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Quantum interference in intentionally disordered doped GaAsÕAl xGa1ÀxAs superlattices
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The processes of quantum interference are studied in intentionally disordered doped short-period
GaAs/AlxGa12xAs superlattices where the conductivity can be controlled by the artificial disorder. We found
that the usual formula for the weak localization correction to the classical conductivity of superlattices obtained
in the propagative Fermi-surface approximation@W. Szott, C. Jedrzejek, and W.P. Kirk, Phys. Rev. Lett.63,
1980 ~1989!# does not allow to one explain the observed negative magnetoresistance. An excelent agreement
was obtained between our results and recently published calculations of the quantum interference correction to
the conductivity of the strongly disordered superlattices, where the transport regime corresponding to the
diffusive Fermi surface was considered@A. Cassam-Chenai and D. Mailly, Phys. Rev. B52, 1984~1995!#. We
found a tendency toward a propagative regime with an increase of the electron concentration, when the
influence of disorder was weakened. The decrease of the dephasing of the electron wave function was observed
with an increase of both the doping concentration and the disorder strength. The observed temperature depen-
dence of the dephasing time manifested that the process of the dephasing is modified in the presence of strong
disorder.
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I. INTRODUCTION

Quantum interference corrections to conductivity caus
negative magnetoresistance of weakly disorde
semiconductors.1,2 In such materials transport is accomp
nied by the quantum interference between the electron w
functions, which is known as a weak localization of ele
trons. Weak-localization corrections determine the mag
toresistance in weak magnetic fieldsvct!1, when the
electron-electron interaction can be neglected.3 Disorder
plays a considerable role in the weak localization, provid
two coherent scattering processes that contribute to the q
tum interference. Early perturbative theories of weak loc
ization were developed in the limit of weak disorder,4 when
the mean free path of electron (l) is much larger than the
Fermi wavelength, i.e.,kFl@1, wherekF is the Fermi mo-
mentum. As mentioned in Refs. 5 and 6, in the case of str
disorder the quantum corrections to the conductivity beco
even more relevant. At high disorder, whenkFl&1, different
approaches were used to account for the quantum inte
ence. In the first publication7 the interference effects wer
considered among various paths associated with hopping
tween localized sites; then a negative magnetoresistance
ear in the magnetic field was obtained. A theory of the m
netoresistance in the variable-range-hopping reg
employing the critical percolation path picture yielded t
quadratic field dependence.8 More recent calculations, base
on a self-consistent approach of Anderson localization,
vealed a similar quadratic dependence for small magn
fields.6,9–11

In the presence of strong localization and in the regime
the variable-range hopping the negative magnetoresist
associated with the quantum interference effects was
served in highly disordered In2O32x films5,12 and in compen-
sated GaAs.13 The publications relevant to the experimen
0163-1829/2002/66~3!/035323~7!/$20.00 66 0353
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study of weak localization in doped semiconductors can a
be found in Refs. 14 and 15. It is clear that quantum int
ference depends on both electron density and disorder. H
ever, in doped semiconductors, where disorder is produ
by a random impurity potential, a variation of disorder
always accompanied by a corresponding variation of
electron concentration. Therefore, in this case a car
analysis of the temperature and magnetic-field dependen
of the conductivity are indispensable in order to separate
effects of the interaction and disorder on the quant
interference.16,17 On the other hand, semiconductor superl
tices present an electron system where disorder can be
trolled independently of the electron concentration. In t
so-called intentionally disordered superlattices firstly cons
ered in Ref. 18, disorder is introduced during the growth
a random variation of the periodicity. At not very high do
ing concentrations this artificial disorder can dominate
disorder due to impurities. In this case the disorder stren
can be completely controlled by a superlattice structu
while impurities supply the carriers. In such electron syste
the weak localization can be studied in a wide range of d
order strengths—from almost perfectly ordered superlattic
where the transport is due to the extended electron state
structures where the strong disorder induces spatially lo
ized electron levels. The first observation of the electron
calization in the intentionally disordered GaAs/AlxGa12xAs
superlattices was presented in Ref. 19.

