PHYSICAL REVIEW B

VOLUME 18, NUMBER 2

15 JULY 1978

Interaction between local phonon modes and plasmons in n-type semiconductors

R. Sirko, K. R. Subbaswamy, and D. L. Mills
Department of Physics, University of California, Irvine, California 92717
(Received 24 March 1978)

We present a theory of the interaction between plasmons and electric-dipole-active local phonon modes in
an n-type semiconductor, when the impurities that produce the local phonon modes are present at finite
concentration. Our theory is based on the observation that the equations satisfied by the relevant response
functions are, within the random-phase approximation, close in form to a well-known model of a random
alloy. A simple form of the coherent-potential approximation may then be used to explore the dynamical
response of the plasmon-local-mode system. We explore a number of features of the response and illustrate
how particular aspects may be probed through light-scattering studies.

I. INTRODUCTION

The interaction between electron plasma oscilla-
tions in n-type semiconductors and long-wave-
length optical phonons has been the topic of con-
siderable theoretical and experimental study.! One
finds strong coupling between the plasmon and the
longitudinal-optical phonon in polar materi-
als, since the LO phonon sets up a macroscopic
electric field.

Some years ago, Maradudin and Sham? inquired
if a similar strong interaction results between an
electric-dipole-active local phonon mode of fre-
quency w,, and electron-plasma oscillations with
frequency w, adjusted near w, by appropriate dop-
ing of a semiconducting material. Through exam-
ination of the interaction between an isolated im-
purity and the electron plasma, they concluded the
interaction was extraordinarily weak, with little
chance of experimental detection.

It is not hard to appreciate the physical reason
that led to this conclusion. As the (electric-dipole-
active) local mode is excited, an oscillating elec-
tric field drives the electron plasma in the near
vicinity of the impurity. The disturbance in the
electron gas is not localized near the impurity,
but has a radius equal to the Thomas-Fermi
screening length, which is large compared to a
lattice constant in typical semiconductors. Most
of the oscillating charge density associated with
the “local plasmon” thus lies far from the impur-
ity where the oscillating electric field set up by
its motion is very weak. Even though w, and w,
may differ only slightly, the interaction between
the two excitations is thus very weak.

On the other hand, in reflectivity studies of #-
type GaAs doped with small concentrations of
phosphorous, Spitzer finds strong coupling between
the plasmon and the local modes associated with
the phosphorous impurity.> This has prompted us
to reexamine the question raised by Maradudin
and Sham.

While we believe the Maradudin-Sham calculation
to be correct in all essential features, qualitative-
ly new features enter when the impurities are
present with finite concentration, even though this
concentration is small. One may then have long-
wavelength collective excitations of the impurity
array which generate a macroscopic electric field.
This macroscopic electric field may couple to the
plasmon in the same manner as that associated
with an LO phonon in a pure matrix.

The long-wavelength collective excitations of the
local-mode-electron-plasma system mentioned in
the preceding paragraph may be described readily
by replacing the disordered array of impurities by
an averaged uniform distribution of oscillator
strength, in a spirit similar to the “virtual crys-
tal” approximation employed in the theory of al-
loys.* Such an approach has proved simple and
useful in theories of the collective motion of im-
purities, in models of undoped materials.>® If
applied to the present problem, however, this
procedure has the disadvantage that it does not re-
produce the results of Maradudin and Sham, in the
one-impurity limit.

In the present paper, we present a theory of the
coupling between electric-dipole-active local pho-
non modes and plasmons which incorporates the
collective modes present at long wavelength and
finite concentration, but which reproduces results
equivalent to those of Maradudin and Sham in the
one-impurity limit.” We find that in experiments
which probe the long-wavelength response of the
system, the collective modes of the system can
provide the dominant features one observes. We
show this through theoretical analysis of the spec-
trum of light scattered inelastically from the sys-
tem.

If the impurities are embedded in a lattice of
zinc-blende material (an example is the GaAs,. P,
system), then-we show that through light scattering
experiments the selection rules allow one to probe
either the collective response of the system, the
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local mode described by Maradudin and Sham, or
have both simultaneously present in the same spec-
trum. Crudely speaking, while collective modes
analogous to the L, and L. modes in pure materi-
als! dominate the long-wavelength response, at
short wavelengths it is in essence the Maradudin-
Sham mode one excites, i.e., an experiment which
probes the local response in the near vicinity of
the impurity sees not the collective modes (present
in a limited volume of phase space near k=0), but
rather the local phonon mode shifted very slightly
in frequency by coupling to the electron plasma,

as described in Ref. (2). As pointed out in an
earlier paper,® when one examines the scattering
of light from a disordered system, as in neutron .
scattering, one finds both incoherent and coherent
contributions to the cross section. The incoherent
contributions to the cross section, which describe
wave-vector nonconserving scatterings, allow the
light to probe the short-wavelength response and
hence the near vicinity of the impurity.

The outline of this paper is as follows. Section
II sets up our basic model, and derives the equa-
tions satisfied by the basic response functions of
the theory. We also explore special limits here,
and then develop and explorean application of the co-
herent potential approximation to the problem. In
Sec. III we turn to a discussion of Raman scatter-
ing from the excitations of the plasmon-impurity-
local-mode system.

II. MODEL AND RESPONSE FUNCTIONS OF THE SYSTEM

We consider a host lattice, later presumed to
have the zinc-blende structure, within which a
small concentration of ionic impurities is distri-
buted on one sublattice. The impurities occupy
equivalent sites, and have mass substantially
smaller than the host ions they replace. They thus
give rise to phonon modes with frequency higher
than that characteristic of the host-lattice phonons.
The displacement field of these modes, which has
frequency w,, is localized very near a given im-
purity.

