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Collective plasma response of interacting electrons localized in disordered
GaAsÕAl xGa1ÀxAs superlattices
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The collective plasmon-LO phonon excitations were studied by Raman scattering in intentionally disordered
GaAs/AlGaAs superlattices with various strengths of disorder. The results were compared with the data
obtained in the differently doped superlattices where the fixed disorder was mainly provided by the monolayer
fluctuations of the layer thicknesses. Thus, the influences of both disorder and electron-electron interaction on
the behavior of localized electrons were explored. We found that in the presence of disorder, the collective
excitations tend to form coherently oscillating clusters with a finite extent. It was shown that while interaction
causes the formation of coherent clusters, the effect of both the temperature and disorder is to destroy them;
these evolutions of the clusters revealed a critical behavior.
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I. INTRODUCTION

The problem of interacting electrons in disordered pot
tial attracted much attention soon after the importance
Coulomb electron–electron interaction in the metal-
insulator transition was realized.1–3 This problem is strongly
connected with the transport properties of electrons in dis
dered systems; however, the interplay between disorder
interaction influences the high frequency~optical! response
of electrons as well. As a matter of fact, the electro
electron interaction plays a determinative role in the coll
tive plasma oscillations which take place at a reson
plasma frequencyvp . Therefore, it is clear that the reactio
of the disordered electron system to a field of electrom
netic radiation with a frequencyvp provides a staightfor-
ward way to probe the effects of interaction and disorder

It is well known, that free electrons reveal a plasma re
nance at the frequencyvp5A4pe2N/m, wheree, N, andm
are the charge, the concentration and the mass of elect
respectively. In perfect crystals the plasma oscillations h
the form of plane waves spreading over the whole cry
volume. Certainly, disorder should destroy the collect
plasma oscillations reducing the coherency length of
plasmons and thus, giving rise to their localization. Howev
as it has been shown in Refs. 4 and 5, even in the presen
disorder, at least part of the electrons will find resonan
conditions adapting their phases and forming the cohere
oscillating spatial clusters. As a result, the natural inhom
geneous broadening of a disordered system can be c
pletely screened out by the dynamical many-particle inter
tion of the coherent electrons, causing a narrowing of
spectral lines associated with the electron excitations.

Recently, the spectral properties of the strongly correla
3D disordered system have been considered in Ref. 6 w
similar results were obtained; namely, it was shown that
interaction causes the band narrowing and a redshift.

As it has been discussed in Refs. 1 and 2 the behavio
the interacting electrons in the presence of disorder is de
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mined by the ratioU/D, where U denotes the interaction
strength, whileD is the disorder strength. This ratio define
the localization length of the interacting electrons, which w
shown to increase as interaction increases and disorde
creases.

In order to investigate the collective response of the int
acting localized electrons, Raman scattering, the most p
erful method to study the low-energy excitations in solid
can be applied. It is worth mentioning, that the collecti
excitations were broadly studied in semiconductor super
tices by Raman scattering.7 However, to our best knowledge
a study of the collective plasmalike excitations in the pr
ence of disorder yet was not performed.

We already showed that Raman scattering serves as a
to probe both the spatial~the coherence length! and the en-
ergy ~the resonance frequency and the damping! characteris-
tics of the collective excitations in disordered semicond
tors, where the Raman selection rules are relaxed resultin
a specific asymmetry of the Raman lines associated with
collective excitations.8,9

In this paper we use the results obtained in Refs. 8 an
to study the collective reaction of electrons subjected to
random potential of the semiconductor superlattices, wh
both the localization and the strength of the electro
electron interaction can be controlled by the growth. He
disorder was introduced by a controlled random variation
the well thicknesses, while the interaction was changed
the different doping.

It was shown that, as predicted by the theory,4,5 in the
presence of disorder the interacting electrons form cohe
clusters with finite spatial extents. These clusters reveale
unexpected critical behavior with the variation of the te
perature and interaction similar to the critical behavior of t
spontaneously polarized domains in ferroelectrics. It w
found that increasing disorder causes the decrease of the
of the coherent clusters accompanied by the increase in
inhomogeneities.

