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Collective and single-particle excitations in Raman scattering of multilayero-doped systems
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We report theoretical calculations of resonant Raman cross sections via spin- and charge-density mecha-
nisms. The theory clearly demonstrates that the sufficient conditions for the appearance in extreme resonance
regime of simultaneous collective and single-particle modes in the nonuniform electron gas of multilayer
S5-doped systems resides in the existence of degenerate and equally coupled intersuband excitations. A com-
parison between theoretical and experimental data lead us to believe that the disorder inherent to the doping
process should be relevant in order to give the correct intensity between the collective and single-particle
modes.
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Among the various spectroscopic probes, inelastic lightient conditions for the signature of SPE in an otherwise
scattering is an especially powerful technique. By means oollective spectra. Such conditions rely on the existence of
polarization selection rule’s,one can excite collective degenerate and equally coupled intersubband excitations of
charge- and spin-density excitatiof€DE’s and SDE’s  @n electron gas. We show that the very nature of SPE is
The first are observed when the incoming and scattered IigH?Ia;ed to the existence ohrenormalizedollective excita-

polarizations are parallel to each otl{pplarized geometjy . i . _
Their energy modes are renormalized with respect to single: Our theoretical TDLDA-based studies, conducted in near

. > ; . and extreme resonance regimes, deal with the existence of
particle excitation§SPE’9 due to direct and exchange Cou- single-particle and collective excitations 08-Si:GaAs

diculardepolarized d f d onl emultilayer systems. Such well-known structures, for rela-
perpendiculafdepolarized geometyyand are affected only ey high silicon planar doping, result in periodical space-

by exchange interactions resulting in redshlfte_:d _mOdeS W'“&harge potentials along the growth direction which confine a
respect to the single-particle energies. An intriguing fact oCnonyniform electron gas around the donor sheets. Their
curs when Raman measurements are performed in a regim@allow-well confinement makes them adequate for resonant
where the incoming laser energy matches an optical gap gtaman studies performed in thg+ A, spin-split edge. For

the host semiconductor, thextreme resonanceegime. In incident light perpendicular to the doping sheets and reso-
this case, Raman spectra of quantum weligiantum wires  nant with theE,+ A, optical gap, our theoretical polarized
and dots) and even ofh-GaAs; exhibit, in addition to col- and depolarized cross sections show that the Raman spectra
lective CDE’s and SDE’s, unexpected unscreened SPE'will be composed of collective and single-particle intersub-
Additionally to intersubband SPE, intrasubband SPE wa®and contributions. Calculations performed for a particular
also reported:’ From theoretical point of viewalso experi-  5-doped structure agree with our available experimental data
mentally it is consensual that for a correct description of theand with those previously reportétproviding a complete
experiments the valence band states should be taken in agnderstanding of the spectral line shapes. In the depolarized
count. In fact, recently SPE’s were obtained in calculationsase, a collective term could not be observed due to small
performed by means of a resonant random-phasexchange-correlation contributions which confers to the
approximatiofi in one dimensional1D) and 2D systems, spectrum a single-particle character. On the other hand, in
and also in quantum dots using the TDLB#me-dependent the polarized case, Coulombian coupling effects give rise to
local-density approximatiorf Both papers stressed the single-particle excitations similar to those of the depolarized
relevance of the valence band in the resonant process, asgectra, as well as to a definite “pure” collective mode.
suggested that so-called single-particle excitations are in r&comparison between theoretical and experimental data also
ality the collective ones. Reinforcement of this interpretationlead us to believe that the disorder inherent to the doping
was also reported for quantum wires treated within the Lutprocess should be relevant in order to give the correct inten-
tinger model, where low energy peaks in polarized spectraity between the collective and single-particle excitations.
commonly associated with SPE’s, were interpreted as intrathe process can be understood as a back transference of
subband collective spin-density excitatidfisAlthough the  oscillator strengths to the single-particle transitions caused
puzzle of simultaneous SPE'’s and collective excitations haby the lost of coherence of the “pure” collective modes.
been the subject of a great amount of work, in our opinion The electronic system considered is an 11-period
there is still a lack of information concerning the physics of 5-doping superlattice grown along tealirection with a unit

