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Plasmon-phonon coupling iné-doped polar semiconductors
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The collective excitations and their coupling to optical phonons have been studied for a two-dimensional
electron gas irs-doped polar semiconductors within the random-phase approximation. Our calculation shows
that, due to the high electron density in these systems in which several subbands are occupied, both intrasub-
band and intersubband plasmon modes are strongly coupled to the optical-phonon modes.
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l. INTRODUCTION laserst® and modulator$? high-transconductance selectively
5-doped heterostructure transistdtsplanar-doped barrier
The quasi-two-dimension&Q2D) electron gas system in diodes'® negative differential conductance oscillatofstc.

6-doped semiconductor structure is realized by producing a Plasma excitations in low-dimensional electron systems
very thin doping layer with high impurity concentration. Be- have been studied extensivéf/As proposed by Burnstein
cause the dopants are confined to a single or few monolayees al,'® resonant inelastic light scattering is a sensitive
of the semiconductor lattice, the doping profile can be mathmethod for the investigation of the elementary excitations in
ematically described by Dirac’'d function. Semiconductors 2D electron systems. It yields separate spectra of single-
with such dopant distributions are referred to &sloped particle and collective excitations, which leads to the deter-
semiconductor$.The incorporation of dopants within a few mination of the energy states and collective electron-electron
monolayers leads to electron confinement in the spacdnteraction. This yields substantial information on different
charge potential well and thus to a set of subbands where tH#D semiconductor systems. Plasmons in semiconductor su-
electron motion perpendicular to the doping layer is quanperlattices have also attracted much attentfor® Novel
tized. It presents an important Q2D semiconductor system igollective modes have been found in artificially structured
which high electron densities are attained and several sulsuperlattices. Das Sarfifapresented a generalized many-
bands are occupied leading to a new multisubband systerbody dielectric theory to study the spectrum of collective
The electron confinement if-doped semiconductors is sim- excitations in Q2D electron systems realized in semiconduc-
ply realized by a space-charge potential well. So, the subtor heterostructures. The intersubband plasmon modes and
band energyE,, and the wave function),(z) are obtained their coupling to the intrasubband plasmon modes also were
from the numerical solution of the coupled one-dimensionainvestigated’=2° It was shown that the resonant mode cou-
Poisson and Schdinger equations. If we take the doping pling of intersubband and intrasubband plasmons takes place
layer in thexy plane located at= 0, the confinement poten- in an asymmetric quantum well at high electron densities and
tial of the system is symmetric about tlze=0 plane. The small energy separation between the subbands. Backes

total electron energy and wave function are given by et al®® investigated the effects of confinement on the plas-
. R mon modes in the Q2D system. By including all the energy
E (k)=E,+ (k) (1) levels in an infinite quantum well, they recovered the results
of the ideal 2D and 3D electron systems by varying the width
and of the quantum well from zero to infinity.
1 Collective excitations and their coupling to the
W, i(1,2)= hn(2) —=explik 1), (2)  longitudinal-optical(LO) phonons in doped polar semicon-
' JA ductor structures are the basic physical phenomena which
) _ . affect the different aspects of the electronic and optical prop-
wheren=1, 2,... is thesubband index; (k) the electron  grties of the system€.Wu, Peeters, and Devredstudied

position (wave vectoy in thexy plane,s (k) =#2k%2m* the  the plasmon-phonon coupling of 2D electron electron gas in
electron kinetic energym* the electron effective mass, and GaAs/Al,Ga;_,As heterojunctions. They showed that the
A the area of sample. intrasubband plasmon mode in GaAs heterostructures is

