoustic phonons becomes a major
source of the phonon signal;~iii ! at relatively high input
powers~i.e.,Te.40 K!, phonon generation is dominated by
the emission of LO phonons; and~iv! the generation of TA
~LA ! phonons will occur at low~intermediate! input power.
These features are in line with those observed experimen-
tally. The emission of different phonons in different input
power regimes will not be changed by the presence of the
parallel magnetic fields.

For a 2DSS, the strong dependence of the electronic sub-
band structure on the parallel magnetic fields offers us the
possibility to observe two different types of quantum reso-
nance effects by varying the magnetic field. At low tempera-
tures, when the Fermi level crosses an electronic subband,
quantum resonance occurs due to the closing down of the
scattering channel in the depopulated subband, which is
analogous to the Shubnikov–de Haas effect. At relatively
high temperatures, electrophonon resonance occurs when the
energy spacing between two subbands equals the LO-phonon
energy, which is analogous to the magnetophonon resonance

effect. In phonon emission experiments, we can observe
these quantum resonance effects by exciting electrons at dif-
ferent electron temperatures.

In the acoustic-phonon emission regime, the strongest
acoustic- phonon generation can be observed around a mag-
netic field at which a subband becomes depopulated. In the
LO-phonon emission regime, the strongest LO-phonon emis-
sion occurs around a magnetic field where the energy differ-
ence between subbands 0 and 1 equals the LO-phonon en-
ergy\v LO . In the presence of a parallel magnetic field, the
generation of acoustic and LO phonons depends not only on
the phonon emission anglef but also on the emission angle
u; this is in contrast to the case of zero and perpendicular
magnetic fields. The theoretical results for the angular distri-
bution of the phonon emission will help in experimental
measurements for detecting the phonon signals and observ-
ing the electrophonon resonance effect.
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