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In this paper, we present a detailed theoretical study on acoustic- and optical-phonon emission by hot
electrons in AlGa; _,As 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.
(i) 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 égleisophonon resonance effectii )
Phonon generation in the presence of parallel magnetic fields has a different angular distribution from that at
zero and perpendicular magnetic fie[$0163-18206)016619-Q

I. INTRODUCTION Phonon generation can be detected experimentally by
measuring the electron energy relaxation caused by electron-
Phonon generation and scattering by hot electrons in lowphonon interaction in the device system, mainly throgigh
dimensional semiconductor systerfiDSS'’s) have been of opticaf and transpotf’!! measurementgji) phonon emis-
considerable interelst over the past two decades, due to sion experiment$? and (iii) very recently, dc conductivity
their paramount importance in semiconductor physics antgheasurements under polarized THz radiafiofhe experi-
electronics and in device applications. In LDSS'’s, phononsnental results obtained froiti) only give integrated infor-
provide the principal relaxation channel for excited electrongmation regarding the overall strength of the process of elec-
and should have a significant effect on the physical propertron energy relaxation. In contrast, the phonon emission
ties of the device systems. Based on phonon generation amckperiments measure directly the frequency and angular dis-
absorption by hot electrons in LDSS's, the exploration of usdribution for generating different phonon modes and, there-
of these structures as acoustical devi@eg., high-frequency fore, give more detailed information about the electron-
ultrasonic  generatots and high-frequency radiation phonon interaction. Ir(ii), the electrons are heated by a
modulator§) will enhance the field of device applications. pulsed electric field and the intensity of the phonon signal is
Recent theoretical wofK has demonstrated that LDSS'’s, measured by using superconducting tunnel junction phonon
such as AlGa,_,As/GaAs-based heterostructures, quantunspectrometerd or sensitive imaging bolometet3 Together
wells, quantum wires, superlattices, etc., are suitable for gerwith the measurement of time of flight, the generated trans-
erating terahert£THz) ultrasound waves based on the emis-verse and longitudinal phonon modes can be resolved. The
sion of THz acoustic phonons. State-of-the-art growth techmeasurements ofiii) requiré techniques such as free-
nigues, such as molecular-beam epitddBE) and metal- electron lasers, and fewer results regarding electron-phonon
organic chemical-vapor depositidMOCVD), can confine scattering have been reported to date. Therefore, at present,
the conducting electrons in a LDSS within the nanometethe results obtained from phonon emission experiments are
distance scale, so that the enerdies., electronic subband supposed to be the best in checking the validity of the theo-
energy, electron kinetic energy, Fermi energy, )etce on retical models. On the other hand, theoretical modeling in
the meV scale and, consequently, the endfggquency of  conjunction with the phonon emission experiments will help
the acoustic phonons generated can reach the [@lZ)  to predict and understand the experimental findings, and this
scale. Additionally, the emission and absorption of polar-is the motivation of the present study.
optical phonons by hot electrons are very sensitive to THz Most of the experimental and theoretical studies pho-
electromagnetic radiation, which has been observedion emission from a two-dimensional semiconductor system
experimentall§f very recently. The investigation of the gen- (2DSS are focused on the case of zEr&**°and/or perpen-
eration, propagation, and detection of THz electromagnetidicular magnetic field®~*¥WhenB=0, phonons are gener-
and ultrasonic waves has recently become an important reted in the occupied electronic subbands. The intensity of the
search field because of the potential device applicationghonon signal detected increases with increasing excitation
From the fact that electrons in a LDSS interact very muchenergy. At relatively low(high) input powers, the detected
more strongly with phonons than with photons, one wouldphonon signal comes mainly from acoustic-phoitoptical-
expect that phonons may play an important role in generatinghonon emission. In the presence of strong perpendicular
and detecting THz signals. magnetic fields, Landau quantization gives the possibility to

0163-1829/96/541)/277510)/$10.00 54 2775 © 1996 The American Physical Society



2776 W. XU 54

generate phonons among the different Landau leftdlss).  wave function is of the kind! in the Landau gauge,

At relatively low excitation levels, the dependence of .

acoustic-phonon generation on the magnetic field shotfs |kyN>=e'k'r¢Nky(Z), D
a Shubnikov—de Haas type of oscillation. The acoustic-
phonon emission is enhanced when the Fermi energy movi
through a LL. In an AlGa;_,As/GaAs-based 2DSS, when

ith k = (ky,ky) andr = (x,y), and the energy spectrum of
the electron becom

electron interaction with longitudinal opticdlLO) phonons 72K2
becomes a dominant process of the electron energy relax- En(k)= —*X+sN(ky), 2)
ation, the magnetophonon resonafld®PR) effect can be 2my

observed by phonon emission experiméfighe strongest \here a parabolic conduction-band structure has been con-