Since the pioneering experimental work by Baa§ood  strongly coupled to the LO phonon modes at high electron
et al,® and Schuberet al,* highly spatially confined impu- densities. When the unperturbed plasmon frequency is close
rity doping layers have been achieved in semiconductors byo the LO-phonon frequency, a resonant coupling takes place
the molecular-beam epitaxy technique. A large number ofind there is a splitting of the plasmon frequency. Wendler
experimental investigatiohS~**have been carried out on the and Pechstetft investigated interface effects on the phonon
electron transport and optical propertiesshdoped semicon- modes and the plasmon-phonon coupling in a semiconductor
ductors. Furthermore, novel and improved semiconductoquantum well. They found that the Landau damping of the
devices have been fabricated frafrdoped structures, such intersubband plasmon modes depends strongly on the width
as &-doped doping-superlattice light-emitting diod8s, of the quantum well and the electron density. Thdoped
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polar semiconductors, e.g., 8idoped GaAs, have also sev-  According to the experimental accessible electron densi-
eral advantages to study the collective excitations and thekbies, we consider a realistic four-subband model, and in order
coupling to LO phonons. The electron density drdoped  to make our discussion clearer, we analyze first the case
semiconductors is much higher than the other Q2D systemhere one subband is occupied and the other three are
such as heterojunctions and quantum wells, in whicempty. Second, we discuss the results when electrons occupy
electron-electron interactions play a substantial role. It couldw0 subbands and the other ones are empty, and finally the
be a good system to investigate the electron-electron intera2s€ where three subbands are occupied. Our calculation
tion for a deeper understanding of the many-body effec»@hows that both the intersubband plasmon modes and th_elr
Typically, several subbands are occupiedsitloped semi- coupling to the LO phonons are much more pronounced in
conductors, so the intersubband interaction is strong. Furé-doped polar semiconductors than those in other Q2D semi-
thermore, the separation between the different subbands g@nductor systems. In a wide range of electron densides
close to the optical phonon energy in such a way that th&0r concentrations the frequencies of the phononlike
electron LO-phonon coupling is strong and easier to be debranches of the intersubband plasmon-phonon modes due to
tected experimentally. On the other hand, the host semicorthe first four subbands are in the reststrahlen region of GaAs.
ductor is uniform in such a way that there is no material We do not consider impurity scattering effects on the
interface present. The phonon modes didoped systems plasmo_n excitation spectrum. Such scattering should be
have, therefore, a three-dimensional character. The electrofitrong in thes-doped system and soften the plasmon spec-
phonon interaction can be described by théhfioh Hamil-  trum. It may also lead to a mixture of different plasmon
tonian. This is different from other Q2D systems, such agnodes when they are close to each other. But the main fea-
GaAs/Al,Ga;_,As heterostructures, where the interfacetures shown in th|§ work WI|.| not be qulfled essenua}ly. As
modifies the phonon modes, and consequently, the electroff@" as we know, this is the first theoretical work studying the
phonon interaction. In this case, the Flioh Hamiltonian is ~ collective excitations and their coupling to LO phonons in
only a good approximation to describe the electron-phonor$-doped semiconductors.
interaction when the interface effects are not pronourited.

In our previous works;~3®we studied the electron trans- II. PLASMON-PHONON COUPLING
port properties ins-doped semiconductors. The effects due
to intersubband coupling and screening of the Q2D electron FOr an electron gas embedded in a polar semiconductor,
gas on the ionized |mpur|ty Scattering were investigated:he Optical phonons interact with the electrons. Since the host
theoretically. The subband transport and quantum mobilitie§haterial of the 2D electron gas in th@doped system is
coming from ionized impurity scattering were analyzed. Wehomogeneous, which is different from the other 2D systems
found that not only the intersubband scattering by itself, buguch as heterojunctions and quantum wells where interfaces
also the intersubband coupling through the screening of thBetween different materials are present, the electron-phonon

Q2D electron gas plays an essential role in the electron tranddteraction can be described by the well-known Iifich
port in this multisubband system. Hamiltonian. The electrons interact among themselves
In this paper, we Study the Spectrum of collective excita.through the Coulomb interaction and through the virtual LO
tions of a Q2D electron gas iﬁ_doped po|ar semiconduc- phonons via the Fidich interaction. In this way, both the
tors. Our model consists of a multisubband 2D electron gaglectron-electron interaction and the electron-phonon interac-
system coupled to 3D bulk optical phonons at zero temperaion play significant roles and affect substantially the elec-
ture. The intrasubband and intersubband plasmon modes a#i@n and the phonon systerifs Especially, the electron-
their coupling to the optical phonons are investigated. OuPhonon coupling may be strong because the intersubband
calculation is based on the dielectric function in the randomPlasmon frequencies in Si-doped GaAs are close to the
phase approximatiofRPA) and is applied to Sis-doped optical phonon frequency.
GaAs structure of an impurity layer in they plane with In a QZD system, the screened interaction potential
thicknessWp =10 A. The electronic structure is determined V,;, .. (g,®) within the RPA is determined by the Dyson
by employing a self-consistent method within the local den-equatiori’
sity approximatior’> We assumed that all the donors in the
doping layer are ionized and the background acceptor con-
centration, which is supposed to be uniformly distributed in
the sample, i;i,=10'° cm~2. We found that in the present

