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Energy spectrum and topology evolution of the Fermi surface of two-dimensional holes in
GaAs/Al0.5Ga0.5As heterostructures under uniaxial compression: Theory and experiment

K. I. Kolokolov, A. M. Savin, S. D. Beneslavski, and N. Ya. Minina
Physics Faculty, Moscow State University, 119899 Moscow, Russia
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Valence-band structure and transport properties of two-dimensional holes inp-type GaAs/Al0.5Ga0.5As
asymmetric quantum wells under uniaxial compression have been investigated both theoretically and experi-
mentally. The Luttinger-Kohn Hamiltonian with strain terms was self-consistently solved by using the finite-
differencek•p method. The Fermi surface was found to become strongly anisotropic under the application of
in-plane uniaxial compression, and the differences between the hole concentrations in the ground-state splitted
subband and between the corresponding effective masses to decrease. The electrical resistance becomes
strongly anisotropic under applied compression, decreasing in the direction parallel to the compression and
increasing in the perpendicular direction.@S0163-1829~99!00408-7#
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I. INTRODUCTION

The absence of inversion symmetry of the confining p
tential in singlep-type GaAs/AlxGa12xAs heterostructures
leads to a splitting of the hole subbands. The qualitative
ference between the properties of two-dimensional~2D!
holes in symmetric and asymmetric GaAs/AlxGa12xAs
quantum wells was detected experimentally1,2 and it was as-
cribed to the different symmetry of the confining potenti
Later theoretical calculations confirmed a considerable b
splitting and a complicated nonparabolic dispersion law
p-type GaAs/AlxGa12xAs heterostructures with triangula
quantum wells.3–5 Hole effective masses in the system we
found to have a significant dependence on magnetic fiel1,4

Influence of strain is very important for the band structu
of heterostructures and for their application in real devic
as the lattice mismatch unavoidably causes a biaxial str
This kind of strain considerably modifies the band struct
of 2D hole systems. Inp-type InxGa12xAs/InxGa12xAsyP12y
high biaxial strain leads to large shifts of the hole su
bands,6 the light-hole subband becoming the upper one a
definite biaxial tension. The biaxial strain affects the value
the splitting in the system,6,7 and compressive and tensi
strains can strongly increase or suppress existing splitti6

The influence of uniaxial stress on the valence-band struc
was also studied, but only for the case of square wells.8–10

Contrary to the intensive theoretical and experimental inv
tigations of p-type heterostructures under biaxial deform
tion, less attention was paid to the influence of uniax
stress, probably due to its more ‘‘artificial’’ nature. In th
present paper, we report on~i! the results of numerical cal
culations of a singlep-type @001#GaAs/Al0.5Ga0.5As hetero-
structure valence-band structure under external uniaxial c
pression applied along the@110# and @100# directions~Sec.
II !, ~ii ! the experimental data obtained on such a heterost
ture under@110# and @ 1̄10# uniaxial compressions up to
kbar ~Sec. III!, and~iii ! our analysis of the experimental an
theoretical results~Sec. IV!.
PRB 590163-1829/99/59~11!/7537~9!/$15.00
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II. THEORY

The 434 Luttinger-Kohn Hamiltonian11 describing the
band structure of the upper four valence bands aroundG8
was used in this work, the split-off subband atG7 , lying 340
meV below the top of the valence band, was neglected.
calculations were performed in the Hartree approximati
many-body effects and terms linear ink were neglected.

In the presence of uniaxial stress the Hamiltonian is mo
fied according to the Bir-Pikus strain Hamiltonia
description12

H5Hlk1He , ~1!

whereHlk is the Luttinger-Kohn Hamiltonian for the valenc
band andHe is the strain Hamiltonian

He52av~«xx1«yy1«zz!2bF S Jx
22

J2

3 D «xx1c.p.G
2

2

A3
d@~Jx ,Jy!«xy1c.p.# . ~2!

Here, av , b, and d are deformation potentials for the va
lence band,« i j are components of the strain tensor, andJi
are the angular momentum matrices corresponding to32
state. The total Hamiltonian is then written as

H5F P1Q R 2S 0

R* P2Q 0 S

2S* 0 P2Q R

0 S* R* P1Q

G , ~3!

where
7537 ©1999 The American Physical Society
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P6Q52
\2

2me
@~g16g2!~kx

21ky
2!1~g172g2!kz

2#

2av~«xx1«yy1«zz!7bF«zz2
1

2
~«xx1«yy!G ,

~4!