The paper is organized as follows. A theoretical analy
©2001 The American Physical Society11-1
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of the collective excitations in disordered semiconductor
perlattices and their contribution to Raman scattering
briefly presented in Sec. II. In Sec. III we describe the e
perimental details. The experimental results together w
their discussion are given in Sec. IV, while conclusions
outlined in Sec. V.

II. THEORY

In the presence of disorder, collective excitations can
represented as a superposition of plane waves with the w
vectors distributed in a finite interval of the wave functio
uncertaintydq. In this case, according to the model succe
fully used for the optical phonons in microcrystallin
silicon10 one can present the wave function in a form o
Gaussian:

c~r !5
1

ApLc

expS 2
2r2

Lc
2 D ~1!

which means the effective localization atur u&Lc . Expand-
ing ~1! in a Fourier integral we obtain

c~r !5E d3q C~q!exp~ iqr ! ~2!

with

C~q!5
1

~2p!3E d3r c~r !exp~2 iqr !.

The values of the Fourier coefficientsC(q) can be calcu-
lated using~1!:

C~q!5
1

p2A2Lc

expS 2
q2Lc

2

8 D . ~3!

As a result, the wave functionc(r ) is represented as
superposition of eigenfunctions of the type of 3D pla
waves with the wave vectorsq distributed in the interval
udqu&1/Lc . These eigenfunctions are weighted through
coefficientsC(q) according to a Gauss distribution. This im
plies that the excitations with wave vectors in the above
termined intervaldq can be excited by Raman scatterin
~whenq.0) with the probabilityuC(q)u2. Then, the Raman
intensity can be written in the following form:8

I ~v!;E uC~q!u2f sc~q!
d3q

@v2vexc~q!#21~G/2!2

;E f sc~q!expS 2
q2Lc

2

8 D d3q

@v2vexc~q!#21~G/2!2
,

~4!

where f sc(q)5@4p/(q21q0
2)#2 is the screening correlatio

function ~hereq0 is the screening wave vector!.
It is clear that the excitations allowed in the interval

wave vectorsdq will contribute to the Raman intensity a
frequencies determined by their dispersionsvexc(q). It is
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worth reminding, that the localization lengthLc is associated
with the spatial extent of the wave function, whereas
damping constantG is caused by the energy losses contr
utes to the relaxation process.

The Raman intensity defined in such a way was used t
the experimental spectra and thus, to obtain the character
parameters of the collective excitations of interest.

In the doped GaAs/AlGaAs superlattices here studied,
Coulomb coupling between the plasmons and the
phonons give rise to three coupled collective plasmon-
phonon modes: a low-frequency acousticlike mode (v2) and
two high-frequency optic GaAs-type (v1

1) and AlAs-type
(v2

1) ones, respectively. The AlAs-type coupled modes w
shown to have an essentially plasmonlike character alre
at rather low electron concentrations,9 what allows them to
be easily analyzed; therefore, we focused our analysis
these modes.

The dispersions of thev2
1 modes calculated by the ran

dom phase approximation~the details can be found in Ref. 9!
in the superlattices with different electron densities are p
ted in Fig. 1. As it was discussed above, all the collect
states distributed in a finite intervaldq contribute to the Ra-
man process in disordered superlattice. Depending on
electron concentration and on the coherence length, this
duces different widths of the asymmetrical Raman lines c
culated by~4!, which are shown in Fig. 2. It is worth adding
that as it is seen from Fig. 1, the parabolic approximation
not valid at low electron densities for wave numbers ve
close to the center of the Brillouin zone, where the frequen
approximates its own value atq50. Therefore, very differ-
ent widths of the Raman lines can result in similar values
dq and, as a consequence, a similar values ofLc can be
obtained in the samples with different electron densities.