LO—p.h.onon emission occurs at magnetic fields whe_re thesidered, andn;g is the effective electron mass. The electron
crg)n(_jl?lon of MF;R IS satlsfl_eci.. Ilr:jth|s ;?ager, | ﬁﬂl attehntlpn ©yave function and the electronic subband energy along the
the influence of a magnetic field applie ' parafle .tOt € !nter-z direction (growth direction are determined by the one-
face of a 2DSS on the phonon generation. In this Conf'guraaimensional Schidin ti
; . ) : ger equation
tion, the magnetic potential has the strongest coupling to the
confining potential of the two-dimensional electron gas A2 d2 K2 (z—1%k)?
(2DE(_3) anng.the_ growth direction, _and a hyprld magneto- | — o d_r7+ Py |—4+ U(2)—en(ky) ¢Nky(z)
electric quantization of the electronic states is formed. The 0 0
electronic subband structure for different 2DSS’s in parallel - 3
magnetic fields has been investigated in défdif,and the
electronic properties in this situation show some interestingVith | =(7/eB)"? the radius of the ground cyclotron orbit
and unusual behaviof8-%° From the points of view of both andU(z) the confining potential energy of the 2DEG.
fundamental study and device application, it would be valu- In this paper, | study the generation of phonons from a
able to study the phonon generation in this important geomparabolic quantum well system subjected to an in-plane mag-
etry. In a 2DSS, the strong dependence of the electronibetic field. One of the main merits of this device system is
states on the parallel magnetic field offers the possibility tathat the electron wave function and the electronic subband
produce a tunable phonon generator by varying the magnetnergy can be obtained analytically, which is very conve-
field. nient for further calculations of the electronic properties and,
The basic difference between phonon emission and scafience, allows us to get easier access to the physics consid-
tering by a 2DEG in parallel magnetic fields and in zero orérations without involving heavy numerical calculation.
perpendicular magnetic fields results from the following fac-The PQW defines a system such asi-p-i-doped
tors: (i) The electron wave function, electronic energy spec-Semiconductoré’ the tailoring of the conduction-band edge
trum, and density of state®O9) are sharply different in of a graded AlGa; _,As structure’ etc. The confining po-
different configurations(ii) The electron-phonon interaction tential energy of this structure can be modeled by
has different characteristics in different geometri@ig) For ~ U(z) =m§ w5z%/2 with w, the characteristic frequency for
a 2DSS subjected to an in-plane magnetic field, the couplinghe confinement. For a PQW structure, the electron wave
of the magnetic potential to the confining potential of thefunction and energy spectrum are obtained, respectively, by
2DEG implies that the electron motion will be strongly con-

fined, which results in an enhancement of the effective 1 2
electron-phonon interaction and, consequently, in an en- wN@(Z):—We Hn (), (4)
hanced rate of phonon generation. In Sec. Il, | will look at B

the electronic states for a 2DSS subjected to an in-plan@ith Hy(x) the Hermite polynomials, and
magnetic field. | will discuss the nature of the electron-
phonon interaction in an AlGa, _,As-based parabolic quan- (R ) y
tum well (PQW) structure in parallel magnetic fields in Sec. En(k)= om* | 2m*
. Mo Mg
[ll. The results for the electronic structure and electron-
phonon interaction in a 2DSS in parallel magnetic fields willwith Ey=(N+ 1/2)Awg. Here we have made the following
be applied in Sec. Ill to calculate the electron energy losslefinitions. (i) wg= \/wcz+ woz with w.=eB/m§ the cyclo-
rate induced by electron interaction with acoustic and LO+ron frequency; wg=wo at B=0. (i) lg=(A/m} wg)'?
phonons in conjunction with the phonon emission experi4,=|,=(#/m}wy)Y? at B=0. (i) mi=mi[1+(w./
ments. My theoretical res_ults for the dependence of qcogst|%o)2]; mi=mj at B=0. (V) é=2/lg—(w./wg)lgky;
and LO-phonon generation on the parallel magnetic f'eldfzzllo when B=0. Compared with the results obtained
excitation, and phonon emission angle will be presented angy, 4 PQW at zero magnetic field, we conclude that the
discussed in Sec. IV. The main conclusions of the presenhqyences of an in-plane magnetic field on the electronic
study will be summarized in Sec. V. structure are mainly througtl) shifting the centers of the
electron wave functions by the cyclotron motion of electrons,
Il ELECTRONIC STATES EOR A 2DEG (_2) enhancing the e_ffective electron mass along}tkda'rec-_
IN PARALLEL MAGNETIC EIELDS tion, and(3) e_nhancmg the energy separation bet\(ve_en differ-
ent electronic subbands. These features are similar to the
When a magnetic field is applied along thedirection  casé® of a PQW wire subjected to a perpendicular magnetic
(taking thexy plane as the 2D plane of a 2DEGhe electron  field.

