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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.

DOI: 10.1103/PhysRevB.63.115311 PACS nuni®er72.15.Nj, 71.55.Jv

. INTRODUCTION mined by the ratioU/A, whereU denotes the interaction

) ) o strength, whileA is the disorder strength. This ratio defines
~ The problem of interacting electrons in disordered potenthe |ocalization length of the interacting electrons, which was
tial attracted much attention soon after the importance ofnown to increase as interaction increases and disorder de-
Coulomb electron—electron interaction in the metal-to-creg5es.
insulator transition was realizéd® This problem is strongly In order to investigate the collective response of the inter-
connected with the transport properties of electrons in disoracting localized electrons, Raman scattering, the most pow-
dered systems; however, the interplay between disorder angf| method to study the low-energy excitations in solids,
interaction influences the high frequen@ptica) response  can pe applied. It is worth mentioning, that the collective
of electrons as well. As a matter of fact, the electron—gycitations were broadly studied in semiconductor superlat-
electron interaction plays a determinative role in the collecyjceg by Raman scatterifg-dowever, to our best knowledge,
tive plasma oscillations which take place at a resonang siydy of the collective plasmalike excitations in the pres-
plasma frequencw,. Therefore, it is clear that the reaction gnce of disorder yet was not performed.
of the disordered electron system to a field of electromag- \ye already showed that Raman scattering serves as a tool
netic radiation with a frequency, provides a staightfor- g probe both the spatidgthe coherence lengtfand the en-
ward_ way to probe the effects of interaction and disorder. ergy (the resonance frequency and the dampiitwracteris-

Itis well known, that free electrons reveal a plasma resotjcs of the collective excitations in disordered semiconduc-
nance at the frequenay,=\47e?N/m, wheree, N, andm  tors, where the Raman selection rules are relaxed resulting in
are the charge, the concentration and the mass of electrors specific asymmetry of the Raman lines associated with the
respectively. In perfect crystals the plasma oscillations haveollective excitation§:®
the form of plane waves spreading over the whole crystal In this paper we use the results obtained in Refs. 8 and 9
volume. Certainly, disorder should destroy the collectiveto study the collective reaction of electrons subjected to the
plasma oscillations reducing the coherency length of theandom potential of the semiconductor superlattices, where
plasmons and thus, giving rise to their localization. Howeverpoth the localization and the strength of the electron—
as it has been shown in Refs. 4 and 5, even in the presence eliectron interaction can be controlled by the growth. Here
disorder, at least part of the electrons will find resonancelisorder was introduced by a controlled random variation of
conditions adapting their phases and forming the coherentlthe well thicknesses, while the interaction was changed by
oscillating spatial clusters. As a result, the natural inhomothe different doping.
geneous broadening of a disordered system can be com- It was shown that, as predicted by the thebtyin the
pletely screened out by the dynamical many-patrticle interacpresence of disorder the interacting electrons form coherent
tion of the coherent electrons, causing a narrowing of theclusters with finite spatial extents. These clusters revealed an
spectral lines associated with the electron excitations. unexpected critical behavior with the variation of the tem-

Recently, the spectral properties of the strongly correlategierature and interaction similar to the critical behavior of the
3D disordered system have been considered in Ref. 6 whegpontaneously polarized domains in ferroelectrics. It was
similar results were obtained; namely, it was shown that théound that increasing disorder causes the decrease of the size
interaction causes the band narrowing and a redshift. of the coherent clusters accompanied by the increase in their

As it has been discussed in Refs. 1 and 2 the behavior dhhomogeneities.
the interacting electrons in the presence of disorder is deter- The paper is organized as follows. A theoretical analysis
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of the collective excitations in disordered semiconductor su-
perlattices and their contribution to Raman scattering is
briefly presented in Sec. Il. In Sec. Ill we describe the ex-
perimental details. The experimental results together with
their discussion are given in Sec. IV, while conclusions are
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outlined in Sec. V.

Il. THEORY

In the presence of disorder, collective excitations can be
represented as a superposition of plane waves with the wave

vectors distributed in a finite interval of the wave function

uncertaintysq. In this case, according to the model success-

fully used for the optical phonons in microcrystalline
silicon'® one can present the wave function in a form of a

Gaussian:
1 2r2
exp ——
Varle Lg

which means the effective localization [at<L.. Expand-
ing (1) in a Fourier integral we obtain

h(r)= (1)

lﬂ(r)=f d3q C(q)expiqr) 2
with

1
(2m)?