Vi%’,mm’(iw) :Vnn’,mm’(avﬂ’)

system then=2, 3, and 4 subbands begin to be occupied at +2 Vo i1(9,@)
the total electron densitiN,=0.93, 2.67, and 8.3810 12 I
72 . - -
cm™ <, respectively. XHﬂ,(q,w)Vﬁc,’mm,(q,w), 3)

Experimentally, Mlayatet al® investigated the intersub-
band plasmon-phonon coupling in Stdoped GaAs. The - c - h - .
signatlFJ)re of thepcoupled mo%esgwas poin?ed out by means 3¥her§ V””"m,m’(q’w) :f’nn’,m,m’(q) +0pn may (0, @) is the
Raman scattering measurements. They found that thRare interaction potentlal_whlch is composed by the el_ectron-
phononlike mode, due to the coupling of the intersubban(flecnon Coul_omb potential and the electro_n-ph_onon interac-
plasmon of the lowest two subbands to the LO phonons, i§on determined by the Fhdich Hamiltonian, and
located between LO and TO phonon frequencies. Influencel v (d,®) is the polarizability function of the noninteract-
of the doping concentration and thickness of the doping layeing 2D electron gas. The well-known bare electron-electron
on these phononlike modes were discussed. potential i$8
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€0 mm || 26q eg o ™
with the Coulomb form factor
X RE( 1y~ Erm) 2| O (Eep)
an’,mm’(q):f dz¢n(2) i (2) +
—x Vo 1 n
. 2o B9
Xf dZ thn(2) e (2 )€ 27, (5 B
X + - , 1/2 ,
Due to the spatial symmetry of the potential about zk€0 Re(& y —Erm) ™| O(Egm )}
plane, which is a characteristic of thedoped system, we
have (1D
and
an’,mm’(Q):Fn’n,mm’(q):an’,m’m(q):Fn’n,m’m(q)-
*
Furthermore, the Coulomb form factby,,r ymny (Q) vanishes ImIC (g, 0)=— m R 4E., e — (v le.)2]V2
if n+n’+m+m’ is an odd number. Notice that my (000) == o\ RE 4B e/ 6g~ (Ve /20)]
Fonmm(0)=1  for n=n’ and m=m’, and

— _ + 211/
Frn’.mm (0)=0 otherwise. REAErm [eq~ (Yl eq)°] 2}’ (12

The bare electron-phonon interaction coming from the

. 222 + +
Frohlich Hamiltonian is given by where eq=%q r2m*, vy =hotEn—Enteq, &qy
= (V) 14eq, Eem=Eg—Ep, and®(E) is the step func-
2w tion.
ph Ty — Lo 3 -
Vi my (0 @) = ﬁ(wz_wﬁo)% Mpn(9,02) The dielectric functioneny y+(d, ) is defined through
. R the equationvy ., - (Q) =2 €qnr i1 (d, @)V} 1y (A 0).
XM (—d,0,), (6)  When both the electron-electron and the electron-phonon in-

_ teractions are included in the dielectric function, we obtain
whereM ,»(d,q,) is the matrix element representing the in- within RPA (Ref. 37
teraction between the 2D electron gas and 3D phonons,
which is defined by Enn’,mm’(Quw):5b(w)5nm5n’m’_Uﬁnr,mmr(Q)H&mr(q’w)a
(13

Mnn’(aqu): J:dZ‘pn(Z)V&,qzeiqzzwn’(Z)r (7) with

whereVg 4 is the coefficient of the Fourier transform of the ep(0)=(w?— 0?x)l(w?— w3y). (14

Frohlich Hamiltonian,
Note that the dielectric function of a 2D electron gas without

taking the electron-phonon interaction into account is easily

i 1/4 4
Vaa,= —iﬁw,_o(z*— Q#T (8) recovered by substituting 1 fa,(w) in Eq. (13).
M~ oo (9°+az) The spectrum of collective excitations of the system is

a is the Fitnlich coupling constant, ang is the volume of given by the zeros of the generalized dielectric function

the sample. After some algebra, we obtain

deﬂfnn’,mm’(qﬂ)” =0. (15)
2/ 2 2
ph - | 2me7[ wig— W7o In principle, all the subbands in the system should be con-
Unn mm’(q’w) 2 2 an’,mm’(q)- (9) . . .
' €0\ v —wg sidered in the above equation. If we kelpsubbands for