Weak-localization corrections to the conductivity of th
disordered semiconductor superlattices were recently con
ered in Ref. 20 in two limits: a strong disorder along t
growth directionz, when tzt,\ ~where tz is the coupling
energy alongz and t is the elastic scattering time!, and a
weak scattering withtzt.\. In both cases a weak in-plan
disorder (EFt@\) was supposed. In the first case an ele
tron experiences many scatterings before leaving a la
©2002 The American Physical Society23-1
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This is the diffusive Fermi-surface~DFS! regime, opposite to
the second case of the weak scattering regime characte
by the usual propagative Fermi surface~PFS!. It was shown
that the strong vertical disorder modifies the parallel tra
port resulting in a very different shape of the magnetoc
ductivity caused by the quantum corrections than that
corresponding to the PFS regime.

In the regime of the propagative Fermi surface the we
localization effects were studied in the GaAs/AlxGa12xAs
superlattices in Refs. 21 and 22, while the anisotropy of
negative magnetoresistance was investigated in relati
high doped GaAs/AlxGa12xAs superlattices in a regim
close to the DFS one in Ref. 23.

Intentionally disordered superlattices, where disorde
introduced by a controlled random variation of well thic
nesses, are excellent candidates to model the electron sy
considered in Ref. 20 and thus, to study the effects of
vertical disorder on the parallel transport. In such super
tices the disorder reveals the anisotropic character when
electrons can be localized along the growth direction, wh
moving freely in the plane of the wells.

In this paper we explore the weak localization in inte
tionally disordered short-period doped GaAs/AlxGa12xAs
superlattices in wide ranges of the disorder strengths
doping levels. In all the samples we found the characteri
features of the DFS regime with a tendency toward the P
one observed with the increase of the electron density.

The paper is organized as follows. The theory is cons
ered in Sec. II. The electronic properties of the samples
characterized in Sec. III. The experimental results and
cussion are given in Sec. IV, while conclusions are outlin
in Sec.V.

II. THEORY

Following Ref. 20, we will consider the transport prope
ties of a superlattice in a weak-field regime (vct!1). The
vertical motion~parallel to the growth direction! is coherent
when the elastic timet@\/tz . On the other hand, the cohe
ent motion breaks down whent!\/tz , which corresponds
to a localization of an electron on a length scale smaller t
the period of a superlattice. In the first case the electr
propagatively move in a coherent band, and the use o
quasiclassical formalism is justified. However, in the seco
case the electron transport may occur as a hopping pro
between the neighboring wells, which is a diffusive proce
In the later case the broadening of the Fermi surface al
the z direction is larger than the width of the energy disp
sion tz . Consequently, one distinguishes two regimes:
regime of the propagative Fermi surface and the reg
when the Fermi surface becomes diffusive—the DFS one
the regime of a PFS a formula for the quantum correction
the classical conductivity was obtained,24

ds i~H !2ds i~0!5
e2

2p2\ l H

aF~d!, ~1!

where l H5A\/eH is the magnetic length,a5AD i /Dz is
the coefficient of the anisotropy,D i and Dz are the diffu-
03532
ed

-
-
e

k

e
ly

is

tem
e
t-
he
e

-

d
ic
S

-
re
s-
d

n
s
a
d
ss
.
g

-
e
e
In
o

sion coefficients parallel and perpendicular to the lay
respectively, F(d)5(n50

` 2@(n111d)1/22(n1d)1/2#
2(n1 1

2 1d)21/2 is the Kawabata function25 with d
5 l H

2 /4Ditw , andtw is the electron wave-function dephasin
time.

In the case of a strongly DFS another formula w
obtained,20

ds i~H !2ds i~0!52
e2

2p2\dSL

F~d,d8!, ~2!

wheredSL is the period of a superlattice,

F~d,d8!5 (
n50

` 1

An1
1

2
1dAn1

1

2
1d8

22 ln~An111d1An111d8!12 ln~An1d

1An1d8!,

with

d85
l H
2

4Di S 1

tw
12

tz
2t

\2 D .