R52
\2A3

2me
@g2~kx

22ky
2!22ig3kxky#

2
A3

2
b~«yy2«xx!2 id«xy , ~5!

S52 i
\2

me
g3A3~kx2 iky!kz1d~«yz1 i«zx!, ~6!

whereme is the free-electron mass,g i are the Luttinger con-
stants. This 434 matrix can be reduced to two 232 matri-
ces by using the transformation5,9

U5
1

A2F e2 iw 0 0 2eiw

0 e2 ih 2eih 0

0 e2 ih eih 0

e2 iw 0 0 eiw

G ~7!

with

w5
p

4
1

1

2
~a1b!, h5

p

4
2

1

2
~a2b!, ~8!

where

tan~a!52

\2

me
A3g3kxky2d«xy

\2

2me
A3g2~kx

22ky
2!1

A3

2
b~«yy2«xx!

,

tan~b!52

\2

me
A3g3kxkz2d«zx

d«yz2
\2

me
A3g3kykz

. ~9!

If the uniaxial stressP is applied along@110# or @100#, «zx
and«yz become zero, andkz cancels out from Eq.~9!. In this
case,w andh are real and the transformation is unitary. T
Hamiltonian~3! transforms into

H85UHU1. ~10!

The values of the strain tensor components depend on
direction of the applied uniaxial compression. When t
uniaxial compressionP is applied along@110#, the strain ten-
sor « i j becomes
he
e

«xx5«yy5~S111S12!
P

2
,

«zz5S12P, ~11!

«xy5S44

P

4

and for the@100# direction

«xx5S11P,

«yy5«zz5S12P, ~12!

«xy50.

Here,Si j are the compliance constants, andP is negative as
we consider compression. After the unitary transformat
the Hamiltonian~3! can be written as

H85F P1Q A 0 0

A* P2Q 0 0

0 0 P2Q A

0 0 A* P1Q

G , ~13!

where

A5uRu2 i
A3\2

me
g3A~kx

21ky
2!kz . ~14!

We chose thez direction to be perpendicular to the he
erointerface. A self-consistent potentialV(z) is added along
the diagonal andkz is replaced by the operator (1/i )]/]z. So
finally we numerically solve the equation

@H81V~z!#C5EC, ~15!

whereC andE are the eigenfunction and corresponding
genvalue. The potentialV(z) for a triangular well in the
Hartree approximation consists of two terms

V~z!5V~z!dep1V~z! inv , ~16!

whereV(z)dep is the potential formed by fixed charges in th
depletion layer andV(z) inv is the potential created by the 2D
holes in the inversion layer.V(z)dep is calculated in the
depletion-layer approximation, i.e., it is assumed that all
ceptors, with concentrationNa , in the Al0.5Ga0.5As are ion-

FIG. 1. Band diagram for the@001# GaAs/Al0.5Ga0.5As hetero-
junction.



-

-

s
-

an
th
ed
d
,
p
e

lf

a
-

-

nt
his
fers
ed

ur-
ted
nts

his
the
of

l

the
the

ual

7.6

to 5

ere
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ized for l d,z, l d1 l p , and that all donors, with concentra
tion Nd , in the GaAs are ionized for2 l n,z,0, where the
heterojunction is atz50 ~Figs. 1 and 2!. The total concen-
tration of 2D holesNs in the inversion layer and the deple
tion layer widthsl p andl n are determined from the following
equations4,13

Vp1d21Ef1E05DEv , ~17!

Vn5Eg2d12Vinv~2`!1Ef1E0 , ~18!

Nal p5Ndl n1Ns , ~19!

where

Vn5
2pe2

e1
Ndl n

2 ~20!

and

Vp5
2pe2

e2
Nal p

21
4pe2

e2
Nal pl d . ~21!