C(q)= fd3r y(ryexp(—iqr).

The values of the Fourier coefficien®q) can be calcu-
lated using(1):

= —2 qui)
= expg —

a w221, 8

As a result, the wave functiog(r) is represented as a

superposition of eigenfunctions of the type of 3D plane
waves with the wave vectorg distributed in the interval
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FIG. 1. Dispersions of the AlAs-type collective coupled
plasmon-LO phonon excitations calculated by RPA in the
(GaAs),/(AlAs) , superlattices with different electron densities.

worth reminding, that the localization lendth is associated
with the spatial extent of the wave function, whereas the
damping constankt’ is caused by the energy losses contrib-
utes to the relaxation process.

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

In the doped GaAs/AlGaAs superlattices here studied, the
Coulomb coupling between the plasmons and the LO
phonons give rise to three coupled collective plasmon-LO
phonon modes: a low-frequency acousticlike mode Y and
two high-frequency optic GaAs-typew() and AlAs-type
(w;) ones, respectively. The AlAs-type coupled modes were
shown to have an essentially plasmonlike character already
at rather low electron concentratiohsyhat allows them to
be easily analyzed; therefore, we focused our analysis to
these modes.

The dispersions of the, modes calculated by the ran-

|8q|=<1/L.. These eigenfunctions are weighted through thedom phase approximatidthe details can be found in Ref) 9

coefficientsC(q) according to a Gauss distribution. This im-
plies that the excitations with wave vectors in the above de
termined intervaléq can be excited by Raman scattering
(wheng=0) with the probabilityC(qg)|?. Then, the Raman
intensity can be written in the following forfh:

d3q
(@)~ | IC(a)f
=] lewl A QT+ (172
quﬁ) d’q
~ | f -
J o -5

(4)

where f(q) =[47/(q?+q3)]? is the screening correlation
function (hereqq is the screening wave vecjor

It is clear that the excitations allowed in the interval of
wave vectorssq will contribute to the Raman intensity at
frequencies determined by their dispersiang{q). It is

in the superlattices with different electron densities are plot-
ted in Fig. 1. As it was discussed above, all the collective
states distributed in a finite interval] contribute to the Ra-
man process in disordered superlattice. Depending on the
electron concentration and on the coherence length, this pro-
duces different widths of the asymmetrical Raman lines cal-
culated by(4), which are shown in Fig. 2. It is worth adding,
that as it is seen from Fig. 1, the parabolic approximation is
not valid at low electron densities for wave numbers very
close to the center of the Brillouin zone, where the frequency
approximates its own value at=0. Therefore, very differ-

ent widths of the Raman lines can result in similar values of
6q and, as a consequence, a similar valued pfcan be
obtained in the samples with different electron densities.

IIl. EXPERIMENT

In our previous papérwe explored the short period
(GaAs)AAlAs), superlattices(where the numbers denote
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the thicknesses of the corresponding layers expressed it the doped equivalent AlGa, gAs alloys[the alloy with
monolayers doped with Si. According to the calculations the same contents of Al as in the relevant (GaA#IAs),
made by the envelope function approximation, these supesuperlatticé In the following, we will use the nominal val-
lattices reveal a lowest broad miniband with a widtth  ues of the doping concentration of Si as the concentration of
~65 meV, while the unavoidable monolayer fluctuations ofelectrons. For relatively low doped superlatti¢dose with

the layer thicknesses produce fluctuations of the noninteracthe nominal doping concentration less thaw 0%¥cem 9)

ing electron energies distributed in the energy interval the Hall concentrations were smaller than the nominal ones,
~12 meV. The natural monolayer fluctuations result in thewhile in the heavily doped samples their difference was
electron localizatiort! Evidences of the electron localization found inside the experimental error. This difference is clearly
in the superlattices under investigation were obtained by thgﬁegrlgtt;[?ees H\‘;‘J:ﬂ?aﬁ‘] eprer?(?r?wti(ra]gl '”dz'gﬁ- 8 c%nn?:egntfrcz)irti(g\;]vg
measurements of the thermostimulated _cuﬁ?emnd the 7.&( 10om?® (Fig. 8 and 2.5¢ 10180m93 ?Fig. 9. In ad-
capacitancé® Such a localization is the intrinsic property of /- o , -

