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Effect of inversion asymmetry on the conduction subbands in GaAs-Ga12xAl xAs heterostructures

P. Pfeffer
Institute of Physics, Polish Academy of Sciences, Aleja Lotnikow 32/46, 02-668 Warsaw, Poland

~Received 15 October 1998!

Spin splitting of conduction subbands in GaAs-Ga12xAl xAs heterostructures due to both bulk and structure
inversion asymmetry is considered theoretically using a five-levelk–p model. A formula for the splitting
related to the structure inversion asymmetry is derived and it is explicitly demonstrated that this splitting is not
proportional to the average electric field in the system. The theory is shown to describe well existing Raman
data on anisotropic spin splitting in GaAs-Ga1-xAl xAs heterostructures for various directions of the Fermi wave
vector. It is shown that the splitting is dominated by the bulk inversion asymmetry at low two-dimensional
electron densities and by the structure inversion asymmetry at high densities. Various simplifications of the
presented complete theory are discussed.@S0163-1829~99!01523-4#
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I. INTRODUCTION

Spin splitting of electric subbands in III-V semiconduc
ing heterostructures has attracted in recent years conside
and continuously growing theoretical and experimental in
est. In a crystal with bulk inversion asymmetry~BIA ! the
energy bands are spin split for a given direction of the wa
vectork ~see Ref. 1, and references therein!. In heterostruc-
tures the spin splitting may also occur as a result of
structure inversion asymmetry~SIA!, as first pointed out by
Bychkov and Rashba.2 The history of the subject is quit
controversial. In the first theory for metal-oxide
semiconductor structure Ohkawa and Uemura3 concluded
that in a system with an asymmetric potentialV(z) the spin
splitting is proportional to2]V/]z5qE. However, as re-
marked by Darr, Kotthaus, and Ando,4 in bound states the
average value of electric field vanishes. Lassnig5 considered
the effect of SIA in GaAs-Ga12xAl xAs heterostructure
within an incomplete five-levelk–p model, taking into ac-
count a mass discontinuity at the interface and assuming
the average electric field in the structure vanishes. Malc
Lommer, and Rossler6 took into account both BIA and SIA
and pointed out that the mass discontinuity in a heterost
ture results in an additional force. Since it is the mean va
of the total force that vanishes in a bound state, the ave
electric field is small but nonzero. The authors of Ref.
underestimated the SIA mechanism and concluded tha
GaAs-Ga12xAl xAs heterostructures BIA provides the dom
nant source of the spin splitting. Sobkowicz7 treated SIA in
narrow-gap heterostructures and showed that boundary
ditions involve spin terms~see also Bastard, Brum, an
Ferreira8!. Eppenga and Schurmann9 calculated an anisot
ropy of the subband splitting~for various directions ofk)
due to BIA in GaAs/AlAs symmetric quantum wells. Win
kler and Roessler10 recognized that the theory must take in
account the band offsets, which results in almost zero va
of an average electric field. Andrada e Silva, La Rocca,
Bassani11 followed the initial approach of Ohkawa an
Uemura.3 Pfeffer and Zawadzki12,13 described the spin split
ting in GaAs-Ga12xAl xAs heterostructures within the com
PRB 590163-1829/99/59~24!/15902~8!/$15.00
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plete five levelk–p theory, which allows one to treat bot
SIA and BIA mechanisms, and showed that both of them
important in the above system. Unfortunately, deduced
perimental splittings quoted in Refs 12,13, were twice hig
than the real values~see below!.

On the experimental side there exists an attempt to m
sure the spin splitting in GaAs-Ga12xAl xAs at B50 by
means of spin resonance~Stein, von Klitzing, and
Weimann14!, an observation of the spin precession using
tilocalization in the same system by Dresselhauset al.,15 and
Knap et al.,16 and a direct measurement of the spin splitti
with the use of Raman scattering by Jusserandet al.17 and
Richardset al.18 There exist measurements on other syste
for which the spin splitting was determined by beatings
the Shubnikov–de Haas oscillations at low magne
fields.19,20 More recently it has become possible to influen
the spin splittings in heterostructures by applying exter
electric fields.21–23

In spite of the explicit statements that in a bound state
average electric field is exactly or nearly zero~see Refs.
4,5,12,13,24,25!, it is still often claimed that the spin split
ting due to SIA ~Bychkov-Rashba! mechanism is propor-
tional to the average field~see Refs. 11,16,20–22!. This is
frequently accompanied by an erroneous omission of the
tential discontinuities at the interfaces.