numerical calculations, Eq(15 will be reduced to an
The free polarizability function of the Q2D electron gas in N?X N? determinantal equation. In the region where the di-
the multisubband system, at zero temperature, is given by electric function has an imaginary part, i.e.,mﬁqm,=0, the
plasmon modes are Landau damped. We found that, in the
o - f o [Emr (K+@)]— fr Em(K) ] w-q plane, it corresponds tow. ,>0>w ., , with
Hnw(q,w)—zEE E D —E P +h(wtiy)’ oo (q)=(A%2m*)[(q=ken)?— k2,1, where kg,
(10) =.2m*Eg,/f is the Fermi wave vector of each subband.
Notice that the intrasubband plasmon is not damped inside
wheref(E) is the Fermi-Dirac distribution function, andis  the regime of intersubband single-particle excitations be-
broadening of the energy level related to impurity scatteringcause a charge-density wave parallel to xlyeplane cannot
When y—0, we obtaiR®2832 excite particles across the subbafdis.
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IIl. NUMERICAL RESULTS AND DISCUSSIONS

50

We restrict ourselves to a four-subband model by consid-
ering the cases where one, two, or three subbands are occu-
pied by the electrons and we neglect the effect of higher
empty subbands.

To begin with, we consider the situation in which only
one subband is occupied by the electrons and the other three
are empty. There exist plasmon modes denoted by']1,

40

where (1,1) is the single intrasubband plasmon mode and S 30 |
those withn’ =2 represent the intersubband plasmon modes. E
Within the four-subband model, the intrasubband mdd#) ‘é’

and the intersubband modg,3) are coupled. The modes are 20
determined by the following dispersion equatigee the Ap-
pendix for details

[en(®) =051 1 { DX, 0) ][ €n( @) =551 A) X Ta(0, )] 10 |
—052.4)x2(q,0)x35(9,0) =0, (16)

where  x0(0,0)=T(d,0)  and Xy (d,0) N A SRS L S,
0 0 ’

=I1_ ., (q,w)+II_, (g,w) for m#m’. On the other hand,

the intersubband mod€4,2) and (1,4 are coupled to each

other and are given by the solution of

[en(@) ~ 05514 DXA 0, 0) ][ €n( @) —v54 14D X340, 0) ]
— 05514 D XA, ) X340, ) =0. 17)

The dispersion relations of the coupled plasmon-phonon
modes in a Sis-doped GaAs system with electron density
Ne=0.7x 102 cm™2 are depicted in Fig. 1. In the calcula-
tion, we tookw o=36.25 meV andw;o=33.29 meV. For
this density, only the lowest subband is occupied by elec-
trons. The subband Fermi enerffy,;=22.45 meV and the
subband Fermi wave vectég;=2.03x 10° cm™1. The dis-
persion relations of the unperturbed plasmon modes without
electron-phonon interaction are given by the dashed curves
in the figure. Figure (B) shows the dispersions of the intra-
subband modé€1,1) and the intersubband modék,3). The
spectrum of the other two modés,2) and(1,4) is given in
Fig. 1(b). The shadow area corresponds to the single-particle
continuum region where Irﬁ[ﬂn, #0. The results of Fig. (&) o
indicate that the dispersion of the unperturbed intrasubband : : e AN
plasmon modg1,1) develops a loop in the-q plane and 0.5 1.0
has an acoustical-like behavior, sinae approaches zero q (10° em™
when g—0. The maximum frequency appears at

(‘%'Q):(35-57’1-23) on the edge of the region where Im  riG. 1. Dispersions of the collectivés) intrasubband mode
IT7 ;=0. Hereafter,w is in energy units meV ang is in  (1,1) and the intersubband mod&,3 and (b) the intersubband
units of 18 cm™1. In between, there are two frequencies for modes (1,2 and (1,4 for Si s-doped GaAs 0fN,=0.7x 1012

a givend. The upper branch is located in the region with Im cm~2. The dispersions of the coupled plasmon-phonon modes and
IT, ;=0 whereas the lower one is in the region where Imthe unperturbed plasmon modes are shown by the thick-solid and
IT, ;#0 and the collective excitations are strongly Landauthe thick-dashed curves, respectively. The thin-solid curv€s,
damped and are not significant. The above results in the rewe the boundaries of the 2D single-particle excitation continuum.
gion where the dielectric function has an imaginary part doThe shadow indicates the region wherellfh, #0. The dotted

