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Effect of inversion asymmetry on the conduction subbands in GaAs-Ga ,Al,As 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;G@Al,As heterostructures due to both bulk and structure
inversion asymmetry is considered theoretically using a five-l&vpl 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-GAl,As 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 discus§80163-182699)01523-4

. INTRODUCTION plete five levelk-p theory, which allows one to treat both
SIA and BIA mechanisms, and showed that both of them are
Spin splitting of electric subbands in IlI-V semiconduct- important in the above system. Unfortunately, deduced ex-
ing heterostructures has attracted in recent years consideralgerimental splittings quoted in Refs 12,13, were twice higher
and continuously growing theoretical and experimental interthan the real valuetsee below.
est. In a crystal with bulk inversion asymmet(8IA) the On the experimental side there exists an attempt to mea-
energy bands are spin split for a given direction of the wavesure the spin splitting in GaAs-Ga,Al,As at B=0 by
vectork (see Ref. 1, and references thejein heterostruc- means of spin resonancéStein, von Klitzing, and
tures the spin splitting may also occur as a result of thaVeimanrt), an observation of the spin precession using an-
structure inversion asymmet(glA), as first pointed out by tilocalization in the same system by Dresselhaual.,™ and

Bychkov and Rashb&The history of the subject is quite Knapet al," and a direct measurement of the spin splitting
controversial. In the first theory for metal-oxide— With the use of Raman scattering by Jusserandl.™" and

semiconductor structure Ohkawa and Uerducancluded Richardset al.*® There exist measurements on other systems,

. : . : ; for which the spin splitting was determined by beatings of
thqt N a'system W.'th an asymmetric poten¥lz) the spin the Shubnikov—de Haas oscillations at low magnetic
splitting is proportional to—dV/dz=qE. However, as re-

: fields1°?° More recently it has become possible to influence
marked by Darr, Kotthaus, and Anddn bound states the o spin splittings in heterostructures by applying external

average value of electric field vanishes. Las3uignsidered electric field2l~

the effect of SIA in GaAs-Ga,AlAs heterostructure | gpite of the explicit statements that in a bound state the
within an incomplete five-levek-p model, taking into ac- ayerage electric field is exactly or nearly zefsee Refs.
count a mass discontinuity at the interface and assuming thats 12 13,24,25 it is still often claimed that the spin split-
the average electric field in the structure vanishes. Malcheting due to SIA (Bychkov-Rashbamechanism is propor-
Lommer, and Rossl@rtook into account both BIA and SIA tional to the average fielésee Refs. 11,16,20—R2This is
and pointed out that the mass discontinuity in a heterostrudrequently accompanied by an erroneous omission of the po-
ture results in an additional force. Since it is the mean valuaential discontinuities at the interfaces.

of the total force that vanishes in a bound state, the average The purpose of the present work is threefold. First, we go
electric field is small but nonzero. The authors of Ref. 6beyond the perturbation theory, developed in Refs. 12,13, in
underestimated the SIA mechanism and concluded that iarder to describe more precisely the spin splitting in 11-V
GaAs-Ga_,Al,As heterostructures BIA provides the domi- heterostructures within the five-levielp model. Second, an
nant source of the spin splitting. Sobkowidreated SIA in ~ a@nalytical formula for the spin splitting due to SIA mecha-
narrow-gap heterostructures and showed that boundary coRiSm is derived, which shows explicitly that the average
ditions involve spin termgsee also Bastard, Brum, and eIe_ctnc field contnbutgs only a very smal] portion of thg total
Ferreird). Eppenga and Schurmahoalculated an anisot- SPlitting due to inversion asymmetry. Third, we describe the
ropy of the subband splittingfor various directions ok) experlmgntal Qe}ta Of. Refs. 17,18 on anisotropic conduction
due to BIA in GaAs/AIAs symmetric quantum wells. Win- band spin splittings in GaAs-Ga,Al,As heterostructures,

kler and Roessléf recognized that the theory must take into deducing correctly.the r(_elgtion between the Raman splittings
account the band offsets, which results in almost zero valu@lnd the energy spin splittings.

of an average electric field. Andrada e Silva, La Rocca, and Il. THEORY
Bassani® followed the initial approach of Ohkawa and '
Uemura® Pfeffer and Zawadzki** described the spin split-  Our approach is based on thep theory for the electron

ting in GaAs-Ga_,Al,As heterostructures within the com- in a periodic potentiaV, in the presence of spin-orbit inter-
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FIG. 1. Potential profiles of the conduction and the valence

bands in the modulation-doped §3pAl g 3 AS/GaAS/Gg gAl g 3AS
quantum well(left scalg, and the wave function of the ground
conduction subbanétight scale versusