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Positive magnetoresistance and hole-hole scattering in GaAs/Al0.5Ga0.5As heterostructures
under uniaxial compression
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Resistance, magnetoresistance, and their temperature dependencies have been investigated in the two-
dimensional hole gas at a@001# p-type GaAs/Al0.5Ga0.5As heterointerface under@110# uniaxial compression in
the range of low and intermediate magnetic fields. Analysis performed in the frame of hole-hole scattering
between carriers in the two subbands of the spin split ground heavy hole state indicates that hole-hole scatter-
ing is strongly suppressed by uniaxial compression. The value of the parametera, which determines the mutual
hole-hole friction coefficienth5aT2 reveals three times decrease under uniaxial compression 1.3 kbar.
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I. INTRODUCTION

In the middle of the eighties, when a successful growth
perfect modulation-dopedp-type GaAs/AlxGa12xAs hetero-
structures initiated an intensive study of two-dimensio
~2D! hole systems, a strong positive magnetoresistance o
holes confined in an asymmetric triangular quantum w
~QW! was observed in the region of low-magnetic fields1,2

The lack of inversion symmetry in a QW of this kind caus
lifting of the spin degeneracy of the hole states atkÞ0, i.e.,
splitting into two non-spin-degenerate subbands with diff
ent effective masses, sticking each other atk50.3 In this
connection in the 2D-hole systems, with the two subband
the spin split ground heavy hole states being occupied,
effect of positive magnetoresistance seemed to be assoc
with two-band carrier conductivity,1,2 although its strong
temperature dependence remained to be a puzzle. Rece
it was found4 that this puzzle can be successfully remov
for p-type GaAs/AlxGa12xAs heterostructures by using th
model of temperature-dependent mutual scattering of
holes ~hole-hole scattering! in the two non-spin-degenerat
subbands, which we refer below as spin subbands.

In the present paper we report on the resistance, ma
toresistance, and their temperature dependencies in the
hole gas at ap-type GaAs/Al0.5Ga0.5As heterointerface in the
low and intermediate magnetic-field range under uniax
compression. Shubnikov–de Haas~SdH! oscillations and
Hall effect were also studied in magnetic fields up to 3.5 T
order to determine the carrier concentrations. We analy
these data in the frame of the simple isotropic two-ba
model with hole-hole (h-h) scattering as it was done in Re
4 and found, thath-h scattering mechanism is strongly su
pressed by uniaxial compression.

II. EXPERIMENTAL RESULTS

The samples have been processed in the same way
from the same wafer as the ones reported on in Refs. 5 an
PRB 590163-1829/99/59~3!/2376~7!/$15.00
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where the emphasis was put on the range of high magn
fields, and where uniaxial pressure dependence of the e
tive massm1 as well as the carrier concentrationsn0 andn1
in the two spin subbands ‘‘0’’ and ‘‘1’’ were obtained from
SdH and quantum Hall effects. The wafer is a modulatio
doped GaAs/Al0.5Ga0.5As heterostructure grown by
molecular-beam epitaxy on a@001# semi-isolating GaAs sub
strate and doped with Be in part of the Al0.5Ga0.5As. In the
samples under investigation the uniaxial compression is
plied along the@110# direction of a Hall bar mesa, cf. Ref.
for the experimental details.

The total carrier concentrationN is determined from clas-
sical Hall effect in magnetic fieldB up to 3.5 T, where the
Hall resistivity can be expressed byrxy5B/Ne. The hole
concentrationn1 in the more light and less populated sp
subband ‘‘1’’ is derived from SdH oscillations of the long
tudinal resistivityrxx . The concentration in subband ‘‘0’’ is
obtained asn05N2n1 . The pressure-dependent values
N, n0 , andn1 correspond well to the data from Refs. 5 an
6 and are used as input parameters in calculations of the
hole mobilitiesm i and mutual scattering characteristics. G
vanomagnetic characteristics, taken in low and intermed
magnetic fieldsmB<10 ~wherem is the average Hall mobil-
ity! and in the temperature interval 1.7–4.2 K, are rep
sented on Figs. 1 and 2 and show the following features

~1! At zero pressureP50 we observe a well-pronounce
positive magnetoresistancerxx(B), that tends to saturation
@rxx(B)→rxx

sat# in the regionmB.5. The positive magne-
toresistance strongly decreases with uniaxial compres
and almost disappears atP52.0 kbar@Fig. 1~a!#.