Here,e1 and e2 are the dielectric constants of the GaA
and Al0.5Ga0.5As, d1 and d2 are the energy differences be
tween the Fermi level and the bottom of the conduction b
in the GaAs and the top of the valence band in
Al0.5Ga0.5As, respectively. The thickness of the undop
Al0.5Ga0.5As layer is denoted byl d and the valence-ban
offset by DEv ~Figs. 1 and 2!. Eg is the energy gap in GaAs
E0 is the first energy level referred to the valence-band to
the heterointerface, andEf is the Fermi energy referred to th
first energy level. The Hartree potentialVinv(z) is deter-
mined by solving Poisson’s equation numerically to se
consistency

]2Vinv

]z2
5

4pe2

e (
kx ,ky

uCkxky
~z!u2 ~22!

taking C(z) from Eq. ~15! in each iteration.
The values of the parameters used in the calculation

presented in the Table I.DEv is taken from the recent ex
perimental results to be 250 meV.14,15 The concentration of
donorsNd is taken to be 131015 cm23 and the concentra
tion of acceptorsNa to be 531017 cm23. The value of the

FIG. 2. Valence-band edge for the@001# GaAs/Al0.5Ga0.5As het-
erojunction with the first five energy levels atki50 (Ns57.6
31011 cm22).
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undoped layerl d is chosen to be 30 Å in order to accou
for the experimentally observed hole concentration. T
value is smaller than the thickness of the spacer in the wa
under investigation (70 Å ). The difference may be caus
by diffusion of Be from the doped layer into the spacer d
ing wafer growths. The effect of image potential is neglec
due to the small difference between the dielectric consta
of GaAs and Al0.5Ga0.5As ~Table I!. All calculations have
been performed using the finite-difference method. T
method allows to obtain an exact numerical solution of
Hamiltonian. Eigenvalues were found for different values
the quasi-wave vectorkx , ky and of the applied uniaxia
compressionP.

The Fermi energy of the system is determined from
requirement that the number of available states within
areas enclosed by the two surfaces at the Fermi level (S0 and
S1), corresponding to the two spin subbands, must be eq
to the total hole concentration

n05
1

4p2
S0~Ef !, n15

1

4p2
S1~Ef !,

n01n15Ns . ~23!

III. EXPERIMENT

Samples from twop-type GaAs/Al0.5Ga0.5As wafers with
single heterojunctions and hole concentrations
31011 cm22 ~HCO251! and 9.831011 cm22 ~HCO218!
have been investigated under uniaxial compression up
kbar. Only the ground-state splitted subband HH1 ~Fig. 2! is
populated at these hole concentrations. The wafers w
grown by molecular beam epitaxy on~001! semi-isolating

TABLE I. Parameters used in the calculation.

GaAs Al0.5Ga0.5As

Luttinger parametersa g1 6.85 5.15
g2 2.1 1.39
g3 2.9 2.095

Deformation potentials~eV! av 21.6b

b 21.7c

d 24.55c

Compliance constantsd S11 1.17 1.185
(1023 kbar21) S12 20.37 20.38

S44 1.68 1.69

Dielectric constants e 12.56e 11.06f

Energy separation~meV! d d156 e d2535 g

aReference 4.
bReference 24.
cReference 25.
dReference 26.
eReference 27.
fReference 28.
gReference 29.
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GaAs substrates. The grown layer sequences are: 1-mm un-
doped GaAs, 70-Å Al0.5Ga0.5As undoped spacer
500-Å Al0.5Ga0.5As active layer doped with Be (1
31018 cm23 for the HCO218 wafer and 531017 cm23 for
the HCO251 one!, and 50-Å GaAs cap doped with Be (
31018 cm23 for the HCO218 wafer and 131018 cm23 for
the HCO251 one!. The samples of the size 0.530.8
33.0 mm3, with the long dimension parallel to@110# or

@ 1̄10# directions, were cracked from the wafers along t
natural cleavage planes. Two identical Hall bar mesas,
pendicular to each other, were wet etched in the central
of the samples. We name byS1 the mesa with the curren
direction parallel to the direction of the compression, wh
is along the long sample dimension, and byS2 the perpen-
dicular one. The samples were contacted by standard Au
or Au:Mg diffusion. Linearity of the current-voltage chara
teristics was used as a criterion of good contact qua
Uniaxial compression was applied in the direction of t
long dimension of the samples~@110# or @ 1̄10#) using the
technique described in Ref. 16. Magnetotransport meas
ments were performed in the temperature range 1.4–4.
and in magnetic field up to 6 T.