the phenomenon. This is the main subject of the presertell d=500 A and a sheet carrier density @f,=1.0
work. We propose in a clear physical basisiatersubband x 10 cm 2. Density-functional theory calculations in the
theory of resonant Raman scattering which provida#i-  local-density approximatiofLDA) result in a conduction
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band formed of three occupied minibands. The first is a flat In order to solve Eq(3), we observe that the expected
2D band confining 76% of the electrons. The remaining twovalue on its right-hand side is just the induced density fluc-
are nearly free-electrofNFE) bands with 21% and 3% of tuation of the charge or spin, which in the time-coordinate
the total number of available electrons, respectively, the latrepresentation is written as

ter being half filled'® For the intermediate spin-split hole

states, the same conduction-band boundary conditions were

adopted, with the assumption that holes are subjected only to an(x,)=2, YA Pg(x)(chco el co). (B

the Hartree part of the self-consistent potential. B

Ha1r;10i|tco ?:C:rl%t?wtg\?vﬁgizf?grg]mclj%svs\lits;ﬁt';?ifﬁgzeexéiggi? thlene central idea behind our generalized self-consistent-field
P approximation is to assume that the many-body system

14,15 i n .
LDA. Based on such an ext_en5|on, zero temperatu_r?esponds to the total field
cross-sections may be expressed in terms of autocorrelation

functions of the form )
sVPl(t) = oVei(t) + oVvind(t), (6)

dt .
G(w)= f Eemt<MT(t)M(0)>v () as a system of independent particles. HEX*{(t) is the
weak external perturbation, ad¥/'"%(t) the inducedcharge

where MT(t) is the appropriate scattering operator in theor spin fluctuation. In the static case where these fluctua-
Heisenberg representation. These in turn are related via tions are treated exactly within the formalism of density-
fluctuation-dissipation theorem to the response functiorfunctional theory =0), induced potentials are given in
(MT(0)),e"'“" of the system submitted to a time-dependentterms of the functional derivatives of the electron-electron
perturbation of the fornM (0)e'“"; that is, energy density. Besides direct Coulomb interactidtise
Hartree tern these include many-body effects due to ex-
change and correlation. Even without a formal justification,
we take these potentials as representative of a time-
dependent situationa(#0). This means that the induced
charge-density potential is given by

h
G(w)=——Im(M'(0),], @

where(M(0)),, is the Fourier amplitude at w of the ex-
pectation value of the effective Scliinger operatoiM (0)
=3 gl V5ele s(ChiCat £Ch Cay) ., in the evolving many-

2
particle statg¢W (t)) originally the ground state at= —. In SVInd(x,t)= LJ e—én(y,t)dy+ Ucg(X)Sn(X,1),
the preceding equatiorfsw=7%(w_ — wg) is the light energy eL(w) ) [x—y
transferred to the system, witth (wg) being the incident @)

(scatteregllight frequency. Since we are only concerned with
intersubband excitations, we assume a light wave-numb
transfer,|q|=|k_—kg/ and an incoming and scattered light
wave number|k, |=|kg|=q/2 along the growth direction of
the superlattice, the axis. The above considerations show
that the power spectrum of the density fluctuations may be .

obtained from a knowledge of the response function SVIN(x,1) = Ugg(x) n(x, ). (8

ith € (w) being the frequency-dependent lattice dielectric
unction where the phonon lifetime was neglecte@®n the
other hand, the induced potential due to spin-density fluctua-
tions is given by

In Egs.(7) and(8), U 4(X) andUy4(x) are functional deriva-
<MT(0)>§,’SZQZB [oVEalss(clicor®ehiCa)ur 3 tives whose expressions may be obtained from the uniform
electron-gas datH.
where the fermion operators stand to stateand g in the Besides the problem of solving the equations of motion
conduction band along the growth directiank,), with spin  for expectation values of the electron-hole pairs of Ej,
up (down), and to two-dimensional plane-wave states, paralwe were also aware of the fact that the local current must be
lel to the doping planes, with wave vectoks. c(s) and  conserved, i.e., that
+ (=) refer to the chargefspin) density mechanism, with

enhancement factors given by .
- i V-J+ —n=0. (9)
v LPles o (BleH2%n)(lel 2% a) it
palts 3m, 4 Egtivgtegten—fio, In order to take such a fact in account, the following possible