The material is doped with electrons that move
in a parabolic conduction band of mass m*, and
our interest is in carrier concentrations where
the plasma frequency w,= (4me®/m*e )2 is com-
parable to w,. Here % is the carrier concentration,
and €, the dielectric constant characteristic of
frequencies high compared to host-lattice frequen-
cies, but well below the band gap.

We write the Hamiltonian of our system in the
form

H=H,+H,+H, +H,,, )

where H; and H, describe the noninteracting im-
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purity local modes and noninteracting conduction
electrons, respectively. The last two terms de-
scribe the local-mode-conduction-electron inter-
action and the electron-electron interaction, re-
spectively.

We ignore the lattice vibrations of the host lat-
tice in the present discussion, under the presump-
tion that the frequencies of interest here are high
compared to the frequencies of the host matrix.
Since the impurity local modes will be presumed
infrared active, with an electric dipole moment
proportional to the displacement U of the impurity,
a complete description will include the dipole-di-
pole interaction between impurities. We ignore
this coupling here, and we point .out the conse-
quences of this oversight as we proceed. At low .
impurity concentrations, the influence of the di-
polar coupling between impurities will have no
quantitative effect on our results.

The terms H; and H, in Eq. (1) are written

H;=w, Z i c(l)aiuazu 2)
1 p=1
and
k2 >
H,= Z S c’;.ci = Z e(k)céc; . (3)
E E

In Eq. (2) a3, (a},) is the boson annihilation
(creation) operator associated with the local mode
on lattice site 1. The local mode is threefold de-
generate, with u a polarization index. The sum on
iy ranges over all sites of the sublattice, and c(l)
is unity if a given site is occupied by an impurity
and zero otherwise. Thus, if by {¢ @)) we mean
the average of c() over all sites on the sublattice,
we have € (@))=(({)?)=c, where c is the impurity
concentration. We work in units with 7Z=1.

In Eq. (3), ¢z and c} are the electron creation
and annihilation operators. We ignore explicit
reference to spin, but include the relevant factors
of two later.

The electron-electron interaction H,, is given by

== i
Z V (’)CE+HCEI_&-CE:CE ’ (4)

e,

) kk'’q
where V, (@) =4re?/€ q°.
volume.
If e* is the dipole-moment effective charge of
the impurity ions, then H,, may be written

We have assumed a unit

Hy==e* 3 e, DE, @), (6)
fu

where %, (f) is the pth Cartesian component of the
local-mode displacement, which can be written

u, @)= 1/2Mw )" %(az, +at,), (6)



18 INTERACTION BETWEEN LOCAL PHONON MODES AND... 853

with M, the reduced mass of the impurity. The
electric field E, (1) is that set up by a density fluc-
tuation in the electron gas. In terms of the opera-
tor p(X) =2z cp exp(ik *X) we have

o N
n@--Cam [ E o

The results above combine to give

H,e=iyoz Zc(f)(a +a* )—i‘—c .Ca

k+q k
3 ==
1 kg

X exp(-iq *1), , (8)

with the coupling constant y,= (4ree*/<€.)
X (1/2Mw ) 2.

To examine the dynamical propertles of our sys-
tem, we use the temperature Green’s-function
formalism, which through its extension to real
time Green’s functions allows us to examine the

linear response of the system to an external probe.

Since this formalism is by now standard,® we only
sketch the derivation of the Dyson equations that
form the basis of the present analysis. However,
it proves useful to set down the definitions of the
Green’s functions we analyze.

A fundamental Green’s function is the electron
density fluctuation propagator defined by

X@Er,X'7') = (T [on Gr)on &'')]) . ©)

Here 7 is an imaginary time, T, the Wick time-
ordering operator, 8z (X7)=exp(H7)onX)exp(-HT),
with 61 (X) the density fluctuation operator

nX) =" &) - YT EYE)) . (10)

We also have an impurity local-mode propagator
which we write

D@ pr,T'p'7")= <TT[403,,(T)¢; wi (@he@ed,

(11)
Wltrh (p;u(T) exp(H7)@7, exp(-HT) and ¢;, =
+ai .

In the absence of both electron-electron interac-
tions and the electron impurity interaction, simple
standard forms obtain for both propagators de-
fined above. For the density fluctuation propaga-
tor, in this limit

x&r,x'1’)
1 Bo~z?) = .
=§ Z eik =i, w"‘(T-r')Xo(E,iwm), (12)
E,{wm

where B = (k,T)™ with k, Boltzmann’s constant and
T the absolute temperature, and w, =2rm/w. In
Eq. (12),

>, 2 . - . > * o .
xo(k,zwm)=§ Z Go(@, iw, )G, +k, iw,+iw,), (13)

a.iw"

where G,(d, iw,) =[iw, - €(@]™ and w,=7(2n+1)/8.