the superlattices and its strength should not be different fof/ition, @s it is seen from these figures, the mobility of elec-
the superlattices grown in the same conditions. Thereford™ONs was higher in the sample with higher doping level

we expect that at not very high doping levels different dop_vyhere the Fermi level is expected to lie above the fluctua-

ing will change the strength of the electron—electron interactions of the electron potential. The differences between the

tion, while fixing a strength of disorder. Certainly, heavy nc_)minal doping I?\,/?IS and the H.aII concentrations toggther
doping should result in an additional “impurity disorder.” with the low mobilities observed in low doped superlattices

In order to control the strength of disorder the are the additional evidences of localization.

(GaAs) (Al Gay 6AS)s Superlattices were prepared with a The back scattered Raman spectra were performed with a

fixed doping. The vertical disorder was produced by the con- Instruments S.A. T64000” triple grating spectrometer sup-

trolled random variation of the GaAs well thicknessesP!i€d with a CCD detector cooled by liquid nitrogen. The
around the nominal valuen=17 ML corresponding to a 5145 A line of an A laser was used for excitation. In order

Gauss distribution of the lowest levels of noninteractingto perform the measurements at different temperatures the

electrons forming the conduction miniband, while the barrierS@Mples were mounted in a “Janis CCS-150" closed circle
thicknesses were unchanged. The samples were grown BFlium cryostat. .
molecular beam epitaxy ofL00) oriented GaAs substrates. !N the superlattices, because of the conservation of the
In order to avoid the short-range in-plane fluctuations, thdnomenta in the Raman process, we probed the vertically
growth of the superlattices was interrupted for 20 s at thé®0larized coupled modes which have their origins in the in-
normal interface and for 3-5 s at the inverted one. The totalir‘f"m'”,'band plasmons. The data .obtamed n the ;uperlgttlces
number of 50 periods was grown. The strength of disordevith different electron concentrations and yv|th a fixed dlsc_>r-
was characterized by the disorder paramétets/W, where der were compared with those measureq in th_e superlattices
A is the full width at half-maximum of a Gauss distribution with various strength of disorder and with a fixed electron
of the energy of the noninteracting electrons calculated in thd€NSity-
isolated quantum well antV is the width of the nominal

miniband in the absence of disorder. In the above-mentioned
superlattices the monolayer fluctuations produte0.18. The typical Raman spectrum measured in the
The values of the dopings were calibrated during the growtl{GaAs),, (Al sGa, gAS)s superlattice with the disorder pa-

IV. RESULTS AND DISCUSSION
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FIG. 3. Raman spectra of the (GaA$hl Ga -AS)s Superlat- Raman shift cm’)

tice with the electron concentratidth=1.7x 10 cm™2 and the pa-
rameter of disordef=0.47 measured at=10 K. The dotted line
is the spectrum calculated as explained in the text.

FIG. 4. Raman spectra of the AlAs-type collective coupled ex-
citations measured at=10 K in the (GaAs)/(AIAs), superlat-
tices with different electron densities and a fixed disordér (
=0.18). The dotted lines show the calculated contributions of the
rameter 6=0.47 and the electron concentratioiN AlAs-type excitations.
=1.7x10®cm 3 is shown in Fig. 3 together with the spec-
trum calculated by Eq4). The lines due to the GaAs-type made according to the theory presented in Ref. 14, where the
optical phonons (LQ) and the AlAs-type ones (T£and the finite width of the miniband was taken into account.
interface modes Ifj together with the coupled plasmon-LO In the sample with the lowest doping N(
phonon collective modes were clearly detected. The different=5x10"cm™3) the AlAs-type optical mode presents a
characters of the coupled modes, the phononlike for thenostly phononlike character and it reveals a Lorentzian
GaAs-type one and the plasmonlike for the AlAs-type oneshape characterized by the homogeneous broadehing
are responsible for their different asymmetdesurther, we  =3.5cni . With the increase of the doping level, as a con-
present the data concerning the AlAs-type mode. sequence of the plasmon-LO phonon interaction, this line

Some selected Raman spectra of the GaAs/AlGaAs supeshifts to the high frequencies, increases in intensity, and its
lattices with a fixed disorder and different electron concenshape acquires a strong asymmetry. Meanwhile, the broad-
trations and with a fixed electron concentration and variecening I' rises with the increase of the electron density,
disorder are demonstrated in the frequency range of theaused by the increase of the disorder induced by the random
AlAs-type optical phonons in Figs. 4 and 5, respectively.
The formation of the strongly asymmetrical Raman lines as-
sociated with the collective coupled excitations in disordered
superlattices is clearly seen in these figures. The dotted lines |
present the results of the fittings using E4). The values of
the parameters determining the shapes of the relevant Raman
lines are collected in Figs. 6 and 7.

TO,+IF,

N=1.7x10" cm®

A. Dependence on electron densitystrength of interaction).
Fixed disorder

Raman intensity

The Raman spectra relevant to this case are shown in Fig.
4. The values of the broadenind§ the positions of the
AlAs-type plasmon-LO phonon Raman line$ and the val-
ues of the coherence lengths associated with the spatial
localization of the collective excitations, obtained by the fit-
ting of the intensities calculated by the expresdidnto the
experimental spectra, are plotted in Fig$a)66(c). For a
comparison, the dependence of the frequency of the AlAs-
type plasmon-LO phonon excitations at the center of the k|G, 5. Raman spectra of the AlAs-type collective coupled ex-
Brillouin zone on the electron concentration calculated forcjtations measured &t=10 K in the (GaAs),(Alq :Gay 7AS)s SU-
the case when the line shift is determined by the occupatioperlattices with different parameters of disorder and a fixed electron
of the miniband of the perfectly ordered superlattice isdensity (N=1.7x 108 cm™3). The dotted lines show the results of
shown in Fig. 6b) by the solid line. These calculations were the fitting.

Raman shift (cm™)
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60 allow an effective interaction between them. By increasing
o the electron densities, the cooperative behavior of the inter-
e 40 acting electrons becomes dominating, resulting in the forma-
f 20 tion of a strongly correlated electron plasma in the presence

of disorder, when the dynamical many-particle interaction
0 almost completely screens out the effects of the random po-
- tential fluctuations. As a consequence, the broadenlhgs
g S0 acquire the values very close to those found in the low-doped
e 450 samples. The line narrowing was observed at the critical
° electron densityN.=2.3x 10"8cm™3 corresponding to the
400 value of the ratio of the energy of the electron—electron in-
3807 teraction and the Fermi energy,=E../Er~0.2, which
—. 300 means a regime of intermediate interaction.
o< I . . . .
250 With a further increase of the doping, an ablrupt increase
N 20 of both the line broadening and the spectral line shift was
150 observed aN=4.0x10'8cm™3. At such high electron con-

centrations the impurity disorder becomes very strong; this
breaks down the correlation responsible for the line narrow-
ing and the collective excitations turn out to be strongly

FIG. 6. Dependencies of the damping constali}, (the fre-  damped. Now, the broadeninly dominates resulting in a
quency ; ), and the coherence length ) of the AlAs-type col-  symmetrical shape of the plasmon-LO phonon line, and its
lective plasmon-LO phonon excitations on the electron density,glue and the value of the characteristic frequeméyreturn
measured al =10 K in the (GaAs}/(AlAs), superlattices with & {5 those values relevant to a perfectly ordered superlattice
fixed disorder §=0.18). [see Figs. @) and Gb)].

A decrease of the coherence lengthwith the increase of
impurity potential, which acts as a reason for the scatteringhe electron concentration was observed in the samples with
of the plasmon-type excitations. However, a strong line narlow doping levels, where the electron—electron interaction is
rowing accompanied by a pronounced redshift was foundtill weak and the impurities are responsible for the spatial
beginning with the electron concentratiolN=2.5 limitation of the collective excitations. However, in the range
X 10¥cm 3. where the correlation effects were detectédte hatched ar-

According to the theory presented in Ref. 4—6 the cohereas in Fig. 6, L. reveals a tendency to increase—the effect
ent collective response of interacting localized electrons ipredicted in Refs. 1 and 2 for the interacting localized elec-
responsible for the observed spectral narrowing. At low electrons.
tron densities, the long distances between electrons do not The double data shown in Fig. 6 for some of the samples
(the closed and opened circlemean that the Raman lines

0 4 5 6
n

Electron concentration (10'°%cm™)

100 associated with the collective excitations could not be fitted
sof (a) ) o well with a single line calculated by formul@). This im-
~ el ¢ % © ° plies that the nonuniformity of the correlated clusters appear
5 ol o . when approximating the critical value of the electron density.
= ol * o° o
0 ' 2 — B. Dependence on the strength of disorder.
~ 475[ (b) 10 © o Fixed electron density
§ 4s0r o When the samples have a fixed density of electrons, the
] dispersion of the collective excitations calculated by the ran-
400 - %° oo o dom phase approximatiofRPA) is not changed from one
e B sample to another. Thus, the increase of the asymmetrical
]gg: broadening of the Raman lines observed with the increase of
oz 100} e ! the disorder(see Fig. 5 can be completely attributed to the
: gg 5% o o decrease of the corresponding coherence length. However,
N~ Osb ©) up to which strength of disordéand accompanying local-
. L % o0 | °® ization) the RPA is valid is not yet clear. Therefore, we in-

terpreted the values of the coherence lengths obtained in the
intentionally disordered superlattices as the “effective coher-

FIG. 7. Dependencies of the damping constar}, (the fre-  €Nce lengths” ().

quency 5 ), and the effective coherence lengttf() of the AlAs- The parameters characterizing the collective excitations of
type collective plasmon-LO phonon excitations on the parameter ofnterest are depicted in Fig. 7. Surprisingly, the effect of the
disorder measured &t=10 K in the (GaAs),(Al, Ga As)s su- line narrowing was found even with the alteration of disorder
perlattices with a fixed electron density € 1.7x 108 cm™3). aroundé=0.4. However, with the further increase of disor-

115311-5



YU. A. PUSEPet al. PHYSICAL REVIEW B 63 115311

5.0 120 = 450
: ] 55} o) @
45l @ o —> o NE (a) o [
S 1.8 — ~s
; ° o B3 50+ 4 14.40
§ a0 ooooooo... o 6 2 5 00, ® "é
o 35l o . g L, 45} . ° o 14.35 E‘
o} o 14.30 §
14 8 40,® 8
3.0 = = . . s
134 ® of1.68
- e00g000 ] 5 — 420t o .
£ 391f oo 32 "¢ e % 1.66
= o o {30 O G d 5
£} (b) ° o 2 AT (o) oo 1164
S 390} o o log T 5 PS o
[ ] ° =z 410¢ 11.62 =
12.6
: : ' : o} o °® 1.60
3601 405 - . - -
®
[ ] o0
L 350 ®*®ee_o —_ 2001 ¢ LT
~ ® o ot 180 L4
- ® et
° 160}
N 340} oo ° o
(©) ° 140} (C)
330 - s - s i
0 50 100 150 200 120 °*

0 50 100 150 200
Temperature (K)

Temperature (K)

FIG. 8. Temperature dependencies of the damping condfant (
the frequency @), and the coherence length ) of the AlAs- FIG. 9. Temperature dependencies of the damping consfant (
type collective plasmon-LO phonon excitations measured in thdéhe frequency @,), and the coherence length () of the AlAs-
(GaAs)AAlAs), superlattices with the electron densiti type collective plasmon-LO phonon excitations measured in the
=7.0x10"cm 2 (5=0.18). The electron mobilities and concen- (GaAs)/(AlAs), superlattices with the electron densiti
trations measured by Hall effect are shown by open circles. =2.5x10"cm ®(5=0.18). The electron mobilities and concen-
trations measured by Hall effect are shown by open circles.

der the shape of the Raman line again could not be fitted
with a single asymmetrical line; instead, the use of two ortemperature was caused by the decrease of the frequency of
three such lines were indispensable in order to reproducthe AlAs-type LO phonon and by the increase of the effec-
well the Raman line shape. This means that the coherenfve mass of electrons in the low and high electron density
clusters acquired nonuniformity separating in differentsamples, respectively. The electron concentrations and the
phases as disorder increased. The minimum and the maxhobilities measured by Hall effect are shown in Figs. 8 and
mum values of the parameters corresponding to these now- as well. They did not reveal drastic alterations with the
uniform phases are presented in Fig. 7 by closed and openggmperature as expected for the degenerated electron gas
circles, _respect|vely, while arrows point at which disorder the(which is the case of these superlattices
fsct)Lonndg increase of the nonuniformity of the clusters was  thg gependencies of the integral Raman intensities of the
. + + H