The purpose of the present work is threefold. First, we
beyond the perturbation theory, developed in Refs. 12,13
order to describe more precisely the spin splitting in III-
heterostructures within the five-levelk–p model. Second, an
analytical formula for the spin splitting due to SIA mech
nism is derived, which shows explicitly that the avera
electric field contributes only a very small portion of the to
splitting due to inversion asymmetry. Third, we describe
experimental data of Refs. 17,18 on anisotropic conduc
band spin splittings in GaAs-Ga12xAl xAs heterostructures
deducing correctly the relation between the Raman splitti
and the energy spin splittings.

II. THEORY

Our approach is based on thek–p theory for the electron
in a periodic potentialV0 in the presence of spin-orbit inter
15 902 ©1999 The American Physical Society



-
1.

ion
pi

ro

he
f

n-

hi

e

is

c

d

n

lcu-
ion

n
o-

7

PRB 59 15 903EFFECT OF INVERSION ASYMMETRY ON THE . . .
action. We consider a five level model~5LM! of G8
c , G7

c ,
G6

c , G8
v , G7

v levels atk50. The initial band-edge Luttinger
Kohn periodic functionsul are chosen according to Ref.
These functions diagonalize the spin orbit within (G8

c , G7
c)

and (G8
v , G7

v) multiplets. As a consequence, due to invers
asymmetry of the zinc blende lattice, there exists also a s
orbit coupling D̄ between the above multiplets~Pollak
et al.26!. The remaining bands are neglected. Thek–p theory
for the bulk is then modified by the presence of a hete
structure potentialV(z). If this potential is slowly varying
within the unit cell, it appears only on the diagonal of t
k–p matrix. The initial 14314 Hamiltonian has the form o
Eq. ~6! of Ref. 1, in whichkz is replaced by2 i ]/]z, all
diagonal terms contain in additionV(z), and the expansion
coefficientscl are replaced by the envelope functionsf l(r )
5exp(ikxx1ikyy)Fl(z).

We further transform the initial matrix, requiring the no
vanishing off-diagonal matrix elements to be linear ink̂i ,
which facilitates substitutional or perturbative solutions. T
requires the following transformation of the initial basis:

U1(8)5c1u1(8)1D8Au5(12) ,

U2(9)5c1u2(9)1D8Au6(13) ,

U3(10)5c2u3(10)22D8Bu7(14) ,

U4(11)5u4(11) , ~1!

U5(12)5c1u5(12)2D8Au1(8) ,

U6(13)5c1u6(13)2D8Au2(9) ,

U7(14)5c2u7(14)12D8Bu3(10) ,

FIG. 1. Potential profiles of the conduction and the valen
bands in the modulation-doped Ga0.67Al0.33As/GaAs/Ga0.67Al0.33As
quantum well~left scale!, and the wave function of the groun
conduction subband~right scale! versusdistance along the growth
directionz.
n-

-

s

where A51/(G12E0), B51/(E12G0), D85D̄/3, and
c1 ,c2 are the normalization coefficients. HereG15E11D1
and G05E01D0 , in which Ei are the energy gaps andD i
the spin-orbit energies~see Fig. 1!. The interband spin-orbit
energyD̄ is defined in Ref. 1. Here and in the following w
neglect small corrections introduced byD̄ into the band-edge
energies@see Eq.~8! of Ref. 1#.

The resulting eigenvalue differential matrix in the bas
~1! is given by Eq.~2!:

e
FIG. 2. Spin splitting of the lowest subband i

GaAs/Ga0.67Al0.33As heterostructure averaged overkF directions
versus electron density. The solid lines are theoretical: BIA, ca
lated for bulk inversion asymmetry alone; SIA, structure invers
asymmetry alone; TOT, both mechanisms (Ndepl50). The full
points are from the Raman experiments~after Refs. 17,18! for vari-
ouskF directions.