For the impurity-local-mode propagator, in the
absence of coupling between the impurities and
the electrons we have, noting that ¢({) =c (@),

D pr,T"u'r") =c(f)51;,6uu.%
X Z e-iwm(T-fl )Do(iwm) , (14)
tw,

where again w,, = 2mm/pB is the “boson frequency”

of the imaginary time propagator formalism, and
2w,

Wi+ w2 + 20,01 (w,) ’

Dyliw,) = (15)
where II(w,,) is the proper self-energy associated
with the local-mode Green’s function in the absence
of coupling to electrons. The proper self-energy
is presumed nonzero by virtue of anharmonic
terms present in the phonon Hamiltonian of the
disordered crystal. In the dilute limit, II(wm) may
be presumed independent of impurity concentration.
We do not examine the structure of I1(w,) explicitly
here, but acknowledge its presence to introduce
the damping of the local mode produced by anhar-
monicity. In the end, when we continue D,(iw,,) off
the imaginary to the real axis of the complex fre-
quency plane, 2wlI(w,) will be replaced by a phe-
nomenological damping constant. Note that we
presume here that II(w,) is unaffected by the elec-
tron-local-mode coupling. We believe this quite

a reasonable presumption.

In the presence of both Hy, and H,,, through use
of diagrammatic methods, we next proceed to de-
rive a set of Dyson equations satisfied by the two
basic propagators introduced above. To do this,
it is useful to introduce the Fourier transform
X(kK';iw,) of X(X,X';iw,,) defined by

X& X' iw,) = Z e E Ry (R iw,) . (16)
KR

We first set down the Dyson equation satisfied by
X(k%’;iw,) for the case where the electron-electron
interaction H,, may be set to zero. The Dyson
equation is illustrated in Fig. 1 [within the frame-
work of a random-phase approximation (RPA) de-
scription], and becomes

XE R iw,,) =Xo(K; iw,)8z 2+ = YED(iw, )Xo (K; iw,,)

X ZZ c(f) s, “ exp(uc"'l ik 1)

T g»
xX(®"K 5 iw,) . (17)

If electron-electron interactions are included
(again in the RPA), Eq. (17) is left unchanged in
structure, except that the free density fluctuation
propagator X,(k, iw,) is replaced by X’ (&, iw,,)
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FIG. 1. THlustration of the Dyson equation satlsfled by the electron density fluctuation propagator.

=XoK, iw,)/[1 = V (®)X,(K,iw,)]. In what follows,
we presume this replacement has been made
everywhere.

Agam within the RPA, the Dyson equation for
D(u,1"y’;iw,) may be written

D, T uiw,)=c()d11.5,,.D,Gw,) - v3D(iw,,)
XZ E C(l”) Ky u X(”(K iw )

K lﬁull
X exp [k * (T -im)
xD@A"u", I'phiw,).
(18)

Qur principal task is to develop approximate
sOlutions to the equations derived above, with at-
tention to the physical considerations of Sec. I.

It is useful to_.begin by multiplying Eq. (17) by
exp(i'l?'_l -4k’ *1’), then sum on & and X’ to form an
equation for x(XX’;iw,). One has, with
xP@ -1%i0,) =" xP & iw,)explik - € -1)],

R
(18a)
T + K - . > > >
X -154w,)= Z K—: XP (&, iw,)explik - T -1)],
F3

(18b)
and
X, 0,1 00,)= Z ki)
X exp(ik + T —ix’ +17), (18c)
the relation
x@1; iw,)= X -1, iw,)
- 7’0 D,(iw )Z c(l ”)x(” T”; zwm)

o

xx, @, 1 w,). (19)

We thus encounter a new propagator ¥, i, w,,).
From Eq. (17) a closed equation for this function
is generated, through use of the same procedure
used to obtain Eq. (19). We have

X T d0,) = x T -1 iw,) - 2D, Giw,,)

XIZ c(i™) X"’,(T -i"iw,)

x X, 0", 1iw,), (20)

where we introduce, in analogy with Eq. (18b),
> >, . K,K,» (py=> .
X211 iw,)= ; X (%, iw,,)

xexpli-@ -19]. (21)

It is the approximate solution of Eq. (20) that will
concern us later. Note that Eq. (18) is readily cast
into a form very similar in structure to Eq. (20):

DTy, T p'5iw,) =01,8,, Doliw,)c @) - 2D (iw,,)

c@ B @ -1"5iw0,)

wu®
1%u~

xDA"u" ' psiw,) .  (22)

The only difference between the structure of Eq.
(22) and that of Eq. (20) is the form of the inhomo-
geneous term.

If for the moment, we ignore the technical com-
plication introduced by the Cartesian subscript p
in Eq. (21) or (22), then these equations have a
structure identical to those encountered in the
analysis of a simple model in the theory of random
alloys.® This is the equation satisfied by the one-
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electron Green’s function in the tight-binding de-
scription of a binary alloy, with one orbital on
each site and “diagonal disorder” (i.e., all transfer
integrals are assumed identical, and only the en-
ergy of each orbital varies from site to site).

This model has been extensively studied, and the
coherent-potential approximation (CPA) appears

to describe its one electron properties well.'®
Thus, since our equations are isomorphic to those
which describe a binary alloy with three orbitals
per site and “diagonal disorder,”'! we shall ana-
lyze Eqgs. (21) and (22) within the coherent poten-
tial approximation. Before we do this, we examine
the solution of Egs. (21) and (22) in two simple
limits.

A. Single-impurity limit

If only a single isolated impurity is present,
then Eq. (18), and Egq. (19) in combination with
Eq. (20), may be solved in closed form. The solu=
tion is easily obtained after noting that as X~ 0, ‘
R“,&, iw,) becomes diagonal in p and p’, with
the diagonal elements independent of u. After pre-
suming the single impurity is located at the origin,

we find from Eq. (18):
83.01,.0 0 Doli®,)

1475 Do6w, )X, (0, iw,,)

D(Tu,f'u';iwm)= , (23)
while Eq. (20) in combination with Eq. (19) gives
for the density fluctuation propagator a form very
similar to that encountered in a rather different
context'?;

X&E, X iw,)=xPX-%";iw,)
YD (iw,,)
1+72D(iw,)x (0, iw,,)
X3 PR, iw P, iw,) .  (24)
u

To obtain Eq. (24), we have noted that x!?’(X,iw,) is
an odd function of the spatial coordinate X.