It seems to be natural to analyze the effect of disordeﬁia'a‘s'tyloe @1)Iatr,:.d AIAs-ty[I)ett@é) rrllzqdeslgn_ezfzsurf: " to-
comparing the energy of disorddr with the energy of the € same superiattices are plottec in Figs. - [he inte
relevant collective excitations. Then, the complete screenin ral mtensn!es have a meaning of the number of collective
of the disorder potential should occurfai, > A, while in tates contrlb_utlng to _the R?‘m_a” process. Th_erefore, the de-
the opposite case the correlation will be frustrated by disortT€ase of the integral Intensity IS associated V.V'th the destruc-
der. This indeed was observed in the experiment: the corrdlOn Of the coherently oscillating clusters, which takes place
lation effects(the Raman line narrowingsvere found in the &t the critical temperature. .

disordered superlattices with the rafie, /A~5. In the §Up%fgattice with the lowest electron density (
=7.0x10"cm ®) the integral intensity of the GaAs-type

coupled mode revealed a strong temperature dependence,
C. Influence of the temperature while the AlAs-type mode presented only a weak variation
The effects of the temperature on the collective excitaWith the temperature. Meanwhile, in the superlattice with the
tions in the disordered superlattices are shown in Figs. 8—1higher electron concentrationNE 2.5x 10"cm™3)  the
As it is demonstrated in Figs. 8 and 9, the temperature almogtaAs-type mode was unchanged, while the integral intensi-
did not influenced the AlAs-type collective excitations in the ties of the AlAs-type one strongly decreased with the tem-
superlattices with low electron densities, while significantperature. The integral intensity of the GaAs LO phonon line
temperature effects were found in the highly doped oness shown in both figures as a reference; as expected it did not
The redshift of thew, frequency with the increase of the reveal a significant dependence on the temperature.
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FIG. 10. Temperature dependencies of the integral intensities of FIG. 12. Temperaturg deper?dencies of the integral intensities of
the Raman lines associated with the GaAs-tyzpp mode (open the Raman lines associated with the AIAs-.tytpé’ mode(closeq
circles, the AlAs-typew, mode(closed circley and the GaAs LO circles and the GaAs LO phonofopened trianglgsmeasured in

phonon(opened triangléameasured in the (GaAsJ AIAS) , super- the (GaAs),(Aly :Ga, ;AS)g superlattices with the electron concen-

: — 8 —3 —
lattices with the electron concentratioN=7.0x10"cm 3(s  tation N=1.7<10"cm™* and §=0.47.

=0.18). like one. This explains the different temperature effects on

In accordance with the results obtained in Ref. 9 theboth the modes in differently doped superlattices: the de-

GaAs-type and the AlAs-type modes change their charactey€ase of the integral intensity with the increase of the tem-
with the alteration of the e%ectron density: they have a Iolas_perature associated with the destruction of the coherent clus-

monlike and a phononlike character, respectively, in th fers, which are Of. electronipot phongn)l origin, takes place
samples with low electron densities, while the character o orlzhat motcée \gg.'Ch Tﬁsta pl_ilsfn:lcmllki cha{ﬁcter. .
these modes changes completely in the high electron densi'E}/f th(las dvz\;(t)e; rzse:wrlg,d inaFiaSsl 18 ;r:,(\gsl {0':;]8 ;ig(c)g?::qszr;a—
limit, when the GaAs-type mode acquires a phononlike charf T d P q the d gs. level th ' h i "I)I i-
acter, while the AlAs-type mode becomes mostly a plasmon.—ure c depends on the doping level. the coherently oscilla
ing clusters started to disappear at lower temperatures in the

higher doped superlattices; the weakest effect of the tempera-

2 200001 e ‘ T tu.re on thg integral iptensity was foynd.in the superlattices

< . ¢ with the h|gh(_est doping levelshown in Fig. 11 by crosses

P " + \  N=25x10"cm® and stars This shows.an accumula'tlve effect of b_oth the

s': 15000 - 2 0\ 5=0.18 temperature and the _d_lsorder potential. A stronger mﬂgence

£ ® of disorder on the critical temperature was observed in the

8 \q intentionally disordered superlattices, where a rapid decrease

E ® of T with the increasing disorder parametewas found. As

S 10000 - e i .

g \ it is presented in Fig. 12, the critical temperature could not

£ °\ be detected already @&t=0.47.