~2! In the pressure interval where the positive magneto
sistance is still well pronounced, it reveals a strong tempe
ture dependence that practically disappears in the satura
region ~Fig. 2!. Temperature dependence of the magneto
sistance is almost completely suppressed by uniaxial st
~Table I, the last column!.
2376 ©1999 The American Physical Society
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FIG. 1. Uniaxial compression influence on~a! the magnetoresistance atT51.7 K and ~b! the temperature dependence of the ze
magnetic-field resistivity. Dotted lines are the results of calculations withh-h scattering mechanism taken into account.
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~3! The zero-magnetic-field resistivityr noticeably de-
pends on temperature, even atT,4.2 K. This dependence
decreases under uniaxial compression@Fig. 1~b!#.

~4! In a qualitative agreement with the previous result6

the electrical resistivityr of the 2D hole gas in zero magnet
field reveals approximately two times decrease atP
52.0 kbar~Table I!, while the total carrier concentration ex
hibits about 10% decrease on the background of the car
redistribution between the two spin subbands@Fig. 3~a!#.

~5! At P.1.3 kbar, where positive magnetoresistan
drastically drops, a negative magnetoresistance becomes
noticeable in intermediate magnetic fields atB.0.5 T @Figs.
1~a! and 4~a!#.

The main experimental result consists in the strong s
pression of the temperature dependence of the positive m
netoresistance and the zero-magnetic-field resistance u
uniaxial @110# compression. The decrease of the posit
magnetoresistance at fixed temperature@Fig. 1~a!# could be
explained in the frame of the two-band model by the fact t
the compression reduces the difference between the ban5,6

But this result should be regarded only together with
strong decrease of the temperature dependence of ma
toresistance and zero-magnetic-field resistivity under co
pression. The presence of the temperature dependenc
magnetoresistance atP50 is the basic point for assumptio
of the temperature dependenth-h scattering mechanism in
Ref. 4. The analysis, carried out in that paper, shows that
strong temperature dependence of magnetoresistance c
be satisfactory explained by other effects: for example by
weak localization and the temperature smearing of the
ergy separationDs between the spin subbands. The last o
may be important in the uniaxial stress experiments sinc
was shown6 that Ds decreases under@110# compression.
Nevertheless, if we take the value of splittingDs.2 meV at
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P50 ~Ref. 3! and assume that it decreases down toDs

.1 meV atP51.3 kbar,6 the conditionDs5kBTc (kB is the
Boltzmann constant! gives the corresponding valuesTc

.24 K andTc.12 K, which are essentially higher than th
temperatures of our experiment.

So we consider, that the temperature dependence of
magnetoresistance is connected with theh-h scattering and
the fact of its decrease under compression qualitatively d
onstrates the suppression of this mechanism. At the s
time, we confine our consideration of this effect by the pr
sure 1.3 kbar because the noticeable negative magnetor
tance starts to interfere with strongly decreased positive m
netoresistance@Figs. 1 and 4~a!#.

FIG. 2. Temperature dependence of the magnetoresistanc
uniaxial compression of 0.65 kbar. The result of calculations
represented by the dotted lines on the insert.
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TABLE I. The resistance in zero-magnetic fieldr~1.7 K!, the positive magnetoresistance in the saturat
rangeDrxx(T)5rxx

sat(T)2r(T) at 1.7 K and its temperature characteristicDrxx(1.7 K)2Drxx(4.2 K) for
two samples at different magnitudes of uniaxial stress.

Stress~kbar! r~1.7 K! ~V! Drxx(1.7 K) ~V! Drxx(1.7 K)2Drxx(4.2 K) ~V!