The response functions displayed in Eq. (23) and
(24) describe the dynamics of an isolated impurity
coupled to the electron plasma. A comparison of
Eq. (23) with Eq. (15) shows that in Eq. (23), the
combination —y2x%#)(0,iw,) is the contribution to
the (proper) self-energy of the local phonon mode
from coupling to the electron plasma. When
D(p,T’p’;iw,) is analytically continued in the
standard fashion to the near vicinity of the real
axis in the frequency plane, the real part of
-75x2)(0,iw,,) describes a shift in the local-mode
frequency from coupling to the electron plasma,
while the imaginary part gives damping in addition
to that provided by anharmonicity alone. In the

presence of the electron plasma, the impurity mo-
tion is Landau damped by coupling to the particle-

. hole excitations in the electron gas.

It is straightforward to demonstrate that the fre-
quency shift of the local mode produced by coupling
including —-72x{#(0,iw,) in the proper self energy
is identical to the frequency shift calculated by
Maradudin and Sham.? Their treatment of the fre-
quency shift is equivalent to use of a rather sche-
matic expression for x#'(0,iw ,) in evaluating the
proper self-energy contributed by the electron
plasma. The present theory combined with a more
realistic form for x#'(0,4w,) describes the Landau
damping as well, and produces complete formulas
for all of the response functions of the system.

For the physical reason discussed in Sec. I,
Maradudin and Sham estimate the frequency shift
from coupling to the electron plasma is unobserva-
bly small, since it is a small fraction of the shift
produced by the anharmonicity always present.
Thus, we do not explore the behavior of the iso-
lated impurity in any quantitative fashion here,
although the small contribution —yZx{?(0,iw,,) to
the local-mode proper self-energy is included in
the numerieal work discussed in Sec. III.

B. Virtual-crystal approximation

In Sec. I we stressed that for finite concentra-
tion, the impurity-electron-plasma system pos-
sesses long-wavelength excitations of collective
character. Quite clearly, no description of these
collective modes can emerge from a theory which
examines the response with only a single isolated
impurity present. We turn to a simple approxi-
mate solution of the equations at finite concentra-
tion. This approximation procedure, which we
call the virtual-crystal approximation following
terminology employed elsewhere,® leads to a de-
scription of the collective motions of the system.

" However, in the limit of vanishing concentration,

it fails to reproduce the one-impurity limit proper-
ly. We shortly turn to a more sophisticated
scheme which produces both a description of the

. collective modes of the system and the one-impur-

ity limit. That discussion will prove more com-
prehensible if we pause to examine the virtual-
crystal approximation explicitly before proceeding
to the full theory. ’

The virtual-crystal approximation is generated
by replacing the factor c() wherever it appears
in Eqs. (18)-(20) by its average over all sites
c({))=c, with ¢ the impurity concentration. Thus,
the disordered crystal is replaced by a spatially
homogeneous “virtual crystal,” with the local-
mode oscillator strength distributed over all sites
in a manner that preserves its integrated strength.
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Within the virtual crystal approximation, the re-
sponse functions X&, ¥;iw,) and DA p,1'u"; iw,)
become functions of the differencesX — X’and I - I”,
respectively. We write

X& Ejiw,) =Y, XK, iw, etk &5 (25a)
H
and

DAy, T'p5i0,) =3 D,,. &, iw,)e ™1,
y (25b)

to find, with n, the number of unit cells per unit
volume

- X2k, iw,) :
Xk, iw,)= —— — Yy , (26a)
. l4engy3k™2 D (iw,) x P (k, iw,,)
and
- .. BE L.\ =~ .
D,,.k,iv,)= <6u“,— “kz“ )Dt(k,zwm)
kRyo = = .
+ “k; D,(k,iw,) (26b)
with
- Dy(iw,,)
Dl(k)iwm)= -2 0 O 4
1+eng2k™@Dyliw,,) x P (k,iw,,)
(27a)
and
D,(k,iw,)=DyGw,,). (27b)

From Eqs. (26) and (27), we see that the impur-
ity array has excitations of transverse character
unshifted in frequency from the isolated local-
mode frequency w,, while the longitudinal normal
modes couple to the electron plasma. The fre-
quencies of the longitudinal normal modes are
found by replacing iw,, by £+¢n, then seeking the
zeros of the denominator in Eq. (27b) or equiva-
lently in Eq. (26a). To explore the properties of
these collective modes, the long-wavelength k-0
is particularly simple. We have

- Bz 1 1
Limx® &, iw,) = = . (28
U xPk, 10,) =05 Gor? 1rad /Gy © 20
Upon letting {w,,—~ Q+in, and replacing 2w, I1(2+in)
by a phenomenological damping constant iQy with
origin in anharmonicity, we find the frequency of
the long-wavelength collective modes is found from

(- Q2 - iQy) (w2 - Q°) —cQ2wi=0, (29)
where we introduce the ion plasma frequency 912,
=4me*?/Me .

The roots that emerge from Eq. (29) describe
coupled, collective motions of the local-mode—

electron-plasma system that are the analog of
the L, and L. modes of the pure system.!