+En, 5
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The free-electron Green function for a 2DEG in an in-ytion function for electrons in a statgk,N), and

plane magnetic field is given by A=[3\[d?kfy(k)]" ! is the normalization factor. Applying
the DOS for electrons in a 2DEG in a parallel magnetic field

Gnk(E)=[E—EN(k)+id] L (6) to the condition of electron number conservation, we have
whose imaginary part is A=1/(27°ng) with n, the electron density of the 2DEG. In
Eq. (10), 9fy(k)/at is the variation off y(k) at timet by the
IMGy (E)=—md[E—En(K)]. (7) scattering(collision) process, and the variation of electron

. . nergy at time by the scattering process is in the form
Thus the density of states for electrons in the energy Ieve? 24 y gp

N becomes
de
-F

= 5onS [ KT fu (k)]

coll N’

1 1
DN(E):gS( - ;); ImGy (E)= ﬁf dk
X[En(K)—En/(K) IWhrn(k' k), (1)
X S E—En(K) ], (8)
. ) where the scattering in the case of degenerate statistics has
with g¢=2 the factor for spin degeneracy. For the case of g,aen included. The transition rate to scatter an electron from

PQW structure, we have a state] k,N) to a state k’,N’) is given by
Vmg mg - N
Du(E) =~ 7~ O(E—Ey), 9 Win(K' k) =W, (K K) + W (k1K) (12)

where ®(x) is the unit step function, and we see that theand after using Fermi's golden rule
representative density-of-states effective electron mass is

also enhanced by the parallel magnetic field. 20
The results presented above show that for a PQW struc- Wy, (k’,k) = 72 N 31 Ci(Q)Gnrn(dy,9,) Skrk+q
ture the presence of the in-plane magnetic field will not 9; L7°Q
change the 2D nature of the system. X S Eps (K') — En(K) Fhwg] (13)
’ n y

IIl. PHONON EMISSION FOR A 2DSS where the uppeflower) case refers to absorptigemission
IN PARALLEL MAGNETIC FIELDS of a phonon with energyin, Q=(q,qz)=(qx,qy,qz) is
A. Electron energy loss rate the phonon wave vector, ardg=[e"“e’*8T—1]7 is the

. . . phonon occupation number. Furth€,(Q) is the square of
The results obtained from experimenitaind theoretica? the matrix element for an electron interacting with ftle

studies have indicated that the power signals detected in phg; k! N a2 5
non emission experiments can be described by the electr nonon mode, andy:n(dy,dz) |<ky’N e |ky’N>| IS

energy loss ratéEELR) induced by electron-phonon inter- Re form factor for electron_—phonon interaction. In the pres-
; ) ) ence of the parallel magnetic field the form factor depends on
action. The hot-electron energy loss problem in 2DSS’s ha

been investigated rather extensiveR:'-1>However, most l';)othqy andq,, because the electron wave function along the

published papers deal with the situation where the electrof direction is a function ok, due to the cyclotron motion of

. lectrons, wher Zero an rpendicular magnetic fiel
energy relaxations measured by magnetotransport measur, ectrons, whereas at zero and perpendicular magnetic fields

s e by sty he ol EELR andorne cec. (1 O 5512 Sepencs oy . T oo
tron temperature. In phonon emission experiments, phono lane. required by the electronic structure. The terr)r/1
signals are normally detected in a certain angle regime 1€ y )

fixed excitation level. Therefore, for the corresponding theo- E.N’(k )~ IIEN(tk)Iﬁr‘]”Q] Ieadstt to energyt c:fr:ser(\j/a;c_lo_n
retical study, one has to consider the angular distribution o uring an electron-phonon scattering event. Alter defining
the phonon emission. =Q(sing cod,sing sind,cosp) in polar coordinates with

In this paper we develop a simple model to calculate the¢ t_he. polar angle, wherg and ¢ also define fche phonon_
EELR in a 2DEG in in-plane magnetic fields. Using the emission angle, the total EELR per electron in a 2DEG in

Boltzmann equation approach, the average energy loss pgprallel magnetic fields is obtained by
unit time of an electron to the lattice, due to the electron-

phonon interaction in a 2DEG in parallel magnetic fields, can f* F’T j”
! Pr=1] d do| do P(Q). 14
be defined b3 ™=, Q . , d¢ (Q) (14)
fn(k) o .
Pr=A> f d2k En(k) The frequency and angular distribution function for the pho-
N it | non emission are given by
de
=A>, dekf == (10) _
x UL dty, P<Q>=NZN [(Ng+ DI yin(Q) = Nol g (Q)], - (15)

where the presence of many electronic subbands in the struc-
ture has been taken into accourif(k) is the distrib-  with
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. szQ . tic phonons, and longitudinal optical phonons. For GaAs
|§rN(Q)=mci(Q)GN'N(Qy,qZ)SlnﬁbJ d’k fy(k)[1  only the longitudinal-acoustic phonon mode is connected
€ with the deformation potentialDP) and the square of the