Sample 1 0 214.2 60 15.5
0.65 168.8 39 8
1.0 139.5 19.4 3.5
1.3 116.8 7.7 1.3
2.0 94.1 1.4 0.1

Sample 2 0 220.8 61.2 15.5
0.65 179.1 41.9 9.7
1.3 140.1 12.9 2.3
2.0 106.9 2.5
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III. APPLICATION OF HOLE-HOLE SCATTERING
MODEL

In the absence of a comprehensive theory of the trans
phenomena in 2D hole systems with nonparabolicity and
isotropy taken into account, we use in our calculations
simple isotropic model with mutual friction of carriers in th
two different spin subbands as it was done in Ref. 4.

The contribution of carrier-carrier scattering to electric
resistivity is possible when two types of carriers with diffe
ent mobilities make up the electric current. In an elect
field the carriers will acquire different velocities, and th
velocity difference can be degraded by carrier-carrier sca
ing, which may be described in terms of mutual friction. B
writing the electric current as a sum of two terms: one p
portional to the total momentum and the other proportio
to the relative momentum, Kukkonen and Maldague7 dem-
onstrated how the conservation of momentum~the total mo-
mentum! goes along with the mentioned contribution to t
electrical resistivity. In the Drude model we then have tw
coupled vector equations of motion:

m0V0

t0
5eE1eV03B2hn1~V02V1!, ~1!
rt
n-
e

l

c

r-

-
l

m1V1

t1
5eE1eV13B2hn0~V12V0!, ~2!

whereE andB are the electric and magnetic fields,V i are the
carrier velocities,mi are the effective masses,t i are the mo-
mentum relaxation times, and the subscripts ‘‘0’’ and ‘‘1
characterize each of the two types of carriers. Compar
these equations to the corresponding equations in Kukko
and Maldague,7 we find that the ‘‘friction coefficienth’’ is
expressed as

h5
m0m1

~n0m01n1m1!t01
, ~3!

wheret01 is the decay time for the relative momentum.
Solving Eqs.~1! and~2! for the velocity components an

using the expression for the current density

j5n0eV01n1eV15sE

we obtain the componentssxx and sxy of the conductivity
tensor to be given by the same expressions that were fo
in Ref. 4:
r

nt
FIG. 3. Uniaxial stress influence on~a! total
carrier concentrationN and spin-subband carrie
concentrationsn0 and n1 , ~b! spin-subband mo-
bilities, and ~c! h-h friction parametera. Open
and solid symbols correspond to differe
samples.
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sxx5
@Nv~Be!21~hNv1v0v1!~hN21n0v11n1v0!#e2

~Be!41@N2h212h~n0v11n1v0!1v0
21v1

2#~Be!21~hNv1v0v1!2 , ~4!

sxy5
@N~Be!21N3h212hN~n0v11n1v0!1n0v1

21n1v0
2#Be3

~Be!41@N2h212h~n0v11n1v0!1v0
21v1

2#~Be!21~hNv1v0v1!2 , ~5!

FIG. 4. ~a! Negative magnetoresistance under uniaxial compression 2.0 kbar at different temperatures and~b! temperature dependence o
the negative magnetoresistance parameterb for 1.3, 2.0, 2.6, and 3.3 kbar.
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where

v i5
e

m i
5

mi

t i
and v5

n0v01n1v1

N
. ~6!

Finally, the diagonal resistivity element is calculated fro

rxx5
sxx

sxx
2 1sxy

2 . ~7!

We have already pointed out that the total carrier conc
tration N and the concentrationsn0 and n1 in the two sub-
bands were determined from Hall effect and SdH meas
ments. The remaining parameters of the model w
evaluated from the expressions for the high-field satura
value ofrxx :

rxx5
v

Ne2 for mB@1 ~8!

and the zero-field value:

r5
h~T!Nv1v0v1

@h~T!N21n0v11n1v0#e2 for B50. ~9!