4) current-conserving scheme is proposed. First we consider

where theh’s are the valence-band intermediate stagsis equations of motion in the absence of damping, that is,
the split-off gap broadened by a phenomenological damping
constanty,, and[ng]c,S are the interband matrix elements

for the appropriate scattering geome:'t?yeﬁ(eh) stand for

the conduction(valence subband energies. To simplify the
notation in the following[ V5] = OV ix - and

J
: t t
i% E<CZCB+ Cpx Car 1= pa(ChCs— CpuCar)y (10)
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tot
N gy
1

;
=hwpa{ChCp+ CpCax )t 2(Ny—N)

where n, denotes the Fermi occupation number of the
initial (occupied and final (unoccupiedl conduction-band
states. In these equations we have considered that if
(which here includes also spin coordinaterresponds to a
state with energye, and an orbital wave function/,(x),
then the stater* corresponds to a one-particle state with an
orbital wave function/ (x) with the same energy, . Note

also that 5V‘l§’;(t)=5vf,fﬁ*(t). To include damping, we

keep the first of these equations without modification, ancﬂ1

modify the second by the inclusion of an Ohmic relaxation

term vy, Which is associated with the damping of each pair

transition with energyi wg,= €5~ €,, that is,

0 t
if E(%%‘%*Ca*%
i
=hwpa{ChCpt CpuCar )i 2(Ny— 1) VS,
- t
—|hyﬁa(czcﬂ—cﬁ*ca*>t. (12

Since

1%
GNOD="15 2 (el Chy Con )bt (0100
13
and

i
V-J=>

2 aEﬂ wﬁa<clcﬁ—CI;*Ca*%tﬁZ(X)t/fﬁ(X), (14

it is clear that the equation of motion of EE.0) is simply a

statement of conservation of the local current. Solving Egs.

(10), (12), (13), and (14) for (czcﬂ)t, we found that the
induced density fluctuations are given by

Zﬁwﬂana(l_nﬁ)

72 (w?

5n<x,t>=2ﬂ ® 4(X) SViga(b),

- wéa-l— 1Yga)
(15
where®5,(X) = 5 () 4509 -
In the next step we associate a harmonic coordingte
with each pair transitionf«),

\ Zﬁwﬁanﬁa

— tot
h2 (02— w5, +iYp,0)

Ba

Xﬁa (16)

where ng,=n,(1—ng). Since pair transitions interact via

their associated density fluctuations, the various amplitudes

Xz, are coupled to one another, resulting such that (Ep.
may be rewritten as
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h2(0% = 05, +1Y3a0)Xga

:52 Uﬁa,57X5y+ Zﬁwﬁanlgaﬁv;ﬁ, (17)
Y
where the matrix elementd, 5, for the case of charge-

density fluctuations are defined as

UBa,éy(w):\/4ﬁwﬁahw5ynﬁan57f f‘bza(x)‘bay()ﬁ

eZ

x m+ucd(x)5(X—y) dxdy. (18

Therefore, the problem is reduced to that of finding the
response of a set of driven linearly coupled damped har-
onic oscillators. Instead of considering the general situa-
on where the external potential may depend on coordinates
that run perpendicular to the superlattice axis, we restricted
ourselves to the case of external fields varying only along the
superlattice axis. Since in this case the density fluctuations
are functions ofz only, the induced potentials produce a
collective oscillation within a pair of subbands¥g) in
which all vertical transitions participate with equal ampli-
tudes. Accordingly, we define a collective harmonic coordi-

natexg, by

\ ZﬁwﬁaNBa

72 (w?— w%a—k 1Y)
in which Nﬁa=22k”na(k”)[1—nﬁ(k”)], and where the fac-

tor 2 arises from the sum over the spin configurations. From
now on, the subscripte and 8 denote quantum numbers for
motion along the superlattice axis, and