not exactly correspond to the frequency of the plasmonlines indicate the optical-phonon frequencies, and wro -

which should be determined from the position of the peak in

the electron energy-loss function defined as the imaginarthe plasmon-phonon coupling is strong for both the intrasub-
part of the inverse of the dielectric function. Nevertheless, itband and the intersubband modes and this shows up at wave
was shown in Ref. 31 that for the plasmon-phonon modes inectors far from the resonance where the unperturbed plas-
2D electron systems, the zeros of the dielectric function cormon frequency is close to the LO phonon frequengy .
respond to peaks in the energy-loss spectrum. It is seen that We observe in Fig. (&) that the frequency of the unper-

o (meV)
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turbed intrasubband plasmon modg,1) is smaller than

w o for all g. When the electron-phonon interaction is con-
sidered, the coupled intrasubband plasmon-phonon modes
show two branches in the region where If,=0. The
lower branch is shrunk in comparison with the unperturbed
plasmon mode, which penetrates into the continuum at
(w,9)=(27.20, 0.99). The upper one is above the LO-
phonon frequency. It is very close to o atg=0. By con-
sidering the intersubband modk,3), we see that the energy
difference E,3 between the two subbands is 39.48 meV,
which is greater tham, . However, the unperturbed inter-
subband plasmon frequency is 41.46 me\gat0, which is
larger thanE 3 due to the depolarization shift coming from
many-body effects. The electron-phonon coupling shifts this
intersubband mode to higher frequency. In addition, a
phononlike mode appears in the reststrahlen region of GaAs.
Figure Xb) shows the dispersion relations of the intersub-
band modes1,2) and(1,4) in the four-subband model when
only one subband is occupied. It is seen now that the unper-
turbed plasmon mod€1,2) crosses the LO-phonon fre-
guency. We observe that the electron-phonon interaction
leads to a large splitting of this mode.

Now, we analyze the case whehy=2.0x10'? cm™
and two subbands of the four-subband model are occupied.
The dispersion equations are given by E@$) and(A7) in
the Appendix. In Fig. 2, we plot the dispersion relations of
the coupled plasmon-phonon modes. The subband Fermi en-
ergies areEr;=50.41 meV andEg,=11.24 meV, respec-
tively. Consequently, kg;=3.04x10° cm™! and kg,
=1.42x10° cm™*. Figure 2a) shows the dispersion of the
coupled modeg1,1), (2,2, (1,3, and (2,4). The dashed
curves in the figure indicate the dispersion relations of the
plasmon modes without the electron-phonon interaction. By
comparing with the results shown in Fig@l, we observe
that two extra plasmon modé€2,2) and(2,4) arise due to the
occupation of then=2 subband. Furthermore, the increase
of the total electron densitgdoping concentrationleads to
higher subband electron density and larger separation in en- 30
ergy between two subbands. Due to the higher electron den-
sity (larger Fermi wave vectprin the lowest subband, the |- —__—==
unperturbed intrasubband plasmon mdd¢l) crosses over i
the LO-phonon frequency, and the electron-phonon interac-

70

2

tion leads to the splitting of this mode. We see that the in- 10 , , ,
trasubband modg&,2) is not so pronounced and it is located 0.0 0.5 1.0
within the single-particle continuum of the lowest subband. q (10°em™)

The intersubband mod@,4) is close to, but smaller than, the

phonon frequencyw . The shrink of this mode is pro- FIG. 2. The same as Fig. 1 but now fbl,=2x 10" cm™2.