For the high-field saturation value the parameterv can be
obtained from Eq.~8!. Afterwards we calculateh from Eq.
~9! at each of the experimental temperatures for an arra
v1 values@v0 was eliminated by using of Eq.~6!#. Thus,
each value ofv1 give the friction coefficient as a function o
-

e-
e
n

of

temperature. We finally determine the value ofv1 as the one
that gives the best fit ofh to the relation

h~T!5aT2, ~10!

which is the expected temperature dependence when Fe
Dirac statistics is prevailing; i.e., whenkBT!EF .8 This con-
dition is valid atT51.7– 4.2 K: in the samples under inve
tigation, the Fermi energy isEF.6 meV. The resulting
parameter valuesv0 , v1 , anda are displayed in Figs. 3~b!
and 3~c!, wherev0 andv1 are replaced by the correspondin
mobilities m0 andm1 .

IV. NEGATIVE MAGNETORESISTANCE
AND TEMPERATURE DEPENDENCE

OF CARRIER MOBILITIES, P>1.3 kbar

At P>1.3 kbar the negative magnetoresistance start
be noticeable@Fig. 1~a!# and should be taken into account

For illustration we represent our data atP52 kbar, where
the negative magnetoresistance is well expressed@Fig. 4~a!#.
We may regard therxx(B

2) dependences on Fig. 4~a! to be a
superposition of the positive and negative magnetoresista
In the range of magnetic fieldsB.0.5 T, where at low stress
the positive magnetoresistance tends to the saturation v
rxx

sat , the dependencerxx(B
2) reveals the linear behavior an

can be expressed

rxx~B2!5rxx* 2bB2.
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Hererxx* is considered to berxx
sat of the positive contribu-

tion to magnetoresistance within the accuracy of the sat
tion condition

]rxx~B2!

]~B2!
5const,

and it is used in calculations atP51.3 kbar, where the in-
fluence of the negative magnetoresistance is essential.

It should be noted, that the slopeb of the linear in respec
to B2 negative magnetoresistance depends on tempera
and pressure@Fig. 4~b!#. The magnitude ofb has a tendency
to strongly decrease when pressure decreases, and this
reason why we neglect the negative magnetoresistance in
calculations at low pressure. AtP51 kbar @Fig. 4~b!#, the
magnitude ofb can be estimated only with a high error. Th
origin of the negative magnetoresistance is not clear for u
present.

In the model described in Sec. III carrier mobilities a
supposed to be temperature independent, that appears n
be strictly correct even atT,4.2 K. According to Eq.~8!, at
sufficiently high magnetic field the contribution ofh-h scat-
tering to the temperature dependence of magnetoresistan
suppressed. It allows us to estimate from the experime
curves the temperature dependence of resistivity, conne
with other scattering mechanisms, and make the neces
corrections. At low stress these corrections can be negle
~Fig. 2!, but above 1 kbar start to be essential in compari
with the value of depressed temperature dependence o
positive magnetoresistance.

In the frame ofh-h scattering model the correction, con
nected with the contribution of other scattering mechanis
can be taken into account by representingv i as a
temperature-dependent parameter:

v i5v i~T![v i* f i~T!. ~11!

Here, we representv i as the product of the temperatur
independent constantv i* and temperature-dependent fun
tion f i(T). For simplicity, we suppose that both mobilitie
have the same temperature dependence and thus,f 0(T)
5 f 1(T)5 f (T). We normalizef (T) in such a way that at the
lowest temperature of our experimentf (1.7 K)51. It gives
us the valuesv i* 5v i(1.7 K) and according to Eq.~6!, v can
be expressed as v5v* f (T), where v* 5(n0v0*
1n1v1* )/N.

As the temperature dependence ofN is not detected in the
temperature interval under investigation, Eq.~8! can be
modified to the expression

rxx
sat~T!5

v*

Ne2 f ~T!, ~12!

where onlyf (T) depends on temperature. By this wayf (T)
can be extracted from the experimental temperature de
dence ofrxx

sat(T):

f ~T!5
rxx

sat~T!

rxx
sat~1.7 K!

. ~13!

The result of the analysis is represented on Fig. 5 foP
>1.3 kbar. The replacingv i in Eqs. ~4!-~9! by expression
a-

re
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n-

~11! in the procedure, described in Sec. III, gives us t
corrected values ofv i anda. Just these data are represent
for P.1 kbar on Figs. 3~b! and 3~c!.