III. EXPERIMENT

In our previous paper9 we explored the short period
(GaAs)17(AlAs) 2 superlattices~where the numbers denot

FIG. 1. Dispersions of the AlAs-type collective couple
plasmon-LO phonon excitations calculated by RPA in t
(GaAs)17(AlAs) 2 superlattices with different electron densities.
1-2
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FIG. 2. Intensities of the Raman lines asso
ated with the AlAs-type coupled excitations wit
different values of the coherence lengths (Lc)
calculated in the (GaAs)17(AlAs) 2 superlattices
with the electron densitiesN55.031017 cm23

andN53.731018 cm23.
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the thicknesses of the corresponding layers expresse
monolayers! doped with Si. According to the calculation
made by the envelope function approximation, these su
lattices reveal a lowest broad miniband with a widthW
'65 meV, while the unavoidable monolayer fluctuations
the layer thicknesses produce fluctuations of the noninter
ing electron energies distributed in the energy intervalDE
'12 meV. The natural monolayer fluctuations result in t
electron localization.11 Evidences of the electron localizatio
in the superlattices under investigation were obtained by
measurements of the thermostimulated current12 and the
capacitance.13 Such a localization is the intrinsic property o
the superlattices and its strength should not be different
the superlattices grown in the same conditions. Theref
we expect that at not very high doping levels different do
ing will change the strength of the electron–electron inter
tion, while fixing a strength of disorder. Certainly, hea
doping should result in an additional ‘‘impurity disorder.’’

In order to control the strength of disorder th
(GaAs)m(Al0.3Ga0.6As)6 superlattices were prepared with
fixed doping. The vertical disorder was produced by the c
trolled random variation of the GaAs well thickness
around the nominal valuem517 ML corresponding to a
Gauss distribution of the lowest levels of noninteracti
electrons forming the conduction miniband, while the barr
thicknesses were unchanged. The samples were grow
molecular beam epitaxy on~100! oriented GaAs substrates
In order to avoid the short-range in-plane fluctuations,
growth of the superlattices was interrupted for 20 s at
normal interface and for 3–5 s at the inverted one. The t
number of 50 periods was grown. The strength of disor
was characterized by the disorder parameterd5D/W, where
D is the full width at half-maximum of a Gauss distributio
of the energy of the noninteracting electrons calculated in
isolated quantum well andW is the width of the nominal
miniband in the absence of disorder. In the above-mentio
superlattices the monolayer fluctuations produced'0.18.
The values of the dopings were calibrated during the gro
11531
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of the doped equivalent Al0.11Ga0.89As alloys@the alloy with
the same contents of Al as in the relevant (GaAs)17(AlAs) 2
superlattice#. In the following, we will use the nominal val
ues of the doping concentration of Si as the concentration
electrons. For relatively low doped superlattices~those with
the nominal doping concentration less than 231018cm23)
the Hall concentrations were smaller than the nominal on
while in the heavily doped samples their difference w
found inside the experimental error. This difference is clea
seen in the Hall data presented in Figs. 8 and 9 for t
superlattices with the nominal doping concentratio
7.031017cm23 ~Fig. 8! and 2.531018cm23 ~Fig. 9!. In ad-
dition, as it is seen from these figures, the mobility of ele
trons was higher in the sample with higher doping lev
where the Fermi level is expected to lie above the fluct
tions of the electron potential. The differences between
nominal doping levels and the Hall concentrations toget
with the low mobilities observed in low doped superlattic
are the additional evidences of localization.

The back scattered Raman spectra were performed w
‘‘Instruments S.A. T64000’’ triple grating spectrometer su
plied with a CCD detector cooled by liquid nitrogen. Th
5145 Å line of an Ar1 laser was used for excitation. In orde
to perform the measurements at different temperatures
samples were mounted in a ‘‘Janis CCS-150’’ closed cir
helium cryostat.

In the superlattices, because of the conservation of
momenta in the Raman process, we probed the vertic
polarized coupled modes which have their origins in the
traminiband plasmons. The data obtained in the superlatt
with different electron concentrations and with a fixed dis
der were compared with those measured in the superlat
with various strength of disorder and with a fixed electr
density.

IV. RESULTS AND DISCUSSION

The typical Raman spectrum measured in t
(GaAs)m(Al0.3Ga0.6As)6 superlattice with the disorder pa
1-3
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rameter d50.47 and the electron concentrationN
51.731018cm23 is shown in Fig. 3 together with the spe
trum calculated by Eq.~4!. The lines due to the GaAs-typ
optical phonons (LO1) and the AlAs-type ones (TO2 and the
interface modes IF2) together with the coupled plasmon-L
phonon collective modes were clearly detected. The differ
characters of the coupled modes, the phononlike for
GaAs-type one and the plasmonlike for the AlAs-type o
are responsible for their different asymmetries.9 Further, we
present the data concerning the AlAs-type mode.