FIG. 3. Spin splitting of the lowest subband i
GaAs/Ga0.67Al0.33As heterostructure versus electron density. The

retical curves are calculated forkFi @110#, kFi@11̄0#, and
kFi@100#, taking Ndepl50. Experimental values are after Refs. 1
and 18 for the indicated directions ofkF .
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PRB 59 15 905EFFECT OF INVERSION ASYMMETRY ON THE . . .
We use the notationa5D8/(A12B), p15P012D8AP1 ,
p25P11D8AP0 , p35P012D8BP1 , p45P122D8BP0 .
Here P0 , P1 , and Q are the interband matrix elements
momentum~defined in Ref. 1!, and

l5«2
\2k'

2

2m0
2

\2k̂z
2

2m0
2V~z!, ~3!

wherek̂z52 i ]/]z andk'
2 5kx

21ky
2 . The matrix~2! is writ-

ten in the order U1 ,U9 ,U3 ,U4 ,U5 ,U13,U7 ,U8 ,U2 ,
U10,U11, U12,U6 , U14. It represents the eigenvalue pro
lem for the energye and fourteen envelope functionsF l(z).
FunctionsU4 andU11 are associated with spin up and sp
down components of theG6 conduction band of our interes
We emphasize that the matrix element Q, which couples
G8

v ,G7
v with theG8

c ,G7
c multiplet, does not vanish because

the inversion asymmetry of the crystal. For this reason
five-level k–p model allows us to include the BIA mecha
nism of the spin splitting.

In order to reduce the fourteen coupled differential eq
tions to the two equations for theG6 conduction band, we
observe that the matrix elementsQ have only a secondar
effect on theG6

c band. Thus they can be included by iter
tion. We first neglect theQ terms in the matrix~2!, as well as
the free electron terms\2k̂z

2/2m0 on the diagonal~which are
small compared to the corresponding terms involving
effective electron mass!. This allows us to express twelve o
the fourteen envelope functions by the two functionsF4 and
F11. Then the complete equations~2! are used, from which
the twelve functions are expressed byF4 and F11, now
including also linearQ terms. The procedure is repeated
include quadratic termsk2 and cubic termsk3, as well as the
terms proportional toQ2P0

2k4. The resulting eigenvalue
problem for the conduction band reads

S Â1B̂2l K̂

K̂† Â2B̂2l
D S F1~z!

F2~z!
D 50, ~4!

where

Â52
\2

2

]

]z

1

m* ~z!

]

]z
1

\2k'
2

2m* ~z!
1V~z!, ~5!

B̂5 i ~kx
22ky

2!S 1

2

]g

]z
1g

]

]zD . ~6!

The effective mass is

m0

m* ~z!
511C2

1

3
FEP0S 2

Ẽ0

1
1

G̃0
D 1EP1S 2

G̃1

1
1

Ẽ1
D

14D8AEP0
EP1S 1

Ẽ1G̃0

2
1

Ẽ0G̃1
D G . ~7!

Here

Ẽi5Ei2«1V~z!1
\2k'

2

2m0
1

\2k̂z
2

2m0
~8!
e

e

-

e

and G̃i5Ẽi1D i . QuantityC is the far band contribution to
the effective mass,EP0

52m0P0
2/\2, and EP1

52m0P1
2/\2.

The nondiagonal term in Eq.~4! consists of two parts

K̂5K̂SIA1K̂BIA . ~9!

The first part, related to the structure inversion asymmetry

K̂SIA5
2 ik2

A2

]h

]z
, ~10!

where

h~z!5
2

3
F P0

2S 1

Ẽ0

2
1

G̃0
D 1P1

2S 1

G̃1

2
1

Ẽ1
D

22D8P0P1S 1

Ẽ0G̃1

1
2

Ẽ1G̃0
D G . ~11!

The second part, related to the bulk inversion asymmetry

K̂BIA52 iA2kxkyk2g~z!2A2k1

]

]z
g~z!

]

]z
1K̂4 ,

~12!

where

g~z!5
4Q

3
H P0P1S 1

G̃0G̃1

2
1

Ẽ0Ẽ1
D

2D8F P0
2

Ẽ0G̃0
S 2

Ẽ1

1
1

G̃1
D 2

P1
2

Ẽ1G̃1
S 2

G̃0

1
1

Ẽ0
D G J

~13!

and

K̂45A2Q2P0
2@ ik2T̂11 ik1~kx

22ky
2!T̂21kxkyk1T̂3#,

~14!

in which

T̂15
2

9G̃1
F S R

]S

]z
23S

]Z

]z
D ]2

]z2
1

k'
2 R

2

]S

]z
G , ~15!

T̂25
1

3G̃0G̃1

]S

]z
, ~16!