There is one simplification in our model Hamil-
tonian that introduces an error in Eq. (29) that for
our purposes is quantitatively unimportant. If we
had included dipolar coupling between the local
modes associated with the impurities, then as in
the treatmentof Maradudin and Oitmaa® we would find
that the transverse normal modes of the impurity
array occur not at the frequency w?=w?2 as found
above, but rather at the frequency w?=w32 - 3¢§2,
where écﬂﬁ is a downward shift from local fields
of dipolar origin. Then in Eq. (27), we would find
the frequency w? replaced by a longitudinal fre-
quency w}=w?+cQ. If we replace wj in Eq. (27)
by w3, then Eq. (29) may be rearranged to read

€ +c[Q2/ (w? - Q2 - iQy)] - w3/Q2=0. (30)

Thus, the longitudinal normal modes are seen to
occur at the zeros of the (spatially averaged) di-
electric constant of the combined local-mode—
electron-plasma system, as one would expect from
elementary considerations.

The error introduced by the appearance of w3
rather than ? in Eq. (29) is quantitatively negligi-
ble for our purposes, since the small shifts intro-
duced by the factor cﬂi for low concentrations are
obscured by the effect of damping described phe-
nomenologically by the factor iQy. Indeed, the
Lyddane-Sachs-Teller splitting of the local-mode
frequencies predicted by Maradudin and Oitmaa®
has proved difficult to observe for precisely this
reason.’®* We are presently extending the full de-
scription of the model and the discussion of Sec. III
to mixed crystals where the minority constituent
concentration is not small. For this extension, it
is necessary to include the dipolar coupling fully.

At this point, we see that we have generated a
set of equations for our system which properly
yields the Maradudin and Sham description of the
isolated impurity problem, while at finite concen-
trations a description of the collective excitations
of the system emerges from the same equations.
Our task is to build up a solution to the equations
which incorporates both features.

As already remarked, the Dyson equations for
the Green’s functions, Egs. (20) and (22) have a
structure similar to the equation satisfied by the
one electron Green’s function in a random binary
alloy.® Specifically, except for the Cartesian sub-
scripts, our equations are identical in structure
to that of the one-electron Green’s function in the
tight-binding description of a binary alloy with one
orbital on each site and “diagonal disorder,” i.e.,
all transfer integrals are assumed identical and
only the energy of the orbital varies from site to
site. This model has been extensively studied, and
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the CPA appears to describe its one-electron
properties well. Since our equations are isomor-
phic to those which describe a binary alloy with
three orbitals per site and “diagonal disorder,”
we analyze Egs. (20) and (22) within the CPA.
Since an extensive literature exists on this topic,
our discussion of the CPA will be quite brief. In
what follows we shall outline only the CPA calcu-
lation for X, (1 i ; w) since the procedure for obtain-
ing DA ui’p’; w) is identical.

We begin our CPA calculation by adding and sub-
tracting an effective potential o(w) (yet to be deter-
mined) at each site I in Eq. (20), to get

xU(TT';w)=xV(T—T';w)
+0y X2 -1 w)x, ("1 w)
i

ZUI"X(P)(I " w)x, 0T w0), (31)

where
vV -0=v;; T an impurity site
v3= 4 - 32)
-0=vy; 1 ahost site,
and v = — | 7,|2Dy(w).

Expressing this equation in terms of the Fourier
transforms of the quantities involved yields,

-—
X,,(KK ’s w)= X,f"’(.:?; w)o;;,+noa

X Z XL (k3 w) X, (KK'; w)

2: ( . - i (k=Ko T
+ X8 it; w) E et y
'in)t "?:

X vin X, (K"K w).  (33)

We rearrange this equation by transferring the
second term to the left-hand side to obtain

X, (K& w) = X P)(K; w) Oga

XZX"’) (i3 w Z pmi G )10
X v X,(R7R 5 w),  (34)

where

X 0(i; w)

Z [6,) = oo X (i w) ] . (35)

x xio( K; w),
and

X2 (G w) =" [0,

2

=N X (i w) T

X X )(i; w) . (35)

noting that

Transforming Eq. (3.4) back to real space, we get
X (11' w)=X “”(1 -l’ w)

-

+Z: X i- T”; )X u( i 175 w)vin. (36)
n

We now discuss how o is to be chosen. While
Eq. (36) is still exact and depends in detail upon
the configuration of host and impurity sites, we go
over directly to an effective medium by allowing
v to be zero, which corresponds to havmg only
the coherent potential o at each site i”. The
Green’s function for this effective medium is sim-
ply ')Zlf?’(f— ’;w). We now consider a single im-
purity embedded in this effective medium. We note
from Eq. (36) that the Green’s function X'¥ des-
cribing this system satisfies

XMAT" w) = X O[T 0)

+ 3RO OxMOT; 0, (37)
M

If we consider a single host atom embedded in
the effective medium, we get a similar equation
for the Green’s function X# with v, replaced by v .
The CPA prescription for determining o is that the
single-site configuration average of the exact
Green’s function X be equal to the effective medi-
um Green’s function:

exHAT 0)+ (1= )X (AT, w) =% P (T5w)  (38)

-or equivalently,

cvp 30 XL w) x0T "w)
D

+(1=chy Y XA W)X H(0T; w)=0. (39)

“

w) from Eq. (37) by
‘“(1 0; w) is diagonal in the compo-
nents v and W as p01nted out previously. Obtaining

x#(ol; ;w) in a similar fashion, we substitute these
qua,ntmes into Eq. (39) to get

c(v-o0) (1 =c)(=0)
- (=-0)%2(0;w) 1+0X?)(0; w)

We now solve for x#(01;

=0. (40)

We observe that the quantity X )(0; w) itself de-
pends on o through the relation

- X ®)(
X,/ (050) = Z 1-(n, O'/KZ;(X:‘;z(K w)’

(41)

Equations (40) and (41) represent the principal re-
sult of this section, which enable us to solve for
the coherent potential o.
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Having determined o we obtain an expression for
X (K, w), the average Green’s function in the CPA,
from Eq. (35a),

Xo(K; w)
1= [V,(R) +140/ K2 ]Xo(K; w) °

Here we have expressed X‘?)(K;w) in terms of the’
bare electron-hole propagator as described in
Sec. II. Note that the virtual-crystal approxima-
tion discussed in Sec. II is obtained from Eq. (42)
by replacing o by cv.