The samples with two mesas were aimed for a deta
investigation of anisotropy of the electrical resistance un
uniaxial compression. Some results obtained on sam
with only one Hall bar mesa, with current direction paral
to the uniaxial compression, have been repor
previously.17,18The observed strong decrease of resistanc
the direction of compression was ascribed to an increas
the mobility under compression. The question of stre
induced anisotropy in the 2D plane was not analyzed pr
ously, because Shubnikov–de Haas~SdH! frequencies and
Hall measurements do not allow to make conclusions c
cerning anisotropy of effective masses. The present meas
ments of the pressure dependence of the resistance in d
tions perpendicular and parallel to the direction of uniax
compression can give this information.

The similarity of the two mesasS1 andS2 was controlled
by SdH and Hall measurements. The difference in their c
rier concentrations was found from Hall measurement to
less than 2% for all samples under investigation. The qu
tum Hall plateaus and the SdH peaks were observed a
same values of magnetic fields for both mesas.

The resistance of the samples at zero pressure is foun
be anisotropic in the 2D plane. We ascribe this anisotrop
anisotropic roughness scattering.19,20It is found to depend on
the sample orientation. Results of the roughness scatte
anisotropy investigation will be reported separately. T
lower value of resistance occurs in the@ 1̄10# direction. The
ratio between resistances in the@ 1̄10# and@110# directions is
0.6–0.7. As it will be demonstrated in the present paper,
behavior of the resistance under compression is mainly
termined by the direction of applied compression, being p
allel or perpendicular to the transport current.

IV. RESULTS AND DISCUSSION

A. Fermi surface

The lack of inversion symmetry of the confining potent
of the triangular quantum wellV(z) lifts the mj56 3
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eracy of the bulk Hamiltonian atkiÞ0. The importance of
the symmetryV(z)5V(2z)—or the lack of such—may be
best appreciated by noting, that change ofz to 2z changesA
to A* , becausekz @which is (1/i )]/]z and which appears in
the imaginary part ofA# changes to2kz . In consequence
the upper-left block corresponding to Eq.~15! has the same
solution as a lower-right block, i.e., the system is degener

The first three hole subbands are shown in Fig. 3 for
structure described in Sec. II with hole concentration
31011 cm22. The subbands are found to depend strongly
uniaxial stress. Results for compression along@110# are plot-
ted on Fig. 4. The Fermi level of the calculated structu
(Ns57.631011 cm22) lies 46.7 meV lower than the top o

FIG. 3. Energy of the first three hole subbands in the@001#
GaAs/Al0.5Ga0.5As heterojuction (Ns57.631011 cm22) versuski
parallel to @110# direction atP50. Dashed and solid lines corre
spond to the spin up and down states. Dotted line is the positio
the Fermi level.

FIG. 4. Energy atki50 versus external uniaxial compressio
applied along@110# for the first five hole subbands.
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the quantum well, and only the two uppermost nondegen
ate hole subbands are populated~full and dotted lines of
HH1 in Fig. 3!.

The Fermi surfaces~FS! for different values of uniaxial
compression applied in the@110# and @100# directions are
presented in Figs. 5 and 6. As can be seen, the applicatio
external uniaxial compression in the plane of the 2D sys
leads to strong anisotropy of the hole FS’s. The FS’s of
two subbands are transformed differently under compress
For the more light mass FS~the inner contour in Fig. 5! the
applied compression causes a decrease of the dimensi
the direction of the compression, and an increase of the
mension in the perpendicular direction. The FS correspo
ing to the more heavy mass is transformed in a more c
plicated manner. In the range from 0 to 2.5 kbar for the@110#
direction, the FS dimension decreases in the direction
compression and the two FS’s touch each other in two po
at P52.5 kbar. Further increase of the compression lead
their separation ink space and to their transformation in
two approximately ellipsoidal surfaces at higher press
~Fig. 5!. A similar behavior takes place for the@100# direc-
tion of compression, but in this case the FS’s touch e
other at a lower value of compression~Fig. 6!.

Qualitatively similar results have been obtained for t
wafer with the higher carrier concentration~HCO218!. In
this case, the FS has a larger area ink space and the touchin
points are observed at higher value of compression.