T̂35
2

3
S Z

G̃1

]

]z

1

G̃0

2
2

Ẽ0Ẽ1

]

]z

1

Ẽ0
D . ~17!

Here Z51/G̃011/Ẽ0 , R52/Ẽ011/G̃0 , S51/G̃021/Ẽ0 . It
can be seen thatg(z) is proportional to the matrix elemen
Q, which is nonzero because of the bulk inversion asymm
try of the crystal. The termK̂4 is of the fourth order in
momentum and it contributes up to 12% to the spin splitt
at high Fermi energies. It can be seen from the above for
las that the spin splitting of theG6

c conduction band due to
BIA is proportional to the spin-orbit energies of (G8

v ,G7
v) and

(G8
c ,G7

c) bands andD̄.
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The eigenvalue problem~4! describes the conductio
band in the system illustrated in Fig. 1. The potentialV(z) is
characterized by jumps~offsets! at the interfaces atz50 and
z5a. These offsets, when differenciated overz, result in the
Dirac d functions atz50 andz5a. They have to be taken
into account to satisfy the requirement that in a bound s
the average electric field vanishes. The energy gapsEi and
the spin-orbit energiesD i have different values at both side
of the interfaces. On the other hand, it is assumed that
momentum matrix elementsP0 , P1 , Q, and D̄ have the
same values in different parts of the heterostructure. This
reasonable approximation since the two materials compo
the system are supposed to have the same symmetries o
band-edge periodic functions. In particular, it is well know
that in various III-V compounds the value ofP0 is almost the
same.

The inspection of the final results shows that theB̂ terms
in Eq. ~4! give a negligible contribution to the spin splitting
so they are omitted in the following. In order to solve the
~1! one can apply general rules applying to 232 eigenvalue
problems. First, the solutions for the diagonal terms
found. Since B̂ is neglected, there isF1(z)5F2(z)
5F(z). This envelope function obeys the usual bound
conditions

F~z!u10
5F~z!u20

, ~18!

S 1

m* ~z!

]F

]z D U
10

5S 1

m* ~z!

]F

]z D U
20

, ~19!

and similarly for the pointz5a. Contrary to the statement i
Ref. 12, we find that the spin-dependent boundary conditi
do not influence much the calculated spin splitting related
the SIA mechanism.~That is, the boundary conditions d
depend on the spin, but neglecting this dependence doe
change much the final results.! For that reason we apply th
simple boundary conditions~18! and~19!. Having found the
envelope functionF(z) we calculate the average value ofk̂z

and put it into the expressions forẼi andG̃i @cf. Eq. ~8!#.
Calculating the average value of the nondiagonal termK̂

taken overF(z) we take into account the above mention
Dirac d functions atz50 andz5a. After some manipula-
tion, the average ofK̂SIA is brought to the form

^FuK̂SIAuF&5
2 ik2A2

3 F K FU2]V

]z
DUF L

1F2~0!C~0!2F2~a!C~a!G , ~20!

where

D5H P0
2S 1

Ẽ0
2

2
1

G̃0
2D 1P1

2S 1

G̃1
2

2
1

Ẽ1
2D

22D8P0P1F 1

Ẽ0G̃1
S 1

Ẽ0

1
1

G̃1
D 1

2

Ẽ1G̃0
S 1

Ẽ1

1
1

G̃0
D G J .

~21!
te
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a
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When integrating the first term over the regions I, II, a
I ~see Fig. 1!, one has to take inD the corresponding value
of the gapsEi and the spin-orbit energiesD i . The pointsz
50 andz5a are excluded from the integration. The quan
ties F(0) andF(a) are the values of the envelope functio
at z50 andz5a, respectively, and

C~0!5@II #02@I#0 , ~22!

C~a!5@II #a2@I#a , ~23!

in which, for example,

@II #05F P0
2D0

II

Ẽ0
IIG̃0

II
2

P1
2D1

II

Ẽ1
IIG1

II
22D8P0P1S 1

Ẽ0
IIG̃1

II
1

2

Ẽ1
IIG̃0

II D G
0

.

~24!

The symbol@II #0 means that the valuesẼi andG̃i should be
taken for the region II, while the subscript 0 ora indicates
that the value of the potentialV(z) in Ẽi and G̃i should be
taken at the point 0 ora from the left or from the right,
depending on the region. ThusVII(0)50,VI(0)5VB ,VII(a)
5V(a),VI(a)5V(a)1VB . It can be seen from the abov
formulas that the spin splitting in theG6 conduction band
due to the SIA mechanism is proportional to the spin-or
energies in the (G8

v ,G7
v) and (G8

c ,G7
c) bands.