In addition to the electron density propagator
given by Eq. (42), and the coherent potential o,
which is obtained by solving Eq. (40), we also re-
quire the D({ p, T p’; w), the impurity displace-
ment Green’s function for a single impurity em-
bedded in the medium of coherent potentials. This
term will be used to describe light-scattering ef-
fects which are essentially due to individual scat-
tering sites.

When one carries out the same calculations for
D p,T7u’; w) starting from Eq. (22) that were
.presented for xv(ﬁ"; w), one finds

X P& w) =

(42)

1-0x)(0;w)
1-(v=-0%,,0;w’ (

DMOu,0p’; w)=0, ., Dy(w)
43)

It is trivial to show that for ¢ -0 this result re-
duces to the Sham-Maradudin propagator already
derived as a special case.

Having now presented an approximation scheme
that enables us to solve for the relevant Green’s
functions describing the impurity-electron system;,
we now turn to a description of light scattering as
a probe of the system.

III. LIGHT-SCATTERING SPECTRA FOR THE SYSTEM

In this section, we turn to an analysis of the
spectrum of light scattered inelastically from the
model system. We shall see that a number of im-
portant features of the dynamics may be probed by
such an experiment. The intensity of Raman scat-
tering per unit solid angle in the frequency range
from w, to w,+dw, is

4
I(w,)dw, = 27"’0:5 3 ; Rty e (WEESdw,,  (44)

ay

where w; is the frequency of incident light, w=w;
— w, is the shift in the frequency of light on scat-
tering, # is a unit vector describing the polariza-
tion of the scattered light and E* and E™[= (E**]
are the amplitudes of the positive and negative
frequency components of the incident light. The
tensor 4., 4, (w) is
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. 1 ° iw
Zur,ax(w)=2—‘n[ dte'!

xf fa“x By’

X e it (&-&')(5)(51()&) 5xa7(§lo)) ,
(45)

where Gxas(ﬂ is the change in the electronic con-
tribution to the dielectric susceptibility of the
crystal at the point X produced by the excitations
of interest. The wave vector =K, K, is the dif-
ference between the incident and scattered wave
vectors.
" We take the fluctuating part of the dielectric
susceptibility for the system we have described
to have the form

OX oy® =11 D 0@~ X(D)) [c(D)P,,,, D, [)
1w

+b,, ,(DEH4D)]

Ay b

9

+8,, 22 0n(3). (46)
Here Pam “(f) is the first derivative of the elec-
tronic polarizibility with respect to the displace-
ment amplitude %, @), and b oy, “(f) is an electro-
optical coefficient. For simplicity, we do not dif-
ferentiate between host and impurity electro-op-
tical coefficients. E¥(I) is the macroscopic elec-
tric field at the site I, which is given by

MG, ) =E,&, 1)+ EE,1),

where Ee and ﬁ, are the induced fields from the
electron gas fluctuations and impurity displace-
ments, respectively.

Coulomb’s law provides directly an expression
for the electric field due to the electron density
fluctuations

E,(x,1)=

4mie Q Do (mze -

- Z Q% fd"xe‘Q Gx) by (%7, 1) . (47)
Q

To compute the contribution to the macroscopic

field from the impurities we use the Hertz vector,

Z(X, t), which for our system satisfies
o €. 027 .. ar = .
VZZ&, t)—;% W(X,t)=—-€— PI(X,t), (48)

where the impurity polarization density at X and ¢
is

B, 1) =-e* 3 c@)udno(x -x(1D). (49)
i ,
The solution to Eq. (48) is

1 S +1/clX =% —1t) =

Z(X,1) == f asx’ at’ P&, 1)

1% =%

o



from which we obtain the field due to the impuri-
ties according to

E,&)=v[v ZE, t)]— Z(%,1). (50)

—'2- atz
We require the field at lattice site T due to all im-

purities except the one that may exist at site i.
Thus, from Eqgs. (49) and (50) we obtain

E (x@),1)

il PIDIDICKRELIN

€ 10#1

x i@ T[Ty @), (51)
J

ot | 3 0 -EDICDP,, 100+ 3 0GR, (4’”8)

Tu

©
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Where R and u’ are Cartesian component indices
and @ = Q/IQ] where the propagation effects (re-
tardation effects) have been safely ignored for our
purposes.

With the above expressions for the electric field
we now express the electronic susceptibility fluc-
tuation in terms of the impurity displacements and
the electron density deviation:

”,iQ0 (R=X") §,, (TH1Y
IQI fd "e on (X"t)

+Z 5(% — x(l))bow,u (41!6 )Z (I”)Z Z (Q Q -5, )ezQ d-in, (1”t)J

Tr#l

+6,, %X on(Xt).