—fnr(k+a) ][ Eni(K+0) —En(K) Fhwg]. electron interaction matrix element is given by
(16) ﬁEZDQ
i Cpp(Q)= ~0q, (19
Equation(15) reflects the fact that the net energy transfer rate DP 2py, Q

is the difference between phonon emission and absorption by _ ) )

hot electrons in the structure. In this paper, we limit our-With Ep the deformation potential constaptthe density of
selves to the situation where the applied electric figdd the material, andy the longitudinal sound velocity. In a
curren) is low enough so that the hot-phonon efféttare zinc-blende-structure semiconductor such as GaAs, there is
negligible, i.e., we take the phonon temperature to be th@nly one nonzero independent piezoelectric constant,
lattice temperature. e14= €x5= e3¢, and the dielectric constamt and sound ve-

In this paper, we use a Fermi-Dirac type of Statistica|locity are iSOthpiC. For electron interaction with |0ngitudina|
energy distribution function as electron distribution through(LP) and transvers€TP) piezoelectric phonons, the interac-
fn(K) = f[En(K)], Where f(x)=[e* EP/ksTe4 1171 with tion matrix elements are given, respectively>by
Er the chemical potentigbr Fermi energyandT, the elec- (3 )2 sirfg cod sirtg coo
tron temperature. The inclusion of electron-phonon scatter- ¢ ,(Q)=A, qxqfh ~ ,
ing in the case of degenerate statistics implies that phonon Q ®q
emission occurs mainly among the occupied electronic sub- (20

bands accompanied by electronic transitions around th@here A, = 322 €262,/ («k%pv;) With v; the corresponding

Fermi level. _ _ sound velocity, and
Using the electron wave function for a PQW subjected to
an in-plane magnetic field the form factor for electron- Q?%(aZa;+azaz+a502) — (a%a,0,)?
phonon interaction becomes Cre(Q)=A, Q7
NGy, d2) =Cnrn) 5 P aytadz (. ~ g [cog¢p+ site sirfd cogd(1—9 code)],

where  Cy i y(Y)=[NU(N+I)!Ty’e Y[LA(Y)]*  with (21
!—N(Y% thel associated Laguerre polynom;]als. IAfter Intro dl.JC'With v, the transverse sound velocity. In E¢$9)—(21) we
lcinogn tfui(?tigﬁtzﬂ?oelzr]ez%) s\pl)vec:]rum and the electron dIStrIbuﬁave used the long-wavelength approximation for acoustic-
029, we have phonon modes, i.ewqo=7;Q. From Eqs(19)-(21) we note
2 * k| 12 that the basic differences for electron—acoustic-phonon inter-
+ _ Q%wq [mMpmg . : : : : ) :
Ivn(Q)= =752 ( ) Ci(Q)Gnrn(ay,d,)sing action via DP or piezoelectri@PE) coupling are(i) the DP
4mh e\ eq coupling is proportional to the phonon frequenayq,
+ dx whereas the PE coupling is proportional tasd/; and(ii) the
% j - f(SE,N(Q)_{_X)[l_f(sE,N(Q) guantityCpp(Q) [Eq. (19)] does not depend on the emission
0 Vx angle, wherea€, p(Q) [Eqg. (20)] and C 1p(Q) [Eg. (21)]
show a strong dependence on the angfesand 6. For
electron—LO-phonon interaction, described by thehfot
with  eq=h%gZ/2m§ +h%gZ2mE  and ey, (Q)=E,  Hamiltonian, we have
+(ENr—EN+8qIﬁwQ)2/48q.

Clo(Q =4mal o(fiw 0)?/Q% (22
B. Acoustic- and LO-phonon generation with « the electron—LO-phonon coupling constant,
from an Al ,Ga,_,As PQW Lio=(%/2m¢  o)Y'? the polaron radius, and for LO-

For an Al,Ga;_,As PQW structure, a gradual variation phonons wg— w0 With wo the LO-phonon frequency.

of the Al content along the growth direction implies that theC'-O(Q) does not depend on the emission ang_le.