Xﬁa — 5vt0t

Bar

(19

ind

Ba (20)

tot _ ¢[1
V= "fla+ oV
with

;H Na(kPLL—ng(k18VES(k))
fli =

(21)
% Nu(kpP[1—ng(k)]

With these definitions, the equation of motion fog, re-
mains the same as that previously given %@y, , provided
the factorng, is replaced byN4, and the factorév‘;);t by
f%li. Similar equations are obtained for spin-density fluctua-
tions. They are obtained simply by dropping the Coulomb
term and replacing the potential 4(x) by its equivalent
Ug4(X) in the expression previously given for the coupling
matrix U.

Returning to the question of determining the scattering
cross sections, from the previous equations we now have
that,

260, 2N, (K[ 1=Ng(K)]

12 (w?

MT(0))&°= > [sVgatkpl*
< > aBk| [Vsall)] — W5 T 1Y)
X[V + oVigs— 1], (22)

Using the definitions
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2] _ I
f,[Btl_ ZhwﬁaNﬁa

> nu(kp[1—ngkp]

K
(23

and

; Na(kP[L—ngkp18VE(k))
fﬁa: \ 2thaNﬁa H )
> nu(kpPL1—ng(kp]

K|

(24)

we obtain the final expression

(fha—fgal®)
MT(0)),,=
(M7(0p % ﬁz(wz—wéa-i-i'yﬁaw)

+E f*a;Ba’
ap

(29
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FIG. 1. Depolarized spectra of &doped SL without(A) and
with (B) excitonic effects. The experimentaircles and the theo-
retical (lines) curves were obtained fga) 1855(b) 1863,(c) 1872,
(d) 1880, and(e) 1897 meV incident laser energies. The inset cor-
responds to the oscillator strength in near resonance regime without
many-body corrections. The symbols indicate the minibands from
which the transitions originate. The empty squares are the results

Where;ﬁa are the vector components of the following matrix for the corresponding uniform system.

equation:

[h2w?—U(w)+iThw] x=f. (26)

In Eq. (26), the components of the matriX are associated

with the dampingyg,, and the elements of the vectér

tations The second, having poles in the eigenfrequencies of
the coupled system, represents tndlectiveresponse of the
electron gas.

Based on the expressions of E¢83) and (24), the nu-
merator of the single-particle term is clearly expressed as a

identified as the external pumping of our oscillator schemeyariance. This variance will be different from zero only in

are given by Eq(24). The expression of the matrid cor-

responds to that of the matrid joined with the diagonal

the extreme resonance regime where elgclwill furnish
different contributions in the energy denominators of the

matrix composed of the square of the intersubband energie§Vja(K|) due to the in-plane valence-band dispersion.

As we assumed an external potential of the fosvig)

Therefore the occurrence of SPE can be interpreted as the

«e and wave functions with periodic boundary conditionsesult of a deviation from the mean value of the resonant
in the P periods of the multilayer system, Bloch momentum €Nergy denominators. In near-resonance conditions, on the
conservation assures that only excitations pdirsga) and ~ Oother hand, all the energy denominators ®f7(k) are

(j=8y) with wave numbers differing from each other by replaced by an average one with a consequent elimination of

g+g are coupled. In this case, the elements of the maétrix the S{gltl%rmedlate va]ence—band states through comple_te-
for the charge-density mechanism, for instance, becomes ness.“>Thus the entire dependence of the external potential

— \/4ﬁwiﬁwJNiNj
VT T A

4me? p;(9)pi(9)
g e(®) |g+gf?

+ 5i’j(wi)2.

+df Hucd(z)tbi*(z)<bj(z)dz

(27)

In the above equation;? is the area of the cross section

normal to the superlatticé€SL) axis, d is the length of the

unitary cell, andy= (27/d X integer) is the wave number of

the reciprocal lattice. For the expressions ®f(z) and
pi(9) = Jcene”'(1*92d (z)dz, each wave functiony(z) was
normalized in the unit cell.

on kj is lost, canceling the single-particle term. Our result
therefore consistently shows that in the near-resonance re-
gime only collective excitations are present.