Thus, we can express the Raman scattering inten-
sity, which from Eq. (45) depends on the suscepti-
bility-susceptibility correlations, in terms of cor-
relations between electron density fluctuations and
impurity ion displacements. Specifically when the
expressions are written out in full, we encounter
four correlation functions (dn(Xt)6x(X’0)),

@ aaro), onE)a, [, 0)), and (G, (1)on(X'0)).
These are each related to their corresponding re-
tarded Green’s functions according to

(ADBO) = % f dw & [n(w) + JImGE, (),

where n(w) = (e?* - 1)1, G%;(w) is the Fourier
transform of GE4(¢), which is defined by
GEp(t) = -i0@X[A®),BO)]) . (53)

Each of the retarded Green’s functions which we
require can be related to the Green’s functions
presented in Sec. II. For example, starting with

J

(52)

——
T, (1) = —io@X[E[?), snE0)]),

we obtain after two time differentiations, applica-
tion of the equations of motion, and transforming
the time variable

Bh(0)- i rF LR oDyR ga).  (54)

The other retarded Green’s functions can be re-
lated to ¥ in the same fashion. In addition, a
formal identity between the retarded Green’s func-
tion, and the imaginary time Green’s function stu-
died in the previous sections enables us to write

xX(q,w ) = Rex(d,w+in) + (sgnw) Imy ({,w + 7).
We éxpress each of the correlation functions in

terms of the effective medium Green’s functions
we solved for in Sec. II, and find

(on(Et)on (& 0)) = ~2 f dw e n(w) +1] Z 't FFImyR(%, w*)] (55a)

(u, T)on & 0)) = — T——-——27°c(1)7— E K“ ‘“""'"’fdw e~ y(w) + 1][ImD°(w*)x (-g, w*)], (55b)
100 — 2700(1) Kue iRe(3-1%) fwt s 0( 1 * Yy (o y*

(on @t (170)) = - T }_j Sete f dw " 4[n(w) + 1][ImD°(w*)x(,«*)] (55¢)

ey @Dt (T70)) = - 5;\1{ wut o () f dw e n(w) + 1][ImD°(w*)]

YUC()C(l')Z Kicliu:em-('f-f') J-dwe'm‘[n(w)+1][III1DO(CL”)X(-IZ,Q’0)]- (55d)

M, w,
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TABLE I. Numerical values of parameters used in computations.

High-frequency dielectric constant €,
Electron effective mass m*

Ion effective charge e*

Local-mode phonon frequency w,
Electro-optical coefficient | b|

Elasto-optical coefficient | P[(Px b/|P xb|=~1)

Damping of local-mode phonon ¥
Electron density »

Classical electron-plasma frequency (4mne?/e m*)1/2

Impurity concentration ¢
Temperature T

Incident wavelength
Refractive index n;

10.9 (Ref. 16)

0.0775m,

2.0e (Ref. 17)

350 cm™

8.4 x 1077 esu/dyn (Ref. 18)
6.4 x10" cm™ (Ref. 18)
0.03 x w,

1.1x1018 cm=3

347 em™!

0.05

300 °K

6228 A

3.78 (Ref. 19)

Here w'=w+in.

By choosing the effective medium approximation
for x as given by Eq. (42), one can obtain a general
form for the Raman-scattering intensity by using
the above expressions for the correlation functions
that contribute to (5x6x) in Eq. (45). This is the
procedure we follow with one qualification: The
auto correlations at a given site T, should reduce
I

to the single-impurity limit when the impurity con-
centration goes to zero. We build this limit into
our description of the Raman scattering by ex-
pressing (u,‘('l’t)u“.('fo))‘, the diagonal impurity
correlation function, in terms of the Green’s func-
tion given by Eq. (23). This is the impurity Green’s
function for a real impurity embedded in the effec-’
tive medium of coherent potentials. ‘We thus have

<u“(1’t)uu.60»=—9%—:;@ [ dwetstfuu) +1] {xmpow)( 1- oxA(0;) )} . (56)

Rather than present the general expression for
the Raman-scattering efficiency, we restrict our:
attention in what follows to a few special geome-
tries, each of which illustrates different aspects
of the scattering processes. Our computations are
based on numbers appropriate to GaAs,_, P,, and
we choose parameters appropriate to GaAs as
shown in Table I. For simplicity the phosphorus
is taken to represent only an isotopic impurity in
the host lattice. The single parameter that could
depend strongly on whether the lattice site is a
host or impurity is the ion effective charge;, and
its value in the literature is the same for both
GaP and GaAs.'”

All CPA computations required first an evalua-
tion of o(w) from Eq. (40). Using the numerical
values of the parameters as displayed in Table I,
we find that o(w) is remarkably close to the vir-
tual-crystal approximation over the entire frequen-
cy and composition range of interest here. The
deviation was less than 1% for |w - w,|/w,<0.001,
and much less for frequencies away form w,. Bas-
ically, this is a consequence of the long wavelength
of the plasma excitation compared to the typical
impurity spacing. Clearly, at 5% impurity concen-
tration, the value used in our computations, and
at wave vectors appropriate to the light-scattering
experiment, the system is well described as a uni-

1- (v - 0)X$)(0;w)

I
form effective medium, and, as displayed below,
the predominant features in the spectrum are the
collective excitations of the system.

In all computations the Lindhard expression!* for
the real part of x,(g,w) was taken, while the exact
expression for the imaginary part was used.'® In
this way the finite wave-vector behavior of the
electron gas, including the breakup of the plasmon
into single particle excitations, is built into the
computations.