The essential difference between Eqs.~1! and~2! is in the
prefactors multiplying the functionsF(d) and F(d,d8). It
includes the magnetic lengthl H or the superlattice perioddSL
in the PFS or DFS regimes, respectively. This produces v
different shapes of the weak-localization magnetoresista
in both regimes, as shown in Fig. 1, where the wea
localization corrections were calculated with different p

FIG. 1. Quantum corrections to the classical conductivity cal
lated in two transport regimes~PFS and DFS! according to Eqs.~1!
and ~2!, with different valuesD itw .
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QUANTUM INTERFERENCE IN INTENTIONALLY . . . PHYSICAL REVIEW B66, 035323 ~2002!
rametersD itw entering Eqs.~1! and~2!. Contrary to the PFS
regime, the magnetoresistance calculated in the DFS reg
reveals a much stronger dependence at very weak mag
fields with a tendency to saturate with the increase of
magnetic field.

In the presence of vertical localization the coupling e
ergy tz is replaced by the tunneling rate. Estimates show t
in this case 1/tw@2(tz

2t/\2), and therefore a good approx
mation isd8'd.

III. CHARACTERIZATION OF THE SAMPLES

In order to control the disorder strength, th
(GaAs)m(Al0.3Ga0.6As)6 :Si superlattices were prepared wi
a fixed doping. The vertical disorder was produced by a c
trolled random variation of the GaAs well thickness
around the nominal valuem517 ML, corresponding to a
Gaussian distribution of the lowest levels of noninteract
electrons forming the conduction miniband. The barr
thicknesses were unchanged.

According to the calculations made by the Kronig-Penn
model including the potential nonparabolicity, the width
the lowest G miniband of the nominal superlattic
(GaAs)17(Al0.3Ga0.6As)6 is W555 meV. The doping con-
centrations were chosen in order to obtain the samples w
partial occupation of the miniband (EF532 meV at N
56.031017 cm23) and with a completely full miniband
(EF552 meV atN51.731017 cm23). The samples were
grown by molecular beam epitaxy on~100!-oriented GaAs
substrates. In order to avoid the short-range in-plane fluc
tions, the growth of the superlattices was interrupted for
sec at the normal interface and for 3–5 sec at the inve
one. The total number of 50 periods was grown. The disor
strength was uniquely characterized by the disorder par
eterd5D/W, whereD is the full width at half maximum of
a Gaussian distribution of the electron energy calculated
the isolated quantum well, andW is the miniband width of
the nominal superlattice in the absence of disorder. Eve
the nominal superlattices the unavoidable monolayer fluc
tions produce the vertical disorder strengthd'0.18. One ex-
pect that atd.1 majority of the electrons moving in th
miniband perpendicular to the layers should be localiz
The localization of the vertically moving electrons was d
tected in the studied here superlattices by Raman scatter
Ref. 26.

The samples were patterned into Hall bars prepared
standard lithography and chemical etching. The Ohmic c
tacts were fabricated by depositing an Au-Ge-Ni alloy.
conventional ac four-probe method was used to measure
sistivity. The values of the Hall in-plane mobilities measur
at T54.2 K were found in the interval from 600 t
1500 cm2/V s, which results in the valueskFl'3 –9. This
implies in a quasi-metallic character of the in-plane cond
tivity, as supposed in Ref. 20. The parallel magnetoresista
measurements were performed in the ‘‘Oxford Instrumen
superconducting magnet system atT51.7 K. The magnetic
field was directed along the growth direction~z! of the su-
perlattices.
03532
e
tic
e

-
at

-

g
r

y

a

a-
0
d

er
-

in

in
a-

.
-
in

y
-

re-

-
ce
’’

IV. RESULTS AND DISCUSSION

The magnetoresistances measured in the intentionally
ordered GaAs/AlxGa12xAs superlattices with different dop
ing concentrations and disorder strengths are shown for s
of the samples in Figs. 2 and 3. The observed symmetry
the low-field negative magnetoresistance caused by the q
tum interference, shown in the insertion in Fig. 2~a! for one
of the superlattices with the highest disorder strength, give
proof of the macroscopic in-plane homogeneity of t
samples.27

