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Raman intensities for collective excitations of a layered electron gas
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An analytical expression for the Raman intensity of collective excitations in a semi-infinite sys-

tem of a layered electron gas is derived in terms of the induced potential of such a system. It is

rigorously shown that there are no extra peaks in the Raman intensities near the bulk-plasmon

band edges. The Raman line shape is calculated and the reason that the surface plasmon cannot
be observed experimentally is pointed out.

Over the last few years resonant inelastic light scatter-
ing has been successfully applied to study single-particle
and collective excitations in semiconductor superlat-
tices. ' 4 Most experiments were performed with incident
and scattered photons on the vacuum side of a semi-
infinite superlattice. Recently, Jain and Allen analytical-
ly calculated the Raman intensities for light scattering
from a semi-infinite array of two-dimensional electron gas
layers with some approximations. They decomposed the
Raman intensities into two parts: a bulk contribution that
is the same as in the bulk system and a surface contribu-
tion. In the bulk part, as pointed out by Jain and Allen, s s

in addition to a peak at the bulk-plasmon energy, there
are two other smaller peaks at the boundaries of the bulk-
plasmon band. However, when the surface part is added
to the bulk part to obtain the total intensities, the extra
peaks seem to disappear according to the numerical calcu-
lation. Jain and Aliens s attribute the extra peaks in the
bulk part to the Van Hove singularities in the one-
dimensional plasmon density of states. In our previous
work, 7 we demonstrated that there are no Van Hove
singularities in a semi-infinite layered electron gas (LEG)
system, but this cannot explain the disappearance of the
extra peaks because the density of states near the two for-
bidden singularities also increases sharply even in this
case. Does the total intensity have any extra peaks, and if
so, what are their origin? These questions cannot be
answered reasonably at present. In this work, we derive
an analytical expression for the Raman intensity of collec-
tive excitations in terms of the induced potential of the
system, from which we can see that it is due to the specific
structure of the induced potential —that there are no
peaks in the Raman intensities near the bulk-plasmon
band edges. On the other hand, we find that the intensity
at the surface-plasmon energy is very weak and that the
surface mode would be diScult to observe. This could ex-
plain why there are no surface modes observed experimen-
tally.

The model taken in this article is as follows. The elec-
tron density has a b-function localization in the plane, the

electrons are free to move in the plane, and electrons in

different planes interact only via the Coulomb interaction.
The planes are located at z ld where 1 goes from 0 to oo

and are embedded in a space of dielectric constant ep for
z & 0 and e for z & 0. We should point out here that it is
straightforward to generalize the results of the paper to
the case in which the subband structure is taken into ac-
count.

Following the formulation of Jain and Allen, 6 the inten-
sity of the Raman scattered light as a function of its ener-

gy loss w for a fixed value of momentum exchange q can
be written as

e(l, l ') btt
—DOV(l, l') (2)

where Do is the value of D(q, w;l, l') in the absence of
Coulomb interaction, and

V(l, l') Iexp( —qd ) l —1'
[ ) +Pexp[ —qd(1+1')]]

6g

(3)

1(w) ~ —glmD(q, w;l, l')e tt+t')4lse 2ik4(l i')— —

l,l'

where D(q, w;l, l') is the density-density correlation func-
tion, k and I/2b are the real and imaginary parts of k„
the complex z component of the photon wave vector inside
the LEG. The factor exp[ —(I+I')d/b] takes into ac-
count the decay of the photon inside the material with de-

cay length b, the factor exp[2ikd(l-l')] is a coherence
term which would generate perpendicular momentum
conservation if b were infinite, or, in other words, if there
were translational invariance in the z direction.