nounced due to the electron-phonon coupling. Contrary t@our plasmon moded,1), (2,2), (1,3), and(2,4) appear in@) and
the situation shown in Fig.(&), the effect of the electron- three plasmon mode4,2), (2,3, and(1,4) in (b).
phonon coupling on the intersubband maded) is not sig-
nificant since its frequency is much larger thapg in the 1
present case. In Fig.(8) the most significant effect of the Er2=33.23 meV kgp=2.47x 10° cm™), and Er3=8.82
electron-phonon interaction is shown on the intersubbandeV (kgz=1.27x10° cm™1), respectively. Figure 3 shows
plasmon modé1,2). The electron-phonon coupling leads to the dispersion relations of the coupled plasmon-phonon
a shift of this mode to higher frequency and another phononmodes. Two additional plasmon modes are found: the intra-
like mode appears in the reststrahlen region. This phononlikeubband modé3,3) shown in Fig. 83 and the intersubband
mode is almost flat. mode(3,4) in Fig. 3(b). The intrasubband mod4,1) in Fig.
Finally, we analyze the case where the electron density(a) is strongly coupled to the LO-phonon modes. The cou-
Ne=5.0x 102 cm~2 which corresponds to three occupied pling of the intersubband modg,4) to the LO-phonon leads
subbands. Here, the subband Fermi ener@iesmi wave to a phononlike mode in the reststrahlen region starting from
vectory are Ep;=100.89 meV kg;=4.31x10° cm™1), w=35.11 meV atq=0. In Fig. 3b), the electron-phonon
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results in a depolarization shift due to many-body effects.
The shift is more pronounced for adjacent subbands, i.e., the
intersubband mode$¢l1,2 and (2,3. When the electron-
90 phonon interaction is included, the intersubband plasmon
frequency splits around the LO-phonon frequency. The fre-
quencies of the coupled plasmon-phonon modes at
N 70 q=1x10* cm™1, as a function of the total electron density,
g are depicted in Fig. ®) for the (1,2) and(1,3) intersubband
s modes and in Fig. ®) for the (2,3 and (2,4 modes. The

thin curves represent the corresponding intersubband plas-
mon frequencies without the electron-phonon interaction.
We see that the intersubband plasmon modes are strongly
coupled to the optical-phonon modes. When the unperturbed
intersubband frequency is equaldgg, the splitting is 9.29
meV for the(1,2) mode and 9.73 meV and 5.45 meV for
(2,39 and (2,49 modes, respectively. At low electron densi-
ties, the lower branch is close to the unperturbed plasmon
frequency and it is much smaller thas o, while the fre-
quencies of the upper branch are closetg . However, the
lower branch approaches thg o at high densities whereas
. the upper one becomes close to the unperturbed plasmon

_FIG. 3. The same as Fig. 1 but now fb,=5x10" cm™2. fraquency. For a wide range of electron densities, the fre-
Five plasmon modedl, 1), (2,2), (3.3), (1,3, and(2,4) appearin@  gyencies of the lower branch of the intersubband plasmon-
and four plasmon moded. 2), (1.4), (2,3, and(3,4) in (b). phonon modeg1,3), (1,2), and (2,4 lie in the reststrahlen

region of GaAs.
coupling results in a pronounced splitting of the intersubband The coupled plasmon-phonon mode in the reststrahlen re-
mode(2,3). gion was observed experimentally for the &tdoped GaAs
In Fig. 4, the unperturbed intersubband plasmon frequensystem by Mlayalet al® They found in the Raman spectrum

cies atqg=1x10* cm ™! are plotted as a function of the total that the phononlike mode appears @t 34.97 meV (282
electron density in thes-doped system. The dotted curvescm™!) for the sample with donor concentration
represent the energy differend®, —E, between the two Np=2.7x10'2cm~2 andWp=20 A. By fitting the Raman
subbands. We see that, at the onset of the occupation ofspectrum, they obtained the depolarization shift about
subband, the intersubband plasmon frequency is equal to t#26.67 meV (215 cm ) for the unperturbed intersubband
energy difference. By increasing the total electron densitymode(1,2). From our calculation with the same donor con-
and the subband electron density, the intersubband plasm@entration, we obtained for the intersubband mdde?)
frequency becomes larger than the energy difference. ThigE,=42.09 meV, the unperturbed plasmon frequency

50
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electron-phonon interaction alters the unperturbed plasmon-
excitation spectrum considerably. Due to its high electron

density, the plasmon-phonon coupling is substantially stron-

ger than that in other 2D systems, such as semiconductor
quantum wells and heterojunctions. Since several subbands
are occupied by the electrons, the intersubband plasmon
modes have be shown to be essential to the physical descrip-
tion of the system.