In the all here studied superlattices we found the b
agreement with the magnetoresistance calculated in a
regime @Eq. ~1!# than in a PFS one@Eq. ~2!#. The depen-
dences calculated for a PFS regime shown in Fig. 2~b! were
fitted in the low-field range and then extrapolated to the h
magnetic fields. As it was mentioned in Sec. II, the observ
difference in the magnetoresistance mainly comes from
prefactor of Eqs.~1! and~2!. In the PFS regime it depends o
the magnetic field through the magnetic lengthl H , while in
the case of strong disorder the magnetic length is substit

FIG. 2. Magnetoresistances measured in the disorde
GaAs/AlxGa12xAs superlattices with a fixed doping concentratio
N56.031017 cm23 and different disorder strengths. A compariso
is shown with the magnetoresistance calculated in a DFS~a! and in
a PFS~b! transport regimes~dashed lines!. The inset shows the
magnetoresistance measured in the magnetic fields of the opp
orientations.
3-3
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CHIQUITO, PUSEP, GUSEV, AND TOROPOV PHYSICAL REVIEW B66, 035323 ~2002!
by the superlattice perioddSL . Therefore, the magnetoresi
tance of the strongly disordered superlattices is comple
associated with the functionF(d,d8).

It is clear that the effect of disorder on the magnetore
tance should decrease with increasing electron density.
is because with the increase of the electron concentra
when EF.D, the condition\/t.tz changes to\/t,tz .
Therefore, we expect that an increase of the electron con
tration should result in a transition from a DFS regime to
PFS one. As a consequence, the magnetoresistance mea
in the highly doped disordered superlattices, instead follo
ing the magnetoresistance calculated with Eq.~2!, should
approximate the value calculated according to Eq.~1!. In-
deed, as is shown in Fig. 3~b!, the better fitting of the calcu
lated according to the PFS formula magnetoresistance ca
obtained with increasing electron concentration, while
improvement of the fitting made by the PFS formula w
obtained with the variation of the disorder strength@Fig.
2~b!#. The inset to Fig. 3~b! exhibits the values of the coef
ficient of determination thus far achieved during the lea
squares fitting (r 2), which significantly increases with th

FIG. 3. Magnetoresistances measured in the disorde
GaAs/AlxGa12xAs superlattices with a fixed disorder strengthd
50.18 and different doping concentrations. A comparison is sho
with the magnetoresistance calculated in DFS~a! and PFS~b! trans-
port regimes~dashed lines!. The insets show the concentration d
pendence of the coefficient of determination thus far achieved
ing the least-squares fitting (r 2).
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concentration showing the improvement of the fitting. Co
versely, good fittings obtained with the DFS formula for a
the samples independently of the concentration are dem
strated in the inset to Fig. 3~a!. A better suitability of Eq.~1!
in highly doped superlattices is also presented in Fig.
where the differences between the measured magnetor
tances and the magnetoresistances calculated accordin
the PFS formula revealed clear decrease with increasing
centration.

The ratios of the relative resistivities calculated in a P
regime atB51 T to the lateral resistivities measured at t
same magnetic field (rPFS/rexpt) presented in Fig. 5 again
show a better accordance between them obtained with
increase of the electron concentration@Fig. 5~a!#. While, an
opposite behavior of the ratiosrPFS/rexpt revealed the slight
enhancement of the disagreement between the PFS for
and the experimental data with increasing disorder@Fig.
5~b!#.

It is worth mentioning that the differences between t
measured magnetoresistances and that ones calculate
cording to the formula for a PFS regime@Eq. ~2!#, which are
plotted in Fig. 4, do not reveal a quadratic dependence
therefore, cannot be assigned to the contribution of the p
tive classical magnetoresistance. Thus we concluded tha
DFS transport regime was undoubtedly found in all the lo
doped disordered superlattices under investigation with
signatures of the PFS regime. In highly doped superlatti

d

n

r-

FIG. 4. Differences between the magnetoresistances meas
in the differently doped superlattices (GaAs)17(Al0.3Ga0.7As)6 with
d50.18 and the magnetoresistances calculated in a PFS reg
The dashed line shows the quadratic field dependence (C is the
constant!.
3-4
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QUANTUM INTERFERENCE IN INTENTIONALLY . . . PHYSICAL REVIEW B66, 035323 ~2002!
with relatively weak disorder, a tendency to the PFS regi
was observed.