To make connection with the claims that the SIA sp
splitting is proportional to the average electric field, w
transform the above expression observing that the elec
field in the conduction band isEq52]V/]z1VBd(z)
2VBd(z2a), where the first term excludes the pointsz
50 andz5a. Since the envelope functionF(z) is nonzero
mostly in the well ~region II!, we add and subtrac
VBF2(0)D(0) andVBF2(a)D(a) from the right-hand side
of Eq. ~20!, and obtain

^FuK̂SIAuF&5
2 ik2A2

3 F K FU2]V

]z
DiUF L

1VBF2~0!D~0!2VBF2~a!D~a!G
1

2 ik2A2

3
$F2~0!@C~0!2VBD~0!#

2F2~a!@C~a!2VBD~a!#%, ~25!

where

D~0!5H P0
2F 1

~Ẽ0
II !2

2
1

~G̃0
II !2G1P1

2F 1

~G̃1
II !2

2
1

~Ẽ1
II !2G

22D8P0P1F 1

Ẽ0
IIG̃1

II S 1

Ẽ0
II

1
1

G̃1
II D

1
2

Ẽ1
IIG̃0

II
S 1

Ẽ1
II

1
1

G̃0
II D G J

0

. ~26!

The subscript 0 in Eq.~26! means that one should pu
VII(0)50. The quantityD(a) has the identical form to tha
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given by Eq.~26! @i.e., it contains the energies from the
region, but the potential value isVII(a)5V(a)#. Since to a
good approximation there isDi'D0'Da , the expression in
the first square bracket of Eq.~25! is approximately propor-
tional to the average electric fieldE. However, we deal with
a bound state, so that this average field is near zero an
we show below, this term contributes only few percent to
total SIA spin splitting. Thus, we are left with the domina
second term in Eq.~25!, which requires only the knowledg
of the band parameters on both sides of the interfaces an
the envelope function at the interfaces.

The total spin splitting, due to both bulk and structu
asymmetries, is

D«52~^FuK̂uF&^FuK̂†uF&!1/2. ~27!

One can now consider the spin splitting for main directio
of kF . We have

K̂~11
6

0!5
~16 i !

A2
k'F6

1

2

]h~z!

]z
1

k'
2 g~z!

2
1

]

]z
g~z!

]

]z

7Q2P0
2S T̂11

k'
2

2
T̂3D G , ~28!

where the upper signs are forki@110# and lower for
ki@11̄0#. It can be seen that ifQ2 term is neglected~it gives
a contribution of few percent!, there is D«BIA(110)
5D«BIA(11̄0). Forki@100#

K̂~100!52 ik'F1

2

]h~z!

]z
2 i

]

]z
g~z!

]

]z

2Q2P0
2~ T̂11k'

2 T̂2!G . ~29!

Finally, we calculate the splitting averaging overk direc-
tions in the interface plane (kx ,ky). This gives~neglecting
Q4 terms!

D«~k'!52k'F1

4 K FU]h~z!

]z UFL 2

1
k'

4

8
^Fug~z!uF&2

1K FU ]

]z
g~z!

]

]zUFL 2

1
k'

2

2
^Fug~z!uF&

3K FU ]

]z
g~z!

]

]zUFL 2
Q2P0

2

2 K FU]h~z!

]z UFL
3K FUT̂11

k'
2

2
T̂3UFL G1/2

. ~30!

If small Q2 term is neglected in Eq.~30!, the expression
under the square root decouples into separate contribu
from SIA and BIA mechanisms.

III. RESULTS AND DISCUSSION

We apply the above formalism to th
GaAs/Ga0.67Al0.33Asheterojunction by specifying the poten
as
e

of

s

ns

tial and the band parameters on both sides of the interfa
We take the following band parameters for GaAs~see Ref.
1!: E0521.519 eV, G0521.86 eV, E152.969 eV, G1

53.14 eV, D̄520.061 eV,EP0
527.86 eV,EP1

52.36 eV,

EQ515.56 eV,C522.31. For Ga0.67Al0.33. As we takeE0
521.992 eV, G0522.297 eV, E152.641 eV, G1
52.812 eV,C521.77. As mentioned above, the values
the matrix elementsP0 , P1 , Q, and D̄ are taken to be the
same as for GaAs. The width of the well isa5180 Å and the
offset value for the above chemical composition isVb
50.264 eV.