The presence of touching points for the two spin-split
subbands is caused by the two blocks of the matrix Eq.~15!
having the same solutions. This occurs whenA5A* or A
52A* . The first case (A5A* ) can be fulfilled only forki
50 @see Eq.~14!#. So, the touching points arise whenA5
2A* . This may be understood by noting that the unita
transformation

FIG. 5. Fermi surface of the two ground-state heavy-hole s
bands of thep-@001# GaAs/Al0.5Ga0.5As heterojunction at differen
uniaxial compression applied along@110# direction: ~a! P50, ~b!
P50.75 kbar,~c! P52.5 kbar,~d! P55 kbar.
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F1 0

0 21G ~24!

applied to one of the two blocks of Eq.~15!, upper left or
lower right, changes the sign of the off-diagonal elemen
and if A52A* , then we are back at the situation when tw
blocks have the same solution. This means that the real
of A should be equal to zero:

\2A3

2me
g2~kx

22ky
2!1

A3

2
b~«yy2«xx!50, ~25!

\2A3

me
g3kxky2d«xy50. ~26!

When the compression is applied along@110# or @100# direc-
tions these conditions can be fulfilled, the values of t
quasi-wave vectorki corresponding to the touching poin
being obtained from Eqs.~25! and ~26!. For compression
along @110# the result is

kx5ky56A med

A3\2g3

«xy ~27!

and for the@100# direction

ky50, kx56Ameb

\2g2

~«xx2«yy!. ~28!

According to these equations the touching point qua
wave vectors increase as the square root of the deforma
and reach the Fermi level at a definite deformation. T
situation corresponds to the touching of two hole FS’s. W
want to emphasize that these points, where the system h
degeneration, exist for any nonzero compression. In s
points, curves of dispersion laws corresponding to the sp
ted subbands touch each other without crossing~Fig. 7!. All
subbands have their touching points at the same value o
quasi-wave vector.

B. Hole concentrations in spin-splitted subbands

At zero pressure the two subbands of the splitted gro
heavy-hole state have different effective masses. We s
use indices ‘‘0’’ and ‘‘1’’ for the heavy- and light-mass sub
bands, respectively. The dependence of the hole conce
tionsn0 andn1 on applied compression was calculated fro
Eq. ~23! and it is shown in Fig. 8 for compression alon
@110#. We find thatn0 decreases, whilen1 increases with
increasing compression. This result is in qualitative agr
ment with our present and previous experimental data.17,18

The experimental carrier concentrations were calcula
from SdH oscillations and Hall measurements. SdH osci
tions at different pressures for a sample withNs57.6
31011 cm22 are presented on Fig. 9 for the two perpendic
lar mesasS1 andS2. Concentrations calculated from the
oscillations are shown in Fig. 10. The SdH oscillation cor
sponding to the higher frequencyF0 was observed only in a
narrow range of magnetic fields. As regardsFS , the SdH
frequency in high-magnetic fields, it corresponds to the to
hole concentration. The accuracy ofFS was poor due to the

-
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7542 PRB 59K. I. KOLOKOLOV et al.
limited range of magnetic fields where it was observed. T
total hole concentration was calculated from Hall measu
ment as well. These give concentrations in agreement w
those derived from the SdH oscillations. Under uniax
compression,F0 andF1 shift in opposite directions, and s
do the corresponding densities of nondegenerate carrieni
5Fi(e/h). The ration0 /n1 between the hole concentration
in the two subbands significantly decreases under comp
sion: from n0 /n1.2 at P50 to n0 /n1.1.15 at P
54.8 kbar. At any applied compression the sum of the c
rier concentrations in the subbands corresponds, within

FIG. 6. Fermi surface of the two ground-state heavy-hole s
bands of thep-type @001# GaAs/Al0.5Ga0.5As heterojunction at dif-
ferent uniaxial compression applied along@100# direction: ~a! P
50.75 kbar,~b! P51.75 kbar,~c! P55 kbar.
e
-

th
l

s-

r-
e

accuracy of the measurement, to the total carrier concen
tion in the 2D hole system. The total carrier concentration
P50 is Ns57.631011 cm22 for HCO251 andNs59.8
31011 cm22 for HCO218, and shows about a 3% decrea
per kbar.