It also ought to be stressed that calculations of the qu
tum correction to the classical conductivity in the hoppi
conductivity regime, mentioned in Sec. I, yield a quadra
dependence for small magnetic fields, which does not
count for the negative magnetoresistance observed h
Probably, this is caused by different characters of conduc
ties: the variable-range hopping transport considered in R
6, 8, and 11 and the quasimetallic in-plane conductiv
found in the studied here disordered doped superlattices

The fitting of the magnetoresistance calculated in the D
regime@Eq. ~2! with d8'd, as explained in the end of Se
II # to the experimental curves allowed us to obtain the de
herence time (tw). The weak-localization parametersD itw

corresponding to the best fitting were used to extracttw

when the diffusion coefficientD i was determined by the
measurements of the resistivityrxx according to the Einstein
relation for the degenerate electron gas. The values of
decoherence time measured as a function of the diso
strength and the doping concentration are shown in Figs.~a!

FIG. 5. Ratios of the relative resistivities calculated in a P
regime atB51 T (rPFS) to the relative resistivities measured
the same magnetic field (rexpt), obtained in the superlattices with
fixed disorder (d50.18) and different doping concentrations~a!
and with fixed doping concentration (N56.031017 cm23) and
various disorder strengths~b!.
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and 6~b!. It is worth mentioning, that according to Ref. 2
expressions~1! and~2! obtained in the diffusion approxima
tion overestimate the value of the weak-localization corr
tion and therefore, the true values of the dephasing time
expected to be somewhat smaller than those obtained by
fitting. However, the qualitative behavior of the dephasi
time will not change by this systematic error.

Usually, two contributions to the electron wave-functio
dephasing are considered: one due to the electron-elec
interaction (tee) and another one due to the electron-phon
interaction (tph).

14,15However, as is known, at low tempera
tures the electron-electron interaction produces the domin
contribution to the electron wave-function dephasing in
superlattices~see Ref. 29, and references therein!. In accor-
dance with Ref. 30, the rate of the electron-electron co
sions depends on the value of momentum transfer. In
case of small momentum transferk!ks ~where ks is the
inverse screening length!,

\

tee,S
5S kBT

kFl D 3/2 A3

4AEF

, ~3!

FIG. 6. Dephasing times obtained by the fitting of the mag
toresistance calculated in the DFS regime to the experimental m
netoresistances measured in the superlattices with a fixed diso
(d50.18) and different doping concentrations:~a! and with fixed
doping concentrations (N56.031017 and 1.731018 cm23) and
various disorder strengths~b!. Open circles in~a! show the values
of the electron mean free paths (l) obtained by means of the con
ductivity measurements.
3-5
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while processes with a large momentum transfer yield a s
tering rate

\

tee,L
5

~kBT!2

\EF

ks

kF
. ~4!

As follows from these expressions, the increase of
electron density should result in an increase of the depha
time. Conversely, our experimental data presented in
6~a! exhibit the decrease of the dephasing time with an
crease of the doping concentration. The observed decrea
the dephasing time can be associated with the dominan
crease of the mean free path in Eq.~4! with doping. The
values of the electron mean free paths obtained by mean
the parallel conductivity measurements, which are shown
Fig. 6~a! by open circles, indeed reveal a decrease with
increase of the doping. This shows that in weakly disorde
superlattices collisions with small momentum transf
dominate. The same processes with the small momen
transfer probably govern the dependence of the depha
time with the disorder strength found in the low-doped s
perlattices@closed circles in Fig. 6~b!#, where the electron
density is fixed while the mean free path decreases with
creasing disorder. With an increase of the electron density
screening effects become stronger, resulting in a limitation
the momentum transfers. Therefore, the collisions with
large momentum transfer mainly contribute to the electr
electron scattering rate in the highly doped disordered su
lattices where, according to Eq.~4!, the dephasing time de
pends only on the electron concentration and the tempera
which were fixed; therefore,tee,L should not be influenced
by disorder.