The potentialV(z) and the envelope functionF(z) are
found in a self-consistent way neglecting the off-diagon
terms in Eq. ~4! and taking into account the exchang
correlation effects.27 This is done for given values of the 2D
electron densityNs and the depletion densityNd . Above
Ns51.231011cm22 the electrons begin to occupy the e
cited electric subband, which has to be accounted for in
calculation ofkF for the ground subband of our interest. Th
spin splittings are then calculated according to the formu
given above.

In Fig. 2 we show the calculated spin splitting of th
conduction subband averaged over thek' directions@i.e., as
described by Eq.~30!#. The solid curves show the theoretic
splittings related to BIA and SIA mechanisms, and the to
theoretical splitting due to both mechanisms. It can be s
that in GaAs/Ga0.67Al0.33As system BIA predominates a
lower Ns values~below 631011cm22), while at higherNs
the SIA mechanism takes over. The resulting total splitt
increases almost linearly withNs . Full points indicate the
experimental Raman data of Refs. 17 and 18.~As mentioned
in the Introduction, these values are twice lower than th
quoted in Refs. 12 and 13!. A comparison of the experimen
with the theory for the average splitting is only tentati
since the data are obtained for specific directions ofk ~see
below!.

We are now in a position to evaluate relative importan
of the two terms contributing to the SIA spin splitting@see
Eq. ~25!#. The first term, approximately proportional to th
average electric field in the conduction band, contribu

FIG. 4. The same as in Fig. 3, but with the theoretical curv
calculated forNdepl5131011 cm22.
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15 908 PRB 59P. PFEFFER
only about 3% to the total SIA splittingD«SIA . This explic-
itly disproves the claim that the SIA splitting is proportion
to the average electric field.~Similar results are obtained fo
In0.53Ga0.47As/In0.52Al0.48As heterostructure, see Ref. 25!. It
should be emphasized again that the average electric fie
the bound state is not exactly zero only due to the effec
mass differences in various parts of the structure.

A few remarks concerning comparison with our previo
results are in order. The present theoretical values of the
splitting for the SIA mechanism are somewhat lower th
those of Ref. 12. This difference is due to several reaso
First, the present more exact theory~based on the reductio
of the 14314 problem to the 232 problem by substitution!
gives lower values than the previous theory based on
perturbation approach. Second, the calculation shown in
2 assumesNd50,while that assumed in Ref. 12 wasNd58
31010cm22. ~For the influence ofNd on the splitting, see
below.! Third, the present calculation considers two inte
faces, whereas that of Ref. 12 considered a single heteroj
tion, which resulted in a stronger inversion asymmetry.
addition, due to an error in programming, the SIA and B
mechanisms were not combined correctly in Ref. 12. T
correct combination is shown in Fig. 2.

Figure 3 shows the calculated spin splitting~combined
BIA and SIA mechanisms! for three directions ofk, taking
the value ofNd50. In Raman experiments one can choosk
direction, at least approximately, by applying a proper lig
polarization.17,18 The corresponding experimental data a
marked in Fig. 3 by various full points. It can be seen that
theory correctly describes the main anisotropy between@110#
and@11̄0# directions and, in particular, the crossover betwe
the corresponding splittings for increasingNs . The experi-
mental anisotropy is weaker than the theoretical one, wh
can be attributed to the fact that in Raman experiments
appropriate light polarization fixesk direction not exactly
but only preferentially.28 The fact that the splittings for@110#
and@11̄0# directions is not the same, is by itself a proof th
both SIA and BIA mechanisms contribute to the effect, sin
BIA alone gives almost the same values for these twok
directions@see Eq.~28!#. As to the comparison of the prese
theory with our previous calculations, all the above rema
concerning the average splitting apply also here. It can
added that fitting the previous theory to the incorrect exp
mental readings~twice as high! forced us to assume in Re
13 a very high value ofNd53.531011cm22, whereas the
data shown in Fig. 3 are well described byNd50. The split-
ting for @11̄0# direction of k changes sign aroundNs'3.5
31011cm22. ~This effect was already visible in Fig. 2 o
Ref. 13, but it occurred aroundNs'1.531011cm22 since it
depends on the value ofNd , which was assumed to be qui
high.!