For calculating the Raman intensity 1(w), one can cal-
culate D(q, w;I, /') and then insert it in Eq. (I), but this is
not necessary as will be seen in this paper. In fact, if the
induced potential in the system can be given by some
method, the Raman intensity l(w) can also be obtained.
Now we define a dielectric matrix e(l, l') as follows:
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with

P -(e—ep)/(e+ ep) . (4)

tions of the eigenequation,

g[b„.—D'(w. ,q) V(i, l')]y.(l') -0, (7)
The the correlation function D(q, w;l, l') can be written in

a familiar way,

D(l, l') D e '(l, l'),
and the Raman intensity can also be rewritten as

I(w)- —Qi mD'e '(l l')e "+" 'e "' " " (6)
I,I'

We denote the dielectric matrix e(l, l') as e(l, l') and
D as D when setting ImD 0. Thus the collective ex-
citations of the semi-infinite LEG are given by the solu-

I

where y, (l), an eigenvector of Z(l, l') with an eigenindex
a, is the induced potential that describes propagation of
the collective excitation in the system, and w, is the ener-

gy of the corresponding collective mode. Since e(l, l') is
Hermitian, y, (l) obeys the orthogonal relation

Zv: (I)w. (I') -&0

Then, with this orthogonal relation and Eqs. (2) and (7),
we have

'(q, w;l, l') y, (l') - [DP(w, q)l '[[DP(w, q)] ' —[D (w„q)] '] 'yr, (l),

and the Raman intensity can be written as

1(w) Q im[[D (w„q)] ' —[D (w, q)l '] 'S(q, a, k),
where

S(q, a, k) +exp[ —(2ik+ 1/b') ld] y, (l)

According to Ref. 7, the induced potential of the surface plasmon is given by

&.,(i) -(i . ")—'»e "",
where a, is the solution of the equation

(e &d+Pe'd) -(1+P)e",
and the induced potential of the bulk plasmon can be written as

y~(l) [H(q, ip)e' '4 H(q, —ip—)e '~' l,1

J2J(q,p)

J(q,p) [(e v +Pev ) —(1+P)cos(pd)] + (1+P)2sin2(pd),

H(q, ip) (e &d+Pe&d) —(1+p)e'I .

(io)

(i2)

(i4)

(is)

So that the contribution to the Raman intensity from the surface state is

I'(w) Im [[D (w, ,q) l ' —[DP(w, q)1 '] 'exp[(1/6+ a, )dl (1 —e " )/2[cosh(1/b+ a, )d -cos(2kd)], (16)

where w, , is the energy of the surface plasmon determined by the equation

D (w, ,q)sinh(qd) cosh(qd) —cosh(a, d),

and the contribution from the bulk states is

(i7)

Ib(w) dp im[[D (w~, q)] ' —[DP(w, q)] '] 'S(q,p, k),

S(q,p, k) 2[F(q,p, k) —G(q, p, k)]sin (pd)/Y(p, k)J(q,p),

F(q,p, k) =e ~ [(e v~+/jev ) —(I+P)cos(pd)] + (I+P) [I —2e ' ~ cos(pd) cos(2kd)+e e dcos2(pd)],

(2o)

G(q,p, k) 2(1+P)[e ' ~~ cos(2kd) —e ~ cos(pd)] [(e v +ijevd) —(I+P) cos(pd)],

Y(p, k) (1+e i~ ) —4(1+e ~ )e ' ' "cos(2kd) cos(pd) /2e h~ [cos(2pd) icos(4kd)],

(2i)

(22)
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where the bulk-plasmon energy wz is determined by the
equation

D (w~, q)sinh(qd) cosh(qd) c—os(pd) . (23)
Eg

It should be noted that I'(w) as defined here is quite
different from the surface part defined by Jain and Al-
len. 6 For distinction, we call I'(w) the surface-state con-
tribution, and for the same reason we call Ib(w) the bulk-
state contribution.

Apparently, the surface-state contribution can only
contribute one peak at the surface-plasmon energy, while

the bulk-plasmon peak and other peaks (if they exist)
arise from the bulk-state contribution. For confirming the
possibility of the existence of the extra peaks near the
bulk-band edges, we now concentrate on the bulk-state
contribution. As is well known the influence of the purity
(or of r) of a sample on the line shape merely increases the
peak width at some energies, and cannot change the num-

ber of peaks. So, it is sufficient to limit ourselves to the
case of r 0 for studying the problems whether the extra
peaks exist or not and what the origin is. To understand
better the problems, it is instructive to recall how the ex-
tra aks come from the bulk part defined by Jain and Al-
len. The bulk part can be obtained from the bulk-state
contribution given in (18) and (10) if we discard the sur-
face influence, i.e., replace (13) by ittt, (l) e't'td. In this
case, S(q,p, k) can be written as

S(q,p, k) 1/2e" [cosh(d/b) —cos(p —2k)d] . (24)

Using the limit r 0 and the small-q formula for
D -nq /mw2, wehave

lb(w) - —,
' tDr' wN(q, w) S(q, w, k), (25)

N(q, w)
3 sinh(qd)(1 —K2)20

XW

K cosh(qd) —(0 2/w 2)sinh(qd), 0 2trne 2q/me.