In Fig. 1 we show theoreticall(=0 K) and experimental
(T=6 K) depolarized Raman data for various incident laser
energies withoufFig. 1(A)] and with[Fig. 1(B)] exchange-
correlation effects. The theoretical results are the result of the
plot of the imaginary part of Eq2), and were fitted to the
experimental ones only by adjusting the peak intensity of the
curve labeled ¢). The remaining intensities are automati-
cally considered as a result of this fit. The numerical para-
meters used in our calculations are shown in Figd)1(a
detailed discussion of their values was given in Rej. The
first aspect readily seen from the spectra is that their line
shapes are extremely dependent on the incoming laser en-
ergy, which characterizes a resonant process. Moreover, they

Analyzing Eq.(25), one can see that the first term in the consist of basically two structures: one localized on the low-
right-hand side has poles on the bare frequencies transitionsnergy side of the spectra, and a broad one on the high-

so it represents the contributions of thiagle-particle exci-

energy side. The origins of such structures are easily identi-
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A) 1 B) | uniform electron gas
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X e o = eS| =20 FIG. 2. TheoreticalA) and experimentalB)
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= g ° Feoo, = ] nﬁi polarized spectra of the same sample with the
= 02 _elomun *0000) g H \g I T same incident laser energies of Fig. 1. The inset
= o Energy (meV) = § R g™ R of Fig. 2A) indicates the spectral distribution of
§ s H oscillator strength in conditions of near resonance
= b) € £ without excitonic effects. The inset of Fig(B)
shows the respective distribution for the 3D gas.
d
a)
0 10 20 30 40 50 0 10 20 30 40 50
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fied by the spectral distribution of the oscillator strength inmany-body effects introduced a redshift of approximately
the near-resonance regime without exchange-correlation irt meV on the curves, as well as slightly different intensities.
teraction, shown in the inset of Fig(B). For clarity, in this  Nevertheless, we observed that scattering intensities without
and in the following oscillator strength plots, transitions with many-body effects systematically furnished better results
very small strengths were suppressed. As mentioned abovsompare, for example, the intensity of the cufd in the
in the near-resonance regime the response function is gIv&itaphg. We attribute this to the presence of disorder inherent
only by the collective term of E¢25). Therefore, we are led jj the doping process which basically produces two effects.
to look for eigenvalues and eigenvectors of the imaginaryrhe first is a damping of the excitations, taken in account
part of the matrixx. This was done through an expansion of through our phenomenological spectral function. The sec-
x in terms of the spectral decomposition of the matdx ond, caused by in-plane potential fluctuations, results in a
which is real and symmetri€ In near resonance and without breakdown of momentum conservation rules. Such a break-
considering many-body effects, the diagonalization is trivialdown would result in the loss of the in-plane coherence of
(not for the polarized case, where Coulomb interactions arghe excitations, producing random fluctuations of charge
presen), since in this case the matri is already diagonal. which on average decrease the coupling between the inter-
As a result two sets of transitions arise. The first is a low-subband transitions. Consequently the strength of the collec-
energy one originating from transitions of the NFE bands. Agive excitations should be reduced or, from another perspec-
shown in the inset, these excitations are bounded by transiive, an enhancement of the single-particle contributions
tions of the correspondent uniform electron gas, which conshould be observed. In fact, such fluctuations invalidate the
fers on them the status of 3D transitions. The second seplane-waves description assumed in the normal plane of the
unbounded results from transitions that originate from thesuperlattice axis. Instead, a superposition of these should be
flat miniband states, therefore, with a 2D character. Such ased. This would introduce additional phases into the scat-
set will resonate at higher laser energies due to the spatigéring operator, resulting in a enhancement of the variance in
separation of electrons and holes. Strictly speaking, what wgq. (25). This would also explain why we previously ob-
did was to obtain a collective spectrum with zero interactiontained an excellent result compared with the experiment,
and this, as we will see in the following, is sufficient to even without taking many-body effects into accotmSuch
understand the depolarized spectra. a transference of oscillator strengths will be more evident
Returning to the extreme resonance regime, one can se&ghen we present the results of the polarized spectra. In sum-
that the discussion conducted above completely explains thmary, the line shapes of the depolarized spectra at extreme
plots of Figs. 1A) and XB). Without (with) many-body ef- resonance are basically constituted by two sets of not renor-
fects, both plots present basically two resonant structures imalized intersubband collective excitations or, as usually
the same region of the near-resonance regime. Moreovetermed,single-particle excitations
they are obtained totallymainly) by means of the single- Turning now to the polarized case, Fig. 2 presents theo-
particle term of Eq(25). Therefore the connection between retical (A) and experimentalB) Raman data where the same
single-particleexcitations andollective unrenormalized ex- parameters of the SDE case are used. In spite of the differ-
citationsin the depolarized spectra is straightforward. Thisence in intensity between the structure around(tb&ory)
means that the signature of excitonic effects is small in ouand 16 meV(experimenk the two sets of spectra are almost
structure and that, contrarily to what occurs in quantumidentical. To reveal the nature of the spectra, the inset of Fig.
wells, one cannot resolve the spin-density collective excita2(A) displays the correspondent oscillator strengths in the
tions that come from the second term of EB5). In reality = near-resonance regime, where only Coulombian interaction
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is considered. Comparing the oscillator strengths of the SDBf the experiment assures us that the induced potential pro-
and CDE mechanisms, one immediately see that the effect afuces a collective oscillation within a pair of subbands in
the Coulombian coupling is basically to deform the low- which all vertical transitions participate with equal ampli-
energy distributions, forming a pronounced peak. Pursuingudes. Therefore, foeachpair of subbands we have to find
the same line of reasoning, the inset of FigBPshows the the in-plane response function of a sethvequally coupled