With the help of this empirical procedure we can take in
account an additional temperature dependence, due to o
scattering mechanisms, in determination ofh-h scattering
parameters even if the origin of these mechanisms is
known. But it should be noted that we determinef (T) only
in a restricted temperature interval 1.7–4.2 K and the par
eters can be calculated only within this temperature inter
On Fig. 3~b! for P.1 kbar we referm i5e/v i to the tem-
perature 1.7 K.

The temperature dependence of mobilities, which is
pressed by the functionf (T) on Fig. 5 and supposed not t
be connected withh-h scattering, is not linear. At the highes
pressuresP52.6 kbar andP53.3 kbar it follows well to the
low f ;T5. Such temperature behavior was observed in
electron transport,9 where the authors explained it by piez
electric component of electron-phonon scattering~Bloch-
Gruneisen regime!. As far, the theory of transport phenom
ena in 2D hole system, especially atT,4.2 K, is not well
developed at present there exist certain difficulties in int
pretation of these data, all the more the effect of the extrac
temperature dependencef (T) is very small in the interval
1.7–4.2 K. Following Ref. 10, we can only suppose that
acoustic phonon scattering remains in a little part below
K and, in analogy with 2D electrons, there may exist a te
perature dependence of the screening constant. We ca
also exclude the possibility that this temperature depende
may be partly connected with some mechanism respons
for the negative magnetoresistance.

V. RESULTS AND DISCUSSION

The behavior of the magnetoresistance at different p
sures and temperatures has been calculated from expres
~4!, ~5!, and~7! with the obtained parameter valuesv0 , v1 ,
anda. The corresponding dependencies are depicted on F
1 and 2 by dotted curves. The maximal deviation of calcu
tions from the experimental curvesDrxx5rxx(B)2r does
not exceed 10% in the whole interval of magnetic field
pressures, and temperatures under investigation. Thus
can conclude that the complete set of experimental data
zero-magnetic-field resistance, positive magnetoresista
and their temperature dependencies at different uniaxial p
sures can be well described by mutual scattering of hole
the two spin subbands. AtT.5 K the temperature depen
dence of the resistance in zero-magnetic field does not fol
theh-h scattering model calculations@see inset on Fig. 1~b!#.
The most possible reason is the growingkBT and increasing
scattering on acoustic phonons. It should be noted once m
that the calculations were performed only for the press
interval up to 1.3 kbar, because the noticeable negative m
netoresistance at higher pressure~Fig. 1!, introduces an ap-
parent deviation from the model, described by expressi
~4!, ~5!, and~7!.

The pressure dependencies of the mobilitiesm0 and m1
(m i5e/v i) in the two spin subbands reveal their increa
under uniaxial compression@Fig. 3~b!#, while the value ofa,
which describes the mutual friction coefficienth5aT2,
strongly decreases@Fig. 3~c!#. The last result indicates tha
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FIG. 5. Temperature dependence off (T)5rxx
sat(T)/rxx

sat(T51.7 K) at 1.3, 2.0, 2.6, and 3.3 kbar. Open and solid symbols correspon
different samples.
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h-h scattering in spin subbands is noticeably depressed.
simplicity of the used model makes us suppose that its
plication rather demonstrates the effect ofh-h scattering
suppression than gives strict numerical results. Neverthe
we believe that if the simpleh-h scattering model works a
P50,4 it should definitely show the proper tendency inh-h
scattering change at low values of pressure.

The magnitude ofa51.2310237 m2 kg s21 K22 obtained
at P50 in the present work is 30 times less thana53.7
310236 m2 kg s21 K22 from Ref. 4, but this apparent dis
crepancy reflects mainly the difference in the hole dens
For comparison we use the theoretical expression@Ref. 4,
Eq. ~7!#:

h5
8

3h3 S m1m0

m11m0
D 1

n1n0
lnS An11An0

An12An0
D ~kBT!2. ~14!