(26)

(27)

S(q,w, k) in Eq. (24) is S(q,p, k) from Eq. (23) evalu-
ated at cos(pd) K, which is the bulk-plasmon dispersion
relation. Since the density of states N(q, w) increases
sharply near the two band edges, even though there are no
Van Hove singularities in the allowed spectrum, the extra
peaks also exist in the bulk part defined by Jain and Al-
len. 5s However, if we take into account the surface
influence in (10), the induced potential of the bulk
plasmon changes dramatically and contributes a factor
(1 —K ) in S(q,p k), which will cancel out the singular
factor (1 —K2) ' 2 in N(q, w) exactly. Hence, owing to
the special structure of the induced potential when the
surface is presented, there are no extra peaks near the
bulk-plasmon band edges.

In order to calculate I(w), the values of the parameters
are chosen to be the same as those of sample 1 of the ex-
perimental Olego, Pinczuk, Gossard, and Wiegmann. 2

They are q 4.8 x 10 cm ', the electron mass
m 0.07m„ the static dielectric constant e 13.1, the
electron density n 7.3 x 10" cm 2, d 890
2kd 4.94, b 6000 A, eo 1, the electron mobility
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p 5x10 cm2/Vs, and r e/mp 0.3 meV. In Fig. 1 we
give the intensity of the Raman scattered light predicted
by Eqs. (16)-(23). The intensity is mainly concentrated
at the bulk-plasmon energy -3.7 meV, the peak at the
surface plasmon energy —11.5 meV is very small, the ra-
tio of the intensities at these two energies equals about 45,
so that the surface-mode peak cannot be observed within
the experimental accuracy. 3

The intensity ratio of the surface to bulk modes is
enhanced as the mobility of the electrons increases, or as r
decreases. This can be seen from Fig. 2 for r 0.1 (the
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FIG. 2. Raman intensities of bulk and surface plasmons

which occur at 3.7 and 11.5 meV, respectively, for r 0.1 (the
other parameters are the same as in Fig. 1).

8 io
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FIG. 1. Raman intensities for collective excitations of semi-

infinite LEG. The bulk and surface plasmons occur at 3.7 and
11.5 meV; the intensity at the bulk-plasmon energy is much
stronger than that at the surface-plasmon energy. All the pa-
rameters are the same as those of sample 1 of the experiment of
Olego et al. (Ref. 2).
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other parameters are the same as in Fig. 1), but the sur-
face mode, even in this case, is also difficult to observe ex-
perimentally.

It should be noted that the intensity of the Raman-
scattered light calculated in this paper is different from
that obtained by Jain and Allen. s We think this probably
due to the incorrect form of the density-density correla-
tion function given by (36) of Ref. 6, which can be real-
ized from the following considerations. Since (5) holds in
the calculation of Jain and Allen for D(q, w;l, l'), then,
according to Ref. 7, the eigenvector D(q, w;I, I') can be
written as

y (I) H(q a)e'"—H(q —u)e
( )

H(q, a) ~(e v"+Pened) (I+P)e~d

where a cannot only be taken as pure imaginary, a ik
with k real, and a, determined by H(q, a, ) 0, which cor-
responds to the bulk and surface modes, respectively, but
a can also be taken as all other complex values within the
condition ~a~ &q. The latter is unphysical because in
this case the eigenvector given by (28) cannot obey the
boundary conditions, i.e., cannot remain finite when
I ~. Hence, the D(q, w;l, l') obtained by Jain and Al-
len gives an incorrect form for the density-density correla-
tion function for real systems and is probably responsible
for the difference in Raman intensities calculated in Ref.
6 and in this work.
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