The temperature dependence of the magnetoresist
measured in the studied superlattices is shown in Fig. 7.
excellent accordance between the experimental data an

FIG. 7. Relative magnetoresistances measured at various
peratures in the superlattices (GaAs)17(Al0.3Ga0.7As)6 with the
electron concentrationN56.031017 cm23 and the disorder
strengthd50.18. The dashed lines were calculated in the DFS
gime.
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magnetoresistance calculated in the DFS regime@Eq. ~2!#
was found up to rather high temperatures. The values of
dephasing timetw obtained at different temperatures by th
fitting of the calculated magnetoresistance to the measu
one are plotted in Fig. 8. At such temperatures the electr
electron interaction is expected to dominate in the depha
process, yielding power dependencies~4! and ~5! of the
dephasing time on the temperature predicted theoreticall
Ref. 30. In the relevant temperature range~between 1 and 10
K! the dependence corresponding to the small momen
transfers @Eq. ~4!# was found in the regular
GaAs/AlxGa12xAs superlattices in Ref. 29. Our data do n
clearly reveal such a power dependence; this implies that
dephasing processes in the presence of the strong loca
tion and without it are probably different. The dependence
the dephasing time corresponding to Eq.~4! is shown in Fig.
8 as a reference.

We would like to point out that the effects of the diffusiv
Fermi surface observed here can influence the quantum
terference even in the nominally regular superlattices wh
either the monolayer fluctuations or the interface roug
nesses may provide the disorder. It is not clear whethe
not such effects could be found in the superlattices studie
Ref. 29, where the measurements were presented in
weak magnetic fields. An indication of the discrepancy b
tween the experiment and the theory can be found in Ref.
where the magnetoresistance of the short-period superlat
was studied in the magnetic fields up to 1 T.

Finally, we would like to discuss briefly a problem of th
electron-electron interaction. An exhaustive analysis of
contributions from the interaction corrections to the cond
tivity of the superlattices was performed in Ref. 29. It w
demonstrated that the electron-electron interaction effe
cannot account for the negative magnetoresistance in su
lattices at magnetic fields much lower than the elastic fi

m-

-

FIG. 8. Temperature dependencies of the dephasing timetw

measured in the disordered superlattices (GaAs)m(Al0.3Ga0.7As)6

with the electron concentration 6.031017 cm23 and with different
disorder strengthsd50.18 ~open circles! and d51.05 ~closed
circles!.
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QUANTUM INTERFERENCE IN INTENTIONALLY . . . PHYSICAL REVIEW B66, 035323 ~2002!
Be5\/4eDite , which in our case of the low-mobility
samples is estimated to be equal to 7–12 T. A relatively sm
positive magnetoresistance superimposed on a large neg
magnetoresistance can stem from the spin effects at fi
much higher thanBs5kT/g* mB , which is around 0.1 T in
our case, while the orbital effects result in an insignifica
contribution at low temperatures. Therefore, in the here s
ied superlattices we do not expect an appreciable influenc
the electron-electron interaction effects to the measu
negative magnetoresistance.

V. CONCLUSIONS

The processes of weak localization were studied in
intentionally disordered doped short-period GaA
Al xGa12xAs superlattices where the disorder strength a
the electron density can be controlled independently. T
different transport regimes were considered: the regime
weak disorder characterized by the propagative Fermi
face and the regime of strong disorder with the correspo
ing diffusive Fermi surface. For the low-doped disorder
superlattices we found the diffusive transport regime, whil
tendency to the propagative regime was observed with
a

dn

v,
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increase of the electron concentration. This result manife
to itself in the influence of the vertical disorder on the qua
tum corrections to the in-plane conductivity of the semico
ductor superlattices predicted in Ref. 20.

The decrease of the dephasing of the electron wa
function was observed with the increase of both the dop
concentration and the disorder strength, which suggests
importance of the electron-electron collisions with small m
mentum transfer. We did not find any significant influence
disorder on the dephasing process in the heavily doped
perlattices, where the Fermi energy exceeded the ran
potential fluctuations. The temperature dependence of
dephasing time implies that the dephasing process obse
in disordered GaAs/AlxGa12xAs superlattices is differen
from that found in regular superlattices.
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