= N Finally, we would like to emphasize similarities between

g 5000 Xx . the coherently oscillating clusters observed in this study and

= W, & xx\, the spontaneously polarized domains in spatially random fer-

LYV S AR roelectrics. The analogy begins with the similar asymmetri-

OrLO(GaAs) 007900 © cal shape of the Raman lines found in both systems, disor-

dered doped superlattices and doped highly polarizable
ferroelectric crystals. In the later case the observed asymme-
try is associated with the spatial extent of the dynamic clus-

FIG. 11. Temperature dependencies of the integral intensities J€rS_responsible for the polarization. Both systems reveal
the Raman lines associated with the GaAs-type mode (open  Similar temperature dependencies of the integrated Raman
circles, the AlAs-typew; mode(closed circlel and the GaAs LO  intensity showing a critical behavidthe data on ferroelec-
phonon(opened trianglésmeasured in the (GaAg)AlAs) , super-  trics can be fpund in Ref. 15Th_e eX|stence_of ferroelectric
lattices (3=0.18) with the electron concentrationN order in spatially disordered dipolar materials has been re-
=2.5x10%cm 3. Crosses and stars show the integral intensities ofcently established in Ref. 16. It was theoretically shown that
the AlAs-type mode measured in the superlattices with despite the strong frustration present in random systems,
=4.,0x10%¥cm 2 andN=6.0x 10"8cm™3, respectively. long-range ferroelectric order is possible above a critical

0 50 100 150 200
Temperature (K)
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electron density/ From this point of view, the observed lating clusters in the disordered superlattices. Theyiathe
abrupt alterations of the frequency and damping associateabrupt narrowing and redshift of the Raman lines associated
with the collective excitations could point out to the sponta-with the formation of the strongly correlated collective state
neous formation of the strongly correlated dynamic clustersat a critical electron density, which returns again to the un-
(in close analogy with the ferroelectric highly polarized do- correlated state with the increase of disordgj,the critical
maing, which takes place at a critical electron density intemperature behavior of the integral Raman intensity pointed
disordered superlattices. In this case, the coherence lengtbsit to the temperature destruction of the coherent clusters,
(more precisely, B.) obtained here could be associated withand (iii) the decrease of the critical temperatdiewith the

the size of the coherent clusters. Certainly, the fundamentahcrease of the strength of disord@aused either by impu-
difference between the ferroelectric domains and the coherities or by the random variation of the layer thicknegses
ently oscillating clusters found in the disordered superlatticesttributed to the destruction of the clusters with the increas-
is in the parameters of the order—the electric polarization iring disorder.

ferroelectrics and the phase of the oscillations of the local- Based on the results obtained in the study presented here,

ized electrons in the disordered superlattices. we are able to state a scenario of the behavior of the inter-
acting electrons in the presence of disorder. In a perfectly
V. CONCLUSIONS ordered electron system, electrons reveal the collective

o ) plasma oscillations spreading over the whole crystal in the
Thus, e can state that qualitative agreements with théyrm of plane waves. With increasing disorder at least part of
theories**~® were found; however, abrupt alterations of the electrons form strongly correlated collective states in the
both the damping and the line shift, which were not theoretitorm of spatial clusters, supporting the plasma oscillations.
cally predicted, were indeed observed in the experimentyith further increase of disordefeither produced by the
These abrupt changes probably evidence phase transitions dgyyctural random potential or by the temperatane coher-
the state of the electron plasma in the disordered mattepnty oscillating clusters disappear. The only single electron
caused by the formation of a strongly correlated plasma statgtes forming a random electron system can be found when
in the form of coherently polarized dynamic clusters. Theextremely strong disorder is attained.
formation of such dynamic clusters is clearly observed in the
temperature behavior of the integral intensities of the Raman ACKNOWLEDGMENTS
lines associated with the coupled collective modes, which are
proportional to the number of coherent excitations contribut- The financial support from FAPESP is gratefully ac-
ing to the Raman process. knowledged. We also are grateful to S. Y. Pusep for the help
To conclude, we would like to outline the mostly essentialin the computer calculations and to A. J. Chiquito for the
arguments testifying to the formation of the coherently oscil-electrical measurements.
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