Some selected Raman spectra of the GaAs/AlGaAs su
lattices with a fixed disorder and different electron conc
trations and with a fixed electron concentration and var
disorder are demonstrated in the frequency range of
AlAs-type optical phonons in Figs. 4 and 5, respective
The formation of the strongly asymmetrical Raman lines
sociated with the collective coupled excitations in disorde
superlattices is clearly seen in these figures. The dotted l
present the results of the fittings using Eq.~4!. The values of
the parameters determining the shapes of the relevant Ra
lines are collected in Figs. 6 and 7.

A. Dependence on electron density„strength of interaction….
Fixed disorder

The Raman spectra relevant to this case are shown in
4. The values of the broadeningsG, the positions of the
AlAs-type plasmon-LO phonon Raman linesv2

1 and the val-
ues of the coherence lengthsLc associated with the spatia
localization of the collective excitations, obtained by the
ting of the intensities calculated by the expression~4! to the
experimental spectra, are plotted in Figs. 6~a!–6~c!. For a
comparison, the dependence of the frequency of the Al
type plasmon-LO phonon excitations at the center of
Brillouin zone on the electron concentration calculated
the case when the line shift is determined by the occupa
of the miniband of the perfectly ordered superlattice
shown in Fig. 6~b! by the solid line. These calculations we

FIG. 3. Raman spectra of the (GaAs)m(Al0.3Ga0.7As)6 superlat-
tice with the electron concentrationN51.731018 cm23 and the pa-
rameter of disorderd50.47 measured atT510 K. The dotted line
is the spectrum calculated as explained in the text.
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made according to the theory presented in Ref. 14, where
finite width of the miniband was taken into account.

In the sample with the lowest doping (N
5531017cm23) the AlAs-type optical mode presents
mostly phononlike character and it reveals a Lorentz
shape characterized by the homogeneous broadeninG
53.5 cm21. With the increase of the doping level, as a co
sequence of the plasmon-LO phonon interaction, this l
shifts to the high frequencies, increases in intensity, and
shape acquires a strong asymmetry. Meanwhile, the bro
ening G rises with the increase of the electron densi
caused by the increase of the disorder induced by the ran

FIG. 4. Raman spectra of the AlAs-type collective coupled e
citations measured atT510 K in the (GaAs)17(AlAs) 2 superlat-
tices with different electron densities and a fixed disorderd
50.18). The dotted lines show the calculated contributions of
AlAs-type excitations.

FIG. 5. Raman spectra of the AlAs-type collective coupled e
citations measured atT510 K in the (GaAs)m(Al0.3Ga0.7As)6 su-
perlattices with different parameters of disorder and a fixed elec
density (N51.731018 cm23). The dotted lines show the results o
the fitting.
1-4
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COLLECTIVE PLASMA RESPONSE OF INTERACTING . . . PHYSICAL REVIEW B63 115311
impurity potential, which acts as a reason for the scatter
of the plasmon-type excitations. However, a strong line n
rowing accompanied by a pronounced redshift was fou
beginning with the electron concentrationN52.5
31018cm23.

According to the theory presented in Ref. 4–6 the coh
ent collective response of interacting localized electrons
responsible for the observed spectral narrowing. At low el
tron densities, the long distances between electrons do

FIG. 6. Dependencies of the damping constant (G), the fre-
quency (v2

1), and the coherence length (Lc) of the AlAs-type col-
lective plasmon-LO phonon excitations on the electron den
measured atT510 K in the (GaAs)17(AlAs) 2 superlattices with a
fixed disorder (d50.18).