If we takem050.9me ;11 m150.25me ,6 andni from the
present work, it gives atP50 the value of a theor.8
310237 m2 kg s21 K22 ~in Ref. 4 a theor.7
310236 m2 kg s21 K22). The agreement with our exper
mental value ofa seems to be satisfactory. The ratio
a theor to the corresponding value from Ref. 4 is about 0
and is mainly determined by three times less carrier conc
tration in the samples from Ref. 4~effective masses diffe
not so strong!. It should be noted however that the Eq.~14!
was obtained on the basis of the simple model for Si inv
sion layers,12 which neglects not only the anisotropy an
nonparabolicity of the energy spectrum but also interval
transitions. The last simplification may be acceptable for
electron Fermi surfaces, which are far apart in moment
space, but not in the case of spin subbands inp-type mate-
rials. If at P50 the expression~14! may give a reasonabl
order of magnitude fora, it obviously starts to be not appli
cable under uniaxial stress, as farDS decreases and increa
ing probability of intersubband scattering may introduce
essential error in estimation ofh. Moreover, the change o
m0 under uniaxial stress is not determined and speculat
he
p-

ss,

.

n-

r-

y
i

m

n

ns

on this subject may lead to an additional error. In this co
nection the value ofa, extracted directly from the experi
mental curvesrxx(B,T) andr(T), seems to be more reliabl
even in the frame of the simple model described in Sec.
as far as we do not need any assumption about the pres
dependence of the effective masses.

The decay timet01 of the relative momentum may b
estimated with the help of Eq.~3!. In our case, at zero pres
sure andT54.2 K t01512 ps, if we use the experimenta
value of m150.25me from Refs. 5 and 6 and theoretica
magnitude ofm050.9me from Ref. 11. Under the same con
dition, the lattice relaxation timest0 andt1 , evaluated from
the obtained parametersm1 and m0 @Fig. 3~b!#, are of the
same order of magnitude. Calculations for the sample fr
Ref. 4 gives the valuet0152 ps at 4.2 K. It obviously mean
that in our samples theh-h scattering probability occurs to
be about six times less.

A further result of the analysis is connected with the
crease under compression of the mobilities in the two s
subbands@Fig. 3~c!#. Such the behavior of mobility may b
caused by a change of the effective masses under unia
compression, because we cannot claim that the disper
low and energy spectrum anisotropy do not change. Mo
over, in Ref. 6 it is supposed that the more heavy effect
massm0 should decrease under compression. At the sa
time the effective massm1 measured in Ref. 6 from the
temperature dependence of Shubnikov–de Haas oscilla
amplitude, reveals the increase under uniaxial compres
and therefore seems not to be responsible for the increas
the mobility in this subband. We are thus led to suppose
possibilities that may exist together.~i! The observed dis-
crepancy indicates the noticeable change of the Fer
surface anisotropy. In this case the mobilities are determi
by transport masses, but not by the cyclotron ones.~ii ! The
growth of the mobilities also can be due to a decrease of
scattering on charged states. These states may be conn
with misfit dislocations~dangling bonds! near the heteroint-
erface. In this case they reveal much more high influence
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2D hole scattering process than remote shallow accepto
Be in the active layer and can cause strong increase of
bilities without significant changes in carrier concentration13

In the heterostructure under investigation the density of d
gling bonds may beNDB.1.731016 m22 ~Ref. 14!. The
presence of deep levels that are close to thep-type
GaAs/Al0.5Ga0.5As heterointerface was detected in Ref.
by deep-level transient spectroscopy.

VI. SUMMARY

In summary, we have observed a significant influence
uniaxial compression along@110# direction on zero-field re-
sistivity and magnetoresistance of 2D holes in an asymme
@001# triangular QW as well as on the temperature depend
cies of these quantities. The experimental results can be
described in the frame of the classical two-band mod
where the two subbands of the spin-split ground heavy h
s

rd

na

n

d

of
o-

n-

f

ic
n-
ell
l,
le

state constitute the two bands of the model, and wh
temperature-dependent mutual scattering between the h
in these bands is taken into account. The results of our
culations indicate that theh-h scattering mechanism in th
2D hole system under investigation is strongly suppressed
uniaxial compression. Stress-induced increase of calcul
mobilities in the both subbands is supposed to be conne
with change of the Fermi-surface anisotropy and~or! de-
crease of the scattering on charged states in the neares
cinity of the heterointerface.
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