) ) o In the present paper, | calculate the intensity of phonon
phonon modes in the device system are very similar to thosgi nals measured at an angle,$) in a phonon emission
In GaAs due to the structural compatibility between GaASe;(] eriment. The detected s? n,al is the F():ontribution of pho-
and Al,Ga; _,As. The surface phonon modes and the reflec- P : 9 P

tions of the phonon wave at the heterointerfaces in this strycOn emission in different vibration modes:

ture are supposed to be much weaker than those devices sucb( 0,6)=Ppp(0,d)+ PLp(6,8) + Pre(6, )+ PLo( 6, ),
as heterojunctions and square quantum wells. Further, in (23)
phonon emission experiments, only the bulklike phonons can

reach the detectors located at a fixed angle toxthplane. ~ Where

The surface phonon modes can hardly propagate along the .

direction. In semiconductor materials such as GaAs, p. _ =i _ +i
electron-phonon interaction is mainly through coupling with Pil6.4) NEI,:N Jo QLN+ Dlyin(Q = Nel win(Q)1,
deformation-potential acoustic phonons, piezoelectric acous- (24a
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with

Gnrn(dy,02)
Jmg cog 6+ mg sirfg

Ii,i

NIN(Q)ZYi(Q)

© dx . N
xfo T 1@+~ (e Q)+ X hwg)]
(24b)

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

V2mg mg EzD(ﬁwQ)3
8774ﬁ5pv|3ne

Ypp(Q)= (253

72\2mi mi €%l (fiwg)
Yip(Q)=

mh3k%pring

X (sirf¢ cosp sind cosd)?, (25b)

8\2my mi eel,(fiwo)
mh3k%pring

X sirf ¢p[cog ¢+ sirt ¢ sinfo

Xcog(1—9 cogh)],

Ye(Q)=

(250

and

V2mimé al o(hw o)
m1*NQ

For  LO-phonons, Ng—No= [ef@iolkeT —1]71
SﬁfN(Q)*)EN'f' (ENr — EN+8qIﬁwLO)2/48q .

Y0(Q)= (250

and

IV. RESULTS AND DISCUSSION
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Phonon Signal (10_14 W /electron)

2 s 100 2 510
Electron Temperature (K)

FIG. 1. Intensity of phonon signaR (4, ¢), as function of elec-
tron temperature at a fixed in-plane magnetic field. The contribution
from electron-phonon interaction via deformation-potentiaP),
piezoelectric(PE), and polar-optical(LO) coupling is presented.
The solid curve is the total phonon signal detected at angjlé)(
andPpg( 6, ¢)=P+p(6,¢) + P p(0,¢). The sample parameters are
hwo=8 meV andn,=6x10"m~2,

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 | take the
lattice temperature ¥2 K that corresponds to using an Al
bolometer as the phonon detectbiTo calculate the inten-
sity of the phonon signal detected, we need to know the

In this paper my calculations are performed forelectron temperature. In principle, the electron temperature
Al ,Ga; _,As PQW structures. In order to limit the number can be calculated using the experimental data of total energy
of parameters, | take most material parameters as those lnss (Pt) which can be deduced from the applied electric
GaAs. | use the representative density-of-states effectivéield and from the sample resistivity measured at the corre-

electron mass for GaAs at zero magnetic
(m§ = 0.0665n, with m, the electron rest majas the effec-

fieldsponding electric field. At low lattice temperatures and low

excitation levels, the relation between input power total

tive electron mass. The dielectric constant and the materi&@nergy loss and electron temperature was predictetly

density are taken to be=12.9 andp=5.37 kg/n?, respec-

P~ (T2—T") and in most caséén~ 3. At high lattice tem-

tively. For GaAs, the electron—LO-phonon coupling constaniperature and/or high excitation levels, the relation becéfnes

a=0.068 and the LO-phonon enerfiy, o= 36.6 meV. Fur-
ther, | take the longitudinaltransversg sound velocity as
1 =5.29x 10° m/s (v,=2.48x10° m/s) in GaAs. It is well

Pt~ (fiw o/ T)exp(—ho o/kgTe) with 7 the effective hot-
electron relaxation time. The practical evaluation of electron
temperature as a function of input power complicates the

knowr?? that the deformation potential and piezoelectricnumerical calculation consideratfyand | do not attempt it
constant will be enhanced in a dimensionally reduced sysin the present paper. As for a theoretical study | take the

tem. In this paper, | tak€p=11 eV ande;,=2x10° V/m
in the calculations.

electron temperaturel() as an input parameter in the cal-
culations.

The sample parameters, such as the characteristic fre- The intensity of phonon signal detected at a fixed angle
guency of a PQW and the electron density of the 2DEG, cafi.e., the quantity?( 6, ¢)] as a function of electron tempera-
be taken from the experimental data. For a model calculature is shown in Fig. 1 at a fixed parallel magnetic field. In

tion, | takef wy=8 meV andn,=6X 10> m 2. The chemi-

the low-excitation-energy regimg.e., at low electron tem-

cal potential(or Fermi energy can be determined using the peratures <5 K), piezoelectric phonon emission is the ma-
condition of electron number conservation. The results objor source of the signal. At intermediate excitation levels
tained from the numerical calculations show that at zero ang5<T.<30 K), the generation of deformation-potential
small magnetic fields, there are two occupied subbands in thecoustic phonons from the device can be observed. At high

system, whereas at high magnetic fiel@&>6 T) only the

input powers T.>40 K), the phonon signal comes mainly
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FIG. 2. Total intensity of phonon sign#&bolid curve and the FIG. 4. Dependence of acoustic-phonon emission on the angle
contribution from different phonon modes as a function of parallel at a fixed anglep for different magnetic fields. The sample pa-
magnetic field at electroflattice) temperaturel .= 30 K (T=2 K). rameters are the same as in Fig. 1.