The value of the depletion densityNd influences the pen
etration of the subband wave function into GaAlAs regi
~see Fig. 1! which, in turn, affects the splitting. To illustrat
the sensitivity of the theory to the value ofNd , we show in
Fig. 4 the theoretical curves calculated forNd51
31011cm22 and compared to the same data. It can be s
that the increase ofNd affects differently the splittings for
various directions, that forkFi@110# being affected more
than the other two. The difference between the present
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cedure and the perturbation theory of the third order~we do
not present explicitly the latter calculations! grows with in-
creasing Ns . For Ns51.531012cm22 the perturbation
theory gives the spin splittings around 15% higher than th
shown in Fig. 3 for@100# and @11̄0# directions and 20%
higher for @110# direction. The growing difference betwee
the ‘‘substitutional’’ and the perturbative~third order! theory
with increasingNs can be qualitatively understood by ob
serving that the spin splitting due to inversion asymmetry
a nonparabolic effect in the band structure, which becom
bigger with increasing energy distance from the conduct
band edge~i.e., with increasing Fermi energy!. At larger val-
ues ofEF , higher powers than the third become of impo
tance, which is taken into account by the present approa

Finally, it is of interest to compare the results of the fiv
level k–p model applied here to those of the simpler thre
level model~see Ref. 25!. It has been convincingly argue
before that, since GaAs is not a narrow-gap material, 5LM
distinctly better than 3LM for higher Fermi energies. Als
as already mentioned above, 5LM includes naturally the
fects of bulk inversion asymmetry due to the appearance
the matrix element Q. On the other hand, using the 3L
approach, one has to put ‘‘by hand’’ the terms related to B
into the initial matrix~see Ref. 25!. As to the comparison of
the splitting values calculated by the two models, they
pend on the direction onkF . In general the 3LM theory
gives a somewhat smaller anisotropy than the results of 5
treatment shown in Fig. 3. ForkFi@110# the spin splitting
according to 3LM atNs51.531012cm22 is about 20%
higher than that given in Fig. 3. For other directions ofkF the
differences between the results of the two models
smaller.

Concerning the influence of an external electric field
the spin splitting of conduction subbands in III-
heterostructures,21–23 it should be emphasized that the exte
nal field affects the splitting neither by changing the avera
value of the field in the well~the latter must remain near zer
in a bound state!, nor by controlling the spin-orbit interac
tion, but by changing the Fermi wave vector and the asy
metry of the quantum well. The main difficulty in describin
such data is an unknown distribution of the field in the stru
ture.

IV. SUMMARY

A theory of the spin splitting of conduction subbands
GaAs-Ga1-xAl xAs heterostructures due to bulk and structu
inversion asymmetries is developed, using the five-levelk–p
model of the band structure for GaAs-type materials. T
five-level model allows one to treat naturally the BIA mech
nism of the spin splitting. This model is solved by substit
tion with the use of iteration, providing a more precise d
scription than the previous perturbative methods. It is sho
explicitly that the spin splitting due to SIA is not propo
tional to the average electric field in the conduction ba
since the latter is almost zero in a bound state. The theor
used to describe available Raman data on the spin splittin
GaAs-Ga0.67Al0.33As heterostructures, correcting the prev
ously quoted experimental values. The theory describes
experimental splittings quite well~both their absolute value
and their anisotropy for different directions of the Ferm



ed
b

th
m
p

-

as
n
e
u

s/

for
pin
nd

ex-
ork

ific

PRB 59 15 909EFFECT OF INVERSION ASYMMETRY ON THE . . .
wave vector! without adjustable parameters. It is conclud
that the spin splitting in the above system is dominated
the BIA mechanism at lower electron densities and by
SIA mechanism at higher densities. The results of the co
plete theory are used to discuss simpler treatments: the
turbative approach to the five-levelk–p model and the three
level k–p model.

Note added in proof.A recent paper by Wissingeret al.29

treats the same subject. The procedure of this paper is b
on the multiband envelope function approach of Winkler a
Roessler.10 No details of the calculation are given, but th
band parameters used in Ref. 29 as well as the final res
or

ro

hy
rs
y
e
-

er-

ed
d

lts

for the spin splitting of the ground electric subband in GaA
Ga0.7Al0.3As heterostructures are similar to ours.
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