FIG. 7. Dependencies of the damping constant (G), the fre-
quency (v2

1), and the effective coherence length (Lc* ) of the AlAs-
type collective plasmon-LO phonon excitations on the paramete
disorder measured atT510 K in the (GaAs)m(Al0.3Ga0.7As)6 su-
perlattices with a fixed electron density (N51.731018 cm23).
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allow an effective interaction between them. By increas
the electron densities, the cooperative behavior of the in
acting electrons becomes dominating, resulting in the form
tion of a strongly correlated electron plasma in the prese
of disorder, when the dynamical many-particle interacti
almost completely screens out the effects of the random
tential fluctuations. As a consequence, the broadeningG
acquire the values very close to those found in the low-do
samples. The line narrowing was observed at the crit
electron densityNc52.331018cm23 corresponding to the
value of the ratio of the energy of the electron–electron
teraction and the Fermi energyr s[Eee/EF'0.2, which
means a regime of intermediate interaction.

With a further increase of the doping, an abrupt increa
of both the line broadening and the spectral line shift w
observed atN54.031018cm23. At such high electron con-
centrations the impurity disorder becomes very strong;
breaks down the correlation responsible for the line narro
ing and the collective excitations turn out to be strong
damped. Now, the broadeningG dominates resulting in a
symmetrical shape of the plasmon-LO phonon line, and
value and the value of the characteristic frequencyv2

1 return
to those values relevant to a perfectly ordered superlat
@see Figs. 6~a! and 6~b!#.

A decrease of the coherence lengthLc with the increase of
the electron concentration was observed in the samples
low doping levels, where the electron–electron interaction
still weak and the impurities are responsible for the spa
limitation of the collective excitations. However, in the ran
where the correlation effects were detected~the hatched ar-
eas in Fig. 6!, Lc reveals a tendency to increase—the effe
predicted in Refs. 1 and 2 for the interacting localized el
trons.

The double data shown in Fig. 6 for some of the samp
~the closed and opened circles! mean that the Raman line
associated with the collective excitations could not be fit
well with a single line calculated by formula~4!. This im-
plies that the nonuniformity of the correlated clusters app
when approximating the critical value of the electron dens

B. Dependence on the strength of disorder.
Fixed electron density

When the samples have a fixed density of electrons,
dispersion of the collective excitations calculated by the r
dom phase approximation~RPA! is not changed from one
sample to another. Thus, the increase of the asymmet
broadening of the Raman lines observed with the increas
the disorder~see Fig. 5! can be completely attributed to th
decrease of the corresponding coherence length. Howe
up to which strength of disorder~and accompanying local
ization! the RPA is valid is not yet clear. Therefore, we i
terpreted the values of the coherence lengths obtained in
intentionally disordered superlattices as the ‘‘effective coh
ence lengths’’ (Lc* ).

The parameters characterizing the collective excitation
interest are depicted in Fig. 7. Surprisingly, the effect of t
line narrowing was found even with the alteration of disord
aroundd50.4. However, with the further increase of diso

y

of
1-5
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der the shape of the Raman line again could not be fi
with a single asymmetrical line; instead, the use of two
three such lines were indispensable in order to reprod
well the Raman line shape. This means that the cohe
clusters acquired nonuniformity separating in differe
phases as disorder increased. The minimum and the m
mum values of the parameters corresponding to these
uniform phases are presented in Fig. 7 by closed and ope
circles, respectively, while arrows point at which disorder
strong increase of the nonuniformity of the clusters w
found.

It seems to be natural to analyze the effect of disor
comparing the energy of disorderD with the energy of the
relevant collective excitations. Then, the complete screen
of the disorder potential should occur at\v2

1@D, while in
the opposite case the correlation will be frustrated by dis
der. This indeed was observed in the experiment: the co
lation effects~the Raman line narrowings! were found in the
disordered superlattices with the ratio\v2

1/D'5.