The sample parameters are the same as Fig. 1.

o ) low-frequency(high-frequency acoustic phonons. Electron
from LO-phonon emission. We note thé these results jnieraction with low-frequency(high-frequency phonons
agree with the experimental data pbt.alﬁ‘edfo_r will result in a relatively weak(strong energy relaxation
Al Ga, _,As/GaAs-based 2DSS'sii) the emission of dif-  pecause of smallarge energy transfer. The results obtained
ferent phonons at different electron temperatures is Veryyom our further calculations show that the above-mentioned
similar to the resistivity(or mobility) limited by different  faatures will not be changed by varying the in-plane mag-
phonon scattering at different lattice temperat_ﬁ’?e(s’sij) be-  netic fields. The magnetic field will play a role mainly in
cause the generated PE phonons come mainly from trangyying the intensity of phonon emission detected at a fixed

verse vibration modessee Figs. 2 and)3the transverse gngle. Below, we discuss the generation of acoustic and LO
acoustic(TA) phonon signals can be detected at relatlvelyphonOns at different input power regimes.

low input power; and (iv) longitudinal acoustic(LA)
phonons can be measured at intermediate input powers. The
results obtained from the experimental measureméhts/e A. Acoustic-phonon generation

indicated that for an AlGa, - ,As/GaAs-based 2DSS at zero | ot s first look at the dependence of generating different

magnetic field, the electron temperatufg=50 K corre-  ,h4h0n modes on the parallel magnetic field at a fixed angle
sponds to an input power at about 5 pW/electron and whe\'abr different electron temperature®,= 30 K (Fig. 2) and 40
P.T is less than about 4 pW/electron acoustic-phono_n emisK (Fig. 3. WhenT.<30 K, phonon emission is dominated
sion can be detected. The PE- and DP-phonon emission g{, 5 ostic-phonon generation up to a high magnetic field.
different input power regimes is a consequence of the fac{ 5_nhonon generation increases rapidly with increasing
that the coupling coefficient for PE phonofi3® phononsis 5 gnetic field. Wherm,=40 K, LO phonons are the major
proportional to lbq (wg), which favors the generation of g, 1ce of the phonon signal in all magnetic fields. From Figs.
2 and 3, we see the followingi) The acoustic-phonon gen-
eration is enhanced by parallel magnetic fields wBet6 T.
(i) The strongest acoustic-phonon emission occurs around
B=6 T where the subband=1 becomes depopulated. The
closing down of the scattering channel in the electronic sub-
band N=1 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
0 e by the magnetic fieldgiv) The depopulation of electrons in
10 —-”/ """"" the higher subband affects LO-phonon emission weakly due
to the relatively large energy transfer for electron—LO-
TP phonon scattering.
""""""""""""""""""""""" The dependence of acoustic-phonon emission on the
______________________________ angle @ is shown in Fig. 4 at a fixed angl¢ and electron
temperature for different magnetic fields. At=20 K, the
0 2 4 6 8 10 emission of DP phonons is the dominant process of phonon
Magnetic Field (T) generation, which results in a weak dependence of the pho-
non generation on the angteat B=0. The angular distribu-
FIG. 3. Same as in Fig. 2 but far,=40 K. tion of phonon generation is determined &y the require-
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FIG. 5. Dependence of acoustic-phonon emission on the angle Magnetic Field (T)

¢ at a fixed angled for different magnetic fields. The sample pa-

t th in Fig. 1. -
rameters are the same as in Fig. 1 FIG. 6. Dependence of LO-phonon emission on parallel mag-

ments of momentum and ener conservation durin netic field for different electron temperaturds:= 40 (solid curve,

. htd 9y servatio uring g, (dotted curvg and 60 K(dashed curve Py( 6, ¢) is the phonon
scattermg_ eventii) the electron-phonon interaction matrix intensity at B=0. The sample parameters are the same as in Fig. 1.
element, i.e.C;(Q); and (iii) the form factor for electron-

phonon interaction, i.e.Gy/n(dy,q,). At B=0, the form .

dependence of the phonon emission on the aﬂg@n be system with EPR differs Sharply from that with MPR. In a
expected. WherB#0 the form factor is a function of 2DEG, EPR occurs when the energy difference between two