As can be seen from Figs. 8 and 10, there is only a qu
tative agreement between the experimental and the ca
lated behavior ofn0 /n1 under uniaxial compression. Th
main difference occurs without compression:n0 /n1.3 from
the calculation, whilen0 /n1.2 from the experiment. Too
large values ofn0 /n1 have been found also in previous ca
culations for similar unstrainedp-type GaAs/Al0.5Ga0.5As
heterostructures.3,4 Variation of the input parameter
Na , Nd , l d , DEv inside reasonable ranges was not help
in solving this problem of discrepancy. A possible reason

-

FIG. 7. Energy versuski parallel to the@110# direction for the
three spin-splitted hole subbands in the@001# GaAs/Al0.5Ga0.5As
heterojunction at an external uniaxial compressionP55 kbar ap-
plied along@110#. Dashed and solid lines correspond to the spin
and down states.

FIG. 8. Dependence of hole concentrations in spin subba
‘‘0’’ and ‘‘1’’ in the @001# GaAs/Al0.5Ga0.5As heterojunction on
uniaxial compression applied along the@110# direction.
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PRB 59 7543ENERGY SPECTRUM AND TOPOLOGY EVOLUTION OF . . .
it might be the assumption of an abrupt potential jump at
interface. Recently, segregation of Ga at AlAs/GaAs int
face has been studied, and up to 20 crystal planes wer
ported as segregation range for Ga.21 Therefore, it is neces

FIG. 9. SdH oscillations for a sample with carrier concentrat
Ns57.631011 cm22 ~HCO251! at different pressures applie
along the@110# direction. Dotted lines correspond to the mesaS1
having the direction of current parallel to the compression, so
lines correspond to the mesaS2 having the direction of curren
perpendicular to the compression.

FIG. 10. Pressure dependence of the total hole concentra
and of the concentrations in subbands ‘‘0’’ and ‘‘1’’ for HCO25
The compression is along@110#. Open circles and squares corr
spond to concentrations calculated from SdH oscillations for
two perpendicular mesasS1 andS2. Filled circles and squares co
respond to the total hole concentration calculated from Hall m
surements forS1 andS2 mesas, respectively.
e
-
re-

sary to consider a more complicated behavior of the valen
band potential at the heterointerface to improve
numerical calculations. Till now this problem has not be
studied and the way in which the valence-band poten
changes at the interface is unknown. Introducing a slope
the valence-band jump would lead to a more symmetric w
and as consequently to a reduced subband splitting. Du
the absence of clear data concerning the range and the
of the potential transition we have used the simplest mo
i.e., an abrupt jump.

C. Effective cyclotron masses

The experimental dependence of the cyclotron mass
uniaxial compression was calculated from the tempera
dependence of SdH oscillation amplitudes~Fig. 11!. Due to
the considerable decrease of these with increasing temp
ture, the masses were calculated from the curves at 1.4
2.0 K. The complicated oscillation picture in high-magne
fields and the narrow temperature range reduced the accu
of the light-mass calculations and did not allow to estim
the mass corresponding to the heavier subband. The
mass was calculated in the lower range of magnetic fie
(H,2 –3 T), where the oscillations were observed to
dominated by a single frequency. This way of mass calcu
tion is valid for the single-particle model and might have
be modified, as it was reported recently that strong excha
interactions in p-type GaAs/AlxGa12xAs heterostructures
play an important role and affect the temperature depende
of SdH oscillation amplitudes at temperatures below 1 K22

However, in our temperature range, we consider masses
tained from the single-particle model to be reliable estima
The uncertainty in absolute mass measurement may no
that important for the considerations of the influence of pr
sure on the cyclotron masses. To obtain experimental m
values for comparison with our calculations, we used, a
was done previously,1 a linear extrapolation of the magnetic
field dependence to zero magnetic field~Fig. 11!. In this
way, the mass at zero stress was found to bem1* /me

5(0.2360.01) for samples withNs57.631011 cm22 ~Fig.
12! and m1* /me5(0.2560.01) for samples withNs59.8
31011 cm22. The magnetic-field coefficient in the non
compressed state is]m1* /]H50.057me /T for HCO251
(]m1* /]H50.051me /T for HCO218!. These values are in a
good agreement with those of Ref. 1, where similar hete
structures were investigated, but clearly different from tho
of Ref. 23. The reason for the difference of effective mas
obtained by different authors might be the different con
tions of heterostructure growth and the different layer thic
nesses, which can affect the form of ‘‘triangular well.’’