Our results show that the high electron density leads to a
large depolarization shift of the intersubband plasmon fre-
quencies between adjacent subbands. Furthermore, both in-
trasubband plasmon and intersubband plasmon modes are
strongly coupled to the optical-phonon modes. The frequen-
cies of the coupled intrasubband plasmon-phonon modes do
not enter in the reststrahlen region of GaAs. However, the
frequencies of the coupled intersubband plasmon-phonon
modes split around the LO-phonon frequengyy. In a
wide range of electron densitgdonor concentrationthe fre-
quencies of the phononlike branch of the intersubband
plasmon-phonon moded,2), (1,3), (2,3, and (2,4) are in
the reststrahlen region of GaAs.
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APPENDIX

In this appendix, we show in detail how the determinantal
equation for the dielectric matrix, Eq15), was solved nu-
merically. Due to the symmetry of the confinement potential
in the 5-doped system which results in the vanishing of the
form factor Fp, mm(Q), given by Eq. (5), when
n+n’+m+m’ is an odd number, and the corresponding
matrix elements of the dielectric function, given by E43),
we find that there are two groups of plasmon modes. One of
them includes all the intrasubband modes as well as the in-

FIG. 5. The frequencies of the coupled intersubband plasmontersubband modes whose wave functions have the same par-

phonon modega) (1,2 (solid curveg and(1,3) (dashed curvgsand
(b) (2,3 (solid curveg and(2,4) (dashed curvésatq=10* cm™* as

ity. All plasmon modes in this group are coupled to each
other. The other group is formed by the intersubband modes

a function of electron density. The thin curves indicate the unperyf two subbands with different parities and the plasmon

turbed plasmon frequency.

equals to 54.21 meV, a depolarization shift of 34.08 meV,

modes in this group are also coupled to each other but they
do not interact with the modes of the former one.
In the four-subband model, the ¥@6 determinantal

and frequencies of the coupled plasmon-phonon modes WitBgyation is reduced to the following two groups of equations:

values 34.28 meV and 55.54 meV. So, our results are in

reasonable agreement with the experimental results of Ref. 9.

However, we also observed that, for higher electron densi-
ties, there are two or more intersubband plasmon-phonon
modes in the reststrahlen region such(ag®), (1,3, and
(2,4 modes. AtN,>8x% 10" cm™2, the intersubband mode
(2,3 would play an important role in this region.

IV. CONCLUSIONS

We have calculated the spectrum of the coupled plasmon-
phonon modes for a multisubband electron system realized

in Si 5-doped GaAs. The numerical results show that theand

Ki1,11
K22,11
K33,11
Ka4,11
K13,11

K24,11

K11,22
K22,22
K33,22
Ka4,22
K13,22

K24,22

K11,33
K22,33
K33,33
K44,33
K13,33

K24,33

K11,44
K22,44
K33,44
K44,44
K13,44

K24,44

K11,13
K22,13
K33,13
K44,13
K13,13

K24,13

K11,24
K22,24
K33,24
K44,24

K13,24

K24,24

(A1)
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K121z Kiz1a Ki223 K123 determinants. There are two intrasubband made® and
(2,2. These two modes are coupled to each other and also
Ki1412 K414 Ki1a23 K143 _o (A2) coupled to the intersubband modds3) and(2,4). They are
K2312 K2314 K2323 K233 ' determined by the dispersion equation
K3412 K3414 K3423 K343
Ki1111 K1122 K1113 K112
where
K2211 K2222 K2213 K222 0 (A6)
c 0 =Vu.
Knn' mm (0, @) = €p(®) SnmOnrm' — V0 iy (D) Xy (A @), K1311 K1322 K1313 K132
A3
(A3) K2411 K2422 K2413 K242

with xpn(0, @) =T15,1(0,@) and xp, (d,@) =TI7, (0, )
+H21,m(q,w) for m#m’.
In the case of only one occupied subband, E44) and

The remaining coupled intersubband mode®), (2,3), and
(1,4 can be calculated from

(A2) reduce to

Ki1212 Ki1214 K122
Ki111 Ki11 K1412 Kia14 Kiap3 =0. (A7)
=0 (A4)
K1311 K131 K2312 K2314 K232
and In the case of three occupied subbands, @d.) reduces
Ki1212 K121 o
=0. (A5)
K1a12 Kia1 K111 Ki1122 K1133 K11,13 K11,24
It is seen that the intrasubband model) couples to the K11 Koo K233 K213 K22.24
intersubband modél,3) determined by Eq(A4). The other « « « « « _o A8
two intersubband moded,2) and(1,4) are coupled to each 8311 K3322 K33z Kazis Kassod =0, (A8)
other. K1311 Ki1322 K1333 K1313 K1324
In the case of two occupied subbands within the four-
K2411 K2422 K2433 K2413 K2424

subband model, the determinantal equations, given by Egs.

(A1) and(A2), are now written in terms of 244 and 3x3
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