(welwg)1302 [see Eq.(17)], which results in a strong de- electronic subbands equals the LO-phonon energy, i.e., when
pendence of the phonon emission on the argind on the the conditione,—e|=fw g is satisfied. This gives rise to
magnetic fieldsee Fig. 4 The nature of electron interaction @ résonant electron—LO-phonon scattering between subbands
with bulklike phonons implies that the form factor dependsh @hdm, and, consequently, to an enhancement of the LO-
always ong,. Thus a strong dependence of acoustic-phono®Nonon generation. For a PQW subjected to parallel mag-

emission on the angle> can be observed in all magnetic Netic fields, EPR can be observed aroundg=w o with
fields (see Fig. 5 and for all acoustic-phonon modes. Our " the index difference between two subbands. Our results

theoretical results indicate thatl) a stronger acoustic- ShoW that(i) whenB<20 T LO-phonon emission increases

phonon emission can be observed at a larger afgl@) the _rapidly with _inc'reasing' parallel magn.etic field,. because
magnetic field will drive the emission of acoustic phononsincreases with increasing B and the increasajnleads to

towards a smalle¢ regime, andiii) the TA-phonon modes @n approach to the condition of EPR;) the strongest LO-
can be detected at a largeangle (§>60°). phonon emission can be observed at ali®&t20 T where

EPR occurs between subbands 0 andiily whenB>20 T
LO-phonon emission first decreases and then increases with
increasing magnetic field; an@) the EPR effect observed
From Fig. 1, we know that when the electron temperaturén phonon emission experiments depends weakly on the elec-
T.=40 K LO-phonon emission is a dominant process of thetron temperaturéi.e., on the input powetrin the LO-phonon
electron energy relaxation and LO-phonon emission inemission regime. We note that although we have included
creases rapidly witil,. The intensity of LO-phonon emis- five electronic subbandgi.e., N=0—4) in our cal-
sion as a function of parallel magnetic field is shown in Fig.culations we cannot see the EPR oscillations at
6 at a fixed angle d, ¢) for different electron temperatures, w, o/wg=2,3,.. ., i.e., between subbands-82, 0— 3, etc.
T.=40, 50, and 60 K. To look at the net contribution of the The reasons are that our calculation is performed at low tem-
magnetic field, we have scaled the intensity of the LO-peraturegat T=2 K, the contribution from LO-phonon ab-
phonon signalP(8,¢) by its value at zero magnetic field, sorption scattering is very smaland that we have used a
Po(6,¢). The effect of electrophonon resonaficean be  Fermi-Dirac type of electron distribution function in the cal-
clearly seen from Fig. 6. Although the oscillation in Fig. 6 is culation. In high magnetic fields, the subbamis2 are far
observed by varying the magnetic field, the nature of theabove the Fermi level, which will suppress the contribution
electronic subband structure and of the DOS for a PQW sulto the EPR from the higher subbands.
jected to in-plane magnetic fields suggests that this oscilla- The MPR effect has been observed in 2DSS’s in strong
tion should be connected to thedectrophonon resonance perpendicular magnetic fields by phonon emission
(EPR) effect instead of calling imagnetophonon resonance experiments® To observe the EPR effect in the presence of
(MPR).2® The basic difference between EPR and MPR is thaparallel magnetic fields, it would be valuable to look at the
EPR(MPR) is a consequence of electron—LO-phonon resoLO-phonon emission angle theoretically in order to get the
nant scattering among the different electronic subbddils  strongest LO-phonon signals. In Fig. 7 the intensity of the

B. LO-phonon emission: electrophonon resonance effect
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measurement¥ the EPR effect will be weakened consider-

ably by electron-impurity scattering. Further, the proposed

10° —
§ 5 Te_zf’)QK ,,,,,,,,,, experimental methods to vary the energy spectrum of a
8 p=30" - 2DEG, such as through applying a gate voltiged/or us-
Z ,l—"B=20T ing illuminations®’ will also vary sample parameters such as
= the electron density, concentration and distribution of the
i."«o 102 impurities, etc. The experimental data for the EPR effect
= * ---------------------------------------- 10T s may be smeared by these factors. It can be seen from the
R ST —— — 7 theoretical results presented in this paper that by combining a
&%0 30T =77 strong magnetic field applied parallel to the interface of a
g 2 2DSS with the measurement of phonon emission, the effect
Q p .
§ 10' 0T of electrophonon resonance may be observed experimentally.
N~
5
0 30 60 90 V. SUMMARY
6 (Degree) ) ] )
In this paper, | have studied the electronic subband struc-

ture for a two-dimensional semiconductor system in the pres-

FIG. 7. LO-phonon emission anglé at a fixed angleg for ~ ence of a magnetic field applied parallel to the interface of

different magnetic fields. The sample parameters are shown in Fighe 2DSS. Using these results, | have studied the emission of
acoustic and LO phonons from an Ma,;_,As parabolic