We now turn to an analysis of these specific ge-
ometries. ) i

(a) In this case E, and'E,, the incident and scat-
tered electric fields, respectively, are parallel
and along a principal axis of the crystal. Only a
single term contributes to the scattering efficiency.
This follows from utilizing the relations P, =P’
€apy |0d Dogy =b|€apy |, Where €, is the Levi-
Civita tensor, appropriate for crystals of the zinc-
blende structure, and we find

4 2

I (W )dw, = -;-;’-c% (—2%) |E |2[n(w) + 1][Imy (g, w*) [dw, .
(57)

In Fig. 2 is a plot of the frequency dependence of

I (w,)dw, for several values of x, the dimension-

less wave vector defined by « =%ig/(2m*k ,T)'/2.

k in turn can be related to the scattering angle, 6,

from the kinematic restriction
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INTENSITY (ARBITRARY UNITS)

] S 1

~ LIo
w/ Wo

FIG. 2. Frequency variation of the Raman scattering
intensity for several values of k, the dimensionless
wave-vector transfer defined by = |§s~§; | (7%/
om*kgTH/2, for geometry (a) described inthe text, and pa-
rameters listed in Table I.

q® =njwl+niw? - 2nm w,w, cosh , (58)
where n; and n, are the refractive indices at the
incident and scattered frequencies, respectively.
For example, for the 6228 A He-Ne line one finds
the relation between k and 6 as shown in Fig. 3.
Since the frequency shift is small, we have expan-
ded the refractive index about its value at the in-
cident frequency and plotted the angular depen-

Q4 T T T T T T T T T T T T T
0.3 .
K
0.2 : .
O.lF -
[0 (o) SIS NI SR TN N S R S T S T
0° 30° 60° 90° 120° 150° 180°
9 .

FIG. 3. Relation of «k to the scattering angle, for the
6328-A He-Ne line.

’

dence of the average value of k(w).

' From Fig. 3 we note that « takes on a maximum
value of about 0.32 for backscattering, which in
Fig. 2 corresponds to the region where the higher-
frequency resonance begins to become heavily
damped. This is strictly an effect of the electron
gas and is due to the Landau damping of the plas-
mon contribution to the collective mode. In fact,
within the range of attainable wave vectors one
notes the presence of two modes which occur at
approximately

w,(q) =3 w, + w,(@)] = %{[ w, + wy(q)]?

_4cw:(q)ﬂi(mL/m,);1/2 .
(59)

This expression is obtained from Eq. (42) by taking
the small § limit

Xo @~ 0,0) = (,/m*)(¢*/ ") -
In Eq. (59), w,(q) is given by
w,(q = 0) = @me*/€cm™)" 1+ 5(q/qrx)],

where gpp is the Thomas-Fermi wavenumber gy y
= (6me?/€x)'/?, with €5 the Fermi energy €z = (37°
n)?/3/2m*. In obtaining the approximation given in
Eq. (59) we have simply replaced ¢ with cv the vir-
tual crystal effective potential.

(b) A particularly simple form for the Raman
scattering efficiency results by taking 'P.J‘ and -E._,
to be orthogonal and along principal axes of the
crystal, while { lies in the plane defined by _ﬁ‘.‘ and
_E'S. Then one obtains simply

, o pe
IO (w,)dw, = - -T-T?‘g EW{—‘M |E |*[n(w) + 1]
1 - oX)(0;w*)
0 + I >
XImD°(w*) (1 gy ) (O;w))dw’ .

(60)

Here we have denoted the impurity concentration
by f and the speed of light by c.

The effective medium correction in Eq. (60) is
very minor for the frequency range and impurity
concentration chosen here, and one finds in Fig. 4
a single peak in the frequency dependence of the
scattering efficiency at the nearly unshifted local
mode frequency. The lack of coupled collective
modes in this particular geometry is a conse-
quence of the fact that it is the transverse local
mode that produces this effect.

(c) If one chooses E,, E,, and J to be mutually
perpendicular and to lie along the principal axes
of the crystal the form of the scattering intensity
is seen to be
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K=0.40
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0.90 1.00 .10 1.20
W/ Wy
FIG. 4. Frequency variation of the Raman scattering
intensity for several values of k, for geometry (b) de-
scribed in text.

INTENSITY (ARBITRARY UNITS)
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FIG. 5. Frequency variation of the Raman scattering
intensity for several values of k, for geometry (c) de-
scribed in text. Top figure shows emergence of nearly
unshifted local-mode peak at longer wave-vector trans-
fers.

(c) ~ () wi %S e 2
I (w)dwg =" (w,)dwg + —4 =2 P |E|*{n(w) +1]—[ImD (w*)x(g,w*)]dw,
i

e (2mywy)/ 2

wed

0

20] %S pb<4’”e)lE| n(w) +1] 2[ImD (g, w*)]dw,

i (4
- _‘_'JL ( Ze ) bz [E Iz[n(w)+ ll-q—li[ImX(q;w*)]dws . (61)

The frequency dependence of the scattering effi-
ciency for this case is shown in Fig. 5. Here one
sees evidence of both the coupled modes, and the
incoherent scattering of the transverse local
modes. The latter effect is much weaker, how-
ever, and is noticeable only for fairly large values
of q. It may be that this unshifted uncoupled mode
can be probed in this geometry by choosing differ-
ent impurity and electron concentrations or an-
other incident frequency.

Summarizing the results of our computations, we

[

see that the inelastic scattering of light by the sys-
tem we have described provides a means of detect-
ing both collective excitations due to the coupling
of the local modes to the electron gas, and the
nearly unshifted transverse excitation that was the
subject of the work of Sham and Maradudin.
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