C. Influence of the temperature

The effects of the temperature on the collective exc
tions in the disordered superlattices are shown in Figs. 8–
As it is demonstrated in Figs. 8 and 9, the temperature alm
did not influenced the AlAs-type collective excitations in t
superlattices with low electron densities, while significa
temperature effects were found in the highly doped on
The redshift of thev2

1 frequency with the increase of th

FIG. 8. Temperature dependencies of the damping constantG),
the frequency (v2

1), and the coherence length (Lc) of the AlAs-
type collective plasmon-LO phonon excitations measured in
(GaAs)17(AlAs) 2 superlattices with the electron densityN
57.031017 cm23 (d50.18). The electron mobilities and conce
trations measured by Hall effect are shown by open circles.
11531
d
r
ce
nt
t
xi-
n-
ed
e
s

r

g

r-
e-

-
2.
st

t
s.

temperature was caused by the decrease of the frequen
the AlAs-type LO phonon and by the increase of the effe
tive mass of electrons in the low and high electron dens
samples, respectively. The electron concentrations and
mobilities measured by Hall effect are shown in Figs. 8 a
9 as well. They did not reveal drastic alterations with t
temperature as expected for the degenerated electron
~which is the case of these superlattices!.

The dependencies of the integral Raman intensities of
GaAs-type (v1

1) and AlAs-type (v2
1) modes measured in

the same superlattices are plotted in Figs. 10–12. The i
gral intensities have a meaning of the number of collect
states contributing to the Raman process. Therefore, the
crease of the integral intensity is associated with the dest
tion of the coherently oscillating clusters, which takes pla
at the critical temperatureTc .

In the superlattice with the lowest electron density (N
57.031017cm23) the integral intensity of the GaAs-typ
coupled mode revealed a strong temperature depende
while the AlAs-type mode presented only a weak variati
with the temperature. Meanwhile, in the superlattice with
higher electron concentration (N52.531018cm23) the
GaAs-type mode was unchanged, while the integral inte
ties of the AlAs-type one strongly decreased with the te
perature. The integral intensity of the GaAs LO phonon li
is shown in both figures as a reference; as expected it did
reveal a significant dependence on the temperature.

e

FIG. 9. Temperature dependencies of the damping constantG),
the frequency (v2

1), and the coherence length (Lc) of the AlAs-
type collective plasmon-LO phonon excitations measured in
(GaAs)17(AlAs) 2 superlattices with the electron densityN
52.531018 cm23 (d50.18). The electron mobilities and conce
trations measured by Hall effect are shown by open circles.
1-6
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In accordance with the results obtained in Ref. 9
GaAs-type and the AlAs-type modes change their chara
with the alteration of the electron density: they have a pl
monlike and a phononlike character, respectively, in
samples with low electron densities, while the character
these modes changes completely in the high electron de
limit, when the GaAs-type mode acquires a phononlike ch
acter, while the AlAs-type mode becomes mostly a plasm

FIG. 10. Temperature dependencies of the integral intensitie
the Raman lines associated with the GaAs-typev1

1 mode ~open
circles!, the AlAs-typev2

1 mode~closed circles!, and the GaAs LO
phonon~opened triangles! measured in the (GaAs)17(AlAs) 2 super-
lattices with the electron concentrationN57.031017 cm23 (d
50.18).

FIG. 11. Temperature dependencies of the integral intensitie
the Raman lines associated with the GaAs-typev1

1 mode ~open
circles!, the AlAs-typev2

1 mode~closed circles!, and the GaAs LO
phonon~opened triangles! measured in the (GaAs)17(AlAs) 2 super-
lattices (d50.18) with the electron concentrationN
52.531018 cm23. Crosses and stars show the integral intensities
the AlAs-type mode measured in the superlattices withN
54.031018 cm23 andN56.031018 cm23, respectively.
11531
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like one. This explains the different temperature effects
both the modes in differently doped superlattices: the
crease of the integral intensity with the increase of the te
perature associated with the destruction of the coherent c
ters, which are of electronic~not phonon! origin, takes place
for that mode which has a plasmonlike character.

It is worth adding, that as it follows from the compariso
of the data presented in Figs. 10 and 11, the critical temp
ture Tc depends on the doping level: the coherently oscill
ing clusters started to disappear at lower temperatures in
higher doped superlattices; the weakest effect of the temp
ture on the integral intensity was found in the superlattic
with the highest doping level~shown in Fig. 11 by crosse
and stars!. This shows an accumulative effect of both th
temperature and the disorder potential. A stronger influe
of disorder on the critical temperature was observed in
intentionally disordered superlattices, where a rapid decre
of Tc with the increasing disorder parameterd was found. As
it is presented in Fig. 12, the critical temperature could
be detected already atd50.47.