spectrum of oscillator strengths of the corresponding uniand degenerate oscillators. In this case, the maris con-
formly doped 3D gas. In this respect, a comparison of thisstituted ofN degenerate diagonal elements and constant off-
plot with the 3D depolarized case shows that almost all the&liagonal elements. sak.

i his taken f h iongfal o] ay,;=V, wherei andj represent each
oscillator strength Is taken from the regionhgle-particle possible vertical pair transition. Diagonalizing such a matrix,
excitations, and transferred to a collective excitation

. . the N-fold degenerate states will be split into ad 1)-fold
(p'asm‘? mode on the hlgh—engrgy §|de. In near résonanceenormalized eigenstates lowered in energfto—V and a
o.nly this pure collective que is excited. Ngvertheless., thesingle nondegenerate higher state with a renormalization en-
single-particle modesr again, theunrenormalized collective ergy E=(N—1)V. The number of statesl is directly pro-
modes exist, and can be excited in the extreme resonanc ortional to the transversal area of the sample. The opposite

regldme._ 'I'tr;]e samf: Tltquon foti]cuﬁlzév'tbh tge _?;:perlattllc ccurs in the coupling matrix elements, that depend of the
modes in the spectral region ot tne ands. The COUPIefl,arse of the aregsee Eq.(27)]. As a result, basicallyo

electron system tries to transfer oscillator strength to a purgnergy renormalization is  produced N the
collective mode. Obviously this cannot be done in the same,, 1)-degenerate excitations, which establishes their

\évf?gcf gf I&eacltj)rr:fi%? 3[3tegniisail SII\TC():V?/ \:\r/]eehi\?gtrs%?fsic:sstl etzr single-particle characteralthough collective in their very
gp ' nature. On the other hand, the single mode has a net renor-

ements to understand the nature of the structures on the lo 7alization, as the product & andV is independent of the

fgnergy S'd% Og the \?xtreme resc:jnance polarlzeds_plolts. Th&ea. This attributes a “puretollective characteto such an
Irst, around 9 meV, corresponds to resonant SiDgle-  oigangtate. The system in this work has sets of intersubband

p_artilcle mo_dles, and (;oEmeZs m_?ihnly from gontribugolnGS Of{;‘E’transitions such as just described. Nevertheless, the physics
single-particle term of Eq25). The second, around 16 meV, ¢ ihe phenomenon is essentially the same. If this collective