In Fig. 12 we display our results for the two masses a
function of @110# compression. The theoretical values we
derived from

mi* 5
\2

2pS ]Si

]E D
Ef

, i 50,1, ~29!

whereSi is the area ink space enclosed by the Fermi surfa
for each of the spin subbands. The experimental zero-fi
hole massm1* /me increases under uniaxial compression
does the theoretical one.
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The samples with higher hole concentration~and accord-
ing to the theoretical prediction with a higher splitting and
larger difference of masses! demonstrate a larger increase
m1* under compression.

The results for the hole concentrations~Sec. IV B! and for
the masses reveal both of them a decrease of the spli
under compression and a redistribution of carriers betw
the two subbands in favor of the less populated one.
dependence of the effective mass on magnetic field decre
under compression from]m1* /]H5(0.05760.004)me /T at
P50 to (0.00460.005)me /T at P54.8 kbar. It disappears
at pressures higher than 4 kbar, which we ascribe to a re
tion of the difference between the subbands.

FIG. 11. SdH oscillations~right scale! for HCO251 at two dif-
ferent temperatures (P50):T51.97 K ~solid line!, T51.44 K
~dashed line!. Effective mass~left scale! for subband ‘‘1’’ ~open
squares! calculated from the temperature dependence of the S
oscillations. The straight line is a linear approximation of the eff
tive mass magnetic-field dependence.

FIG. 12. Dependence of effective masses in spin-splitted s
bands on external uniaxial compression applied along@110#. Solid
lines correspond to calculated values of effective masses. Ci
and squares are experimental values for two perpendicular m
for HCO251 sample.
ng
n
e

ses
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D. Electrical resistance

The pressure dependence of the electrical resistance
calculated for the directions of the transport current be
parallel or perpendicular to the direction of compression. W
assumed the dependence to arise solely from band-stru
effects, i.e., we neglected any influence from a possible p
sure dependence of the scattering processes, and simpl
scribed the scattering by constant isotropic mean-free patl.
Thus, the conductivity was calculated from the kinetic equ
tion

jW52
e2

4p2E ~EW VW !VW
l

uVu
] f 0

]E
dkxdky , ~30!

where jW is the current density,EW is the electric field,VW the
velocity of the carriers, andf 0 the distribution function.

The results for a sample with carrier concentrationNs
57.631011 cm22 under @110# compressive strain are
shown in Fig. 13~dash line!, where we have divided the
resistance at pressureP by the resistance at zero pressure.
this way of displaying we avoid to account for the anisotro
of R(P50), cf. Sec. III, an anisotropy, which by the a
sumption of an isotropicl was neglected in the calculation
Under uniaxial compression the square resistance of
samples demonstrates considerable change of its anisot
in the direction parallel to the external uniaxial compress
it decreases while it increases in the perpendicular direct
The experimental results are qualitatively the same for b
directions of compression@110# and @ 1̄10#. Slight differ-
ences we ascribed to the roughness scattering. Naturally,
scattering mechanism as well others and their pressure
pendence should be taken into account in a more real
analysis of resistance under uniaxial compression. Howe
our calculations indicate that the evolution of the hole FS
a main cause determining the behavior of the resistance
der compression.

H
-

b-

es
as

FIG. 13. Dependence of the relative resistance in two perp
dicular directions on external@110# uniaxial compression. Square
and circles are experimental data for the directions of trans
current parallel and perpendicular to the compression, respecti
~HCO251!, dash lines are result of calculations.
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V. CONCLUSION

The effect of uniaxial compression on the electronic str
ture and the magnetotransport properties of triangular qu
tum wells has been investigated theoretically and experim
tally. It has been found that uniaxial compression stron
affects the Fermi-surface topology, leading to a reduction
the difference between the effective masses and the ca
concentrations in the subbands of the hole ground stat
also causes a strong anisotropy of the electrical resistanc
,
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,

-
n-
n-
y
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the directions parallel and perpendicular to the direction
the applied compression.
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