Finally, we would like to emphasize similarities betwee
the coherently oscillating clusters observed in this study
the spontaneously polarized domains in spatially random
roelectrics. The analogy begins with the similar asymme
cal shape of the Raman lines found in both systems, di
dered doped superlattices and doped highly polariza
ferroelectric crystals. In the later case the observed asym
try is associated with the spatial extent of the dynamic cl
ters responsible for the polarization. Both systems rev
similar temperature dependencies of the integrated Ra
intensity showing a critical behavior~the data on ferroelec
trics can be found in Ref. 15!. The existence of ferroelectric
order in spatially disordered dipolar materials has been
cently established in Ref. 16. It was theoretically shown t
despite the strong frustration present in random syste
long-range ferroelectric order is possible above a criti

of

of

f

FIG. 12. Temperature dependencies of the integral intensitie
the Raman lines associated with the AlAs-typev2

1 mode ~closed
circles! and the GaAs LO phonon~opened triangles! measured in
the (GaAs)m(Al0.3Ga0.7As)6 superlattices with the electron conce
tration N51.731018 cm23 andd50.47.
1-7



d
at
ta
er
o-
in
g

ith
nt
he
ce

i
a

th
of
et
en
ns
tte
ta
he
th
a

a
u

ia
cil

ted
te
n-

ted
ers,

-
es
as-

ere,
ter-
ctly
tive
the
t of
the
ns.

ron
hen

c-
elp
he

YU. A. PUSEPet al. PHYSICAL REVIEW B 63 115311
electron density.17 From this point of view, the observe
abrupt alterations of the frequency and damping associ
with the collective excitations could point out to the spon
neous formation of the strongly correlated dynamic clust
~in close analogy with the ferroelectric highly polarized d
mains!, which takes place at a critical electron density
disordered superlattices. In this case, the coherence len
~more precisely, 2Lc) obtained here could be associated w
the size of the coherent clusters. Certainly, the fundame
difference between the ferroelectric domains and the co
ently oscillating clusters found in the disordered superlatti
is in the parameters of the order—the electric polarization
ferroelectrics and the phase of the oscillations of the loc
ized electrons in the disordered superlattices.

V. CONCLUSIONS

Thus, we can state that qualitative agreements with
theories1,2,4–6 were found; however, abrupt alterations
both the damping and the line shift, which were not theor
cally predicted, were indeed observed in the experim
These abrupt changes probably evidence phase transitio
the state of the electron plasma in the disordered ma
caused by the formation of a strongly correlated plasma s
in the form of coherently polarized dynamic clusters. T
formation of such dynamic clusters is clearly observed in
temperature behavior of the integral intensities of the Ram
lines associated with the coupled collective modes, which
proportional to the number of coherent excitations contrib
ing to the Raman process.

To conclude, we would like to outline the mostly essent
arguments testifying to the formation of the coherently os
v

lz
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lating clusters in the disordered superlattices. They are~i! the
abrupt narrowing and redshift of the Raman lines associa
with the formation of the strongly correlated collective sta
at a critical electron density, which returns again to the u
correlated state with the increase of disorder,~ii ! the critical
temperature behavior of the integral Raman intensity poin
out to the temperature destruction of the coherent clust
and ~iii ! the decrease of the critical temperatureTc with the
increase of the strength of disorder~caused either by impu
rities or by the random variation of the layer thickness!
attributed to the destruction of the clusters with the incre
ing disorder.

Based on the results obtained in the study presented h
we are able to state a scenario of the behavior of the in
acting electrons in the presence of disorder. In a perfe
ordered electron system, electrons reveal the collec
plasma oscillations spreading over the whole crystal in
form of plane waves. With increasing disorder at least par
the electrons form strongly correlated collective states in
form of spatial clusters, supporting the plasma oscillatio
With further increase of disorder~either produced by the
structural random potential or by the temperature! the coher-
ently oscillating clusters disappear. The only single elect
states forming a random electron system can be found w
extremely strong disorder is attained.
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