1.
quantum well subjected to in-plane magnetic fields. | have

LO-phonon signal is plotted as function of the anglat a  developed a theoretical model from which the angular and
fixed angle . At zero magnetic field, the electron—LO- frequency distribution of the phonon generation can be cal-
phonon interaction matrix elemefisee Eq.(22)] and the culated in conjunction with _phonon emission experiments.
form factor are independent of the angleand so the LO- The dependence of generation of acoustic and LO phonons
phonon emission depends very little én WhenB+0, the  ©n the parallel magnetic field, electron energy excitation, and
dependence Of the form factor m |eads to a Variation Of phonon emiSSion angle haS been Studied in deta” The main
the LO-phonon emission with the angte Similar to the fesults obtained from the present theoretical study are sum-
acoustic-phonon generation, the strong dependence of Ldparized as follows. _ _

When a magnetic field is applied parallel to the interface

phonon emission on the angfecan be seen in all magnetic ¢ ; )
fields (see Fig. 8 The most significant conclusion we draw ©f @ 2DSS, the coupling of the magnetic potential to the

from Fig. 8 is that when the EPR condition is not satisfied,confining potential of the 2DEG along the growth direction

e.g., atB=0, 10, and 30 T, LO phonons are generated atVill result in a hybrid magnetoelectric quantization of elec-
large angles, whereas under the EPR condition, i.e., attron motion. For a PQW structure, the influence of the par-

B=20 T, LO-phonon emission be detected at almost alP!lel magnetic field on the electronic states is mainly through

angles ¢>10°). This can be used for experimental mea-Shifting the centers of the electron wave functions by the
cyclotron motion of electrons, enhancing the effective elec-

surements in order to observe the EPR effect. g > -
To date, there is a lack of systematic experimental obseffOn mass and the representative density-of-states effective
vation of the electrophonon resonance effect. Using transpof/€ctron 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-
270 phonon interaction in a 2DEG is mainly through varying the
form factor for electron-phonon coupling. The dependence
of the electron wave function ok, gives rise to a depen-
dence of the form factor on boty, andq,, which is in
contrast to the case of zero and perpendicular magnetic fields

- where the form factor depends only gp.
The power signal caused by the phonon emission and de-

tected in phonon emission experiments can be described
|

180

B=10-" ,730 0T
S theoretically by the electron energy loss rate induced by
7 T.=50 K electron-phonon interaction. To be close to the situation of
e 6=30° phonon emission experiments, the angular distribution of
R 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.
FIG. 8. LO-phonon emission anglé at a fixed angled for The results obtained from my theoretical study show that
different magnetic fields. The sample parameters are shown in Fidi) at low-energy excitation level§.e., electron temperature
T.<5 K), phonon emission occurs mainly through electron

(=
=1

Phonon Signal (10'14 W /electron)

1.
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interaction with piezoelectric acoustic-phonofis) at inter-  effect. In phonon emission experiments, we can observe
mediate excitationgi.e., 5<T,<40 K), the emission of these quantum resonance effects by exciting electrons at dif-
deformation-potential acoustic phonons becomes a majderent electron temperatures.
source of the phonon signafiii) at relatively high input In the acoustic-phonon emission regime, the strongest
powers(i.e., T.>40 K), phonon generation is dominated by acoustic- phonon generation can be observed around a mag-
the emission of LO phonons; ariiy) the generation of TA netic field at which a subband becomes depopulated. In the
(LA) phonons will occur at lowintermediate input power.  LO-phonon emission regime, the strongest LO-phonon emis-
These features are in line with those observed experimersion occurs around a magnetic field where the energy differ-
tally. The emission of different phonons in different input ence between subbands 0 and 1 equals the LO-phonon en-
power regimes will not be changed by the presence of thergy%w . In the presence of a parallel magnetic field, the
parallel magnetic fields. generation of acoustic and LO phonons depends not only on
For a 2DSS, the strong dependence of the electronic sulthe phonon emission angt but also on the emission angle
band structure on the parallel magnetic fields offers us th@; this is in contrast to the case of zero and perpendicular
possibility to observe two different types of quantum reso-magnetic fields. The theoretical results for the angular distri-
nance effects by varying the magnetic field. At low tempera-bution of the phonon emission will help in experimental
tures, when the Fermi level crosses an electronic subbandieasurements for detecting the phonon signals and observ-
guantum resonance occurs due to the closing down of thig the electrophonon resonance effect.
scattering channel in the depopulated subband, which is
aﬂalogous to the Shubnikov—de Haas effect. At relatively ACKNOWLEDGEMENT
high temperatures, electrophonon resonance occurs when the
energy spacing between two subbands equals the LO-phonon This work is supported by the Australian Research Coun-
energy, which is analogous to the magnetophonon resonancé.
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