arises basically from a collective plasmalike excitation de'system is nearly equally coupled and degenerate, we will

rived Jrombthe N dFE gas. Prevti)%uslél such.?apeak was interhave single-particle and collective excitations. This is what is
preted as being due to intersubband transitioSonceming - g0y in the graphics of the oscillator strengths. In the 3D

tEe dllfferenlg:ke of theoretical and ?xper_|me_ntal |nthens|t|es holarized case, for example, the condition of equal degen-
the plasmalike excitation, our explanation is much the samg ey and coupling is fulfilled. Therefore, we have well-

as the one given for the depolarized case; the discrepancy i ineq collective and single-particle excitations. For the po-
due to the breakdown of momentum conservation caused by i, aq s-doped case we have the conditions reasonable

the presence of disorder, with a consequent partial transfeg—

: . X atisfied in the nearly 3D part of the system, and poorly
ence of oscillator strength back to the single-particle modes;,iisfied in the 2D part of the system. It is important to note

Momentum conservation is assumed in the coupling matriXpat the degree of degeneracy is linked to the value of the
U, so it is not surprising to find a greater intensity betweencouplingV. We remark that such a formalism is identical to
the theoretical and experimental collective modes in Fig. 2the one which leads to the formation of Cooper pairs in the
Naturally the effect is larger than in the depolarized casesuperconducting phase of met&isThere, electron pairs in
because the Coulombian coupling is also larger. the Fermi surface can scatter to states around the Fermi en-
Considering the higher-energy structure in polarized specergy due to Pauli's exclusion principle. Those states have
tra, the interpretation is almost the same as in the depolarizegearly the same energy and the same coupling, which con-
case, i.e., the spectra are composed of a set of resonant cabures the same situation as that of our oscillator scheme.
lective intersubband transitions with single-particle character A final feature must be discussed in CDE spectra in the
(an exception around the LO-phonon region to be discusseggion of the LO phonon, where asymmetric lines appear. In
below). This may be seen from comparison of the oscillatorconditions ofnearresonance these lines were interpréted
strengths of SDE’s and CDE's in the region around 30 andjue to the interference of the LO phonon and a continuum of
60 meV. Basically the form of the structure in this region single-particle transitions. Here the asymmetries appear
remains the same. In this situation the matsixas diagonal when the frequency of the excitation matches that of the LO
elements much greater than the off-diagonal elem@si-  phonon, taken in account via lattice dielectric function. This
lombian coupling, which are composed of superpositions of will cause an infinite coupling which results in an absence of
localized and delocalized states. Concluding, the polarizetransitions in this region.
spectra in the extreme resonance regime is composed of ba- In summary, we provided a resonant theory for inelastic
sically three structures. Two, on the low- and high-energylight scattering cross sections for both charge- and spin-
sides, have single-particle character; the third, intermediatelensity mechanisms in the nonuniform electron system of a
structure represents a collective plasmalike mode. periodically 5-doped superlattice that shows that the pres-
Now we are going to discuss the very nature and theence of SPE's are related to the existence of nearly
conditions for the appearance of single-particle excitationsdegenerate and equally coupled transitions in the electron
Let us take a pair of subbands. As already seen, the geometgas. Their very nature reside in zero renormalized collective
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excitations. In near resonance the SPE oscillator strengti&leaner” structures like quantum wells which clearly pos-
are transferred to theure collective mode. Nevertheless, sess degenerate and equally coupled excitations in the scat-
SPE'’s exist, and can emerge in conditions of extreme resaering geometry proposed in this paper.

nance regime. Our calculations suggest that an additional

contribution to the single-particle cross sections may be ©On€ of the authorgv. A.) gratefully acknowledges Dr.
given as a result of disorder effects which break down moM- J. V. Bell and Dr. L. A. O. Nunes for furnishing the
mentum conservation rules. In order to avoid effects of dis/measurements, and CNPQ and FAPESP, Brazil, for financial
order and also an excess of transitions, we suggest the use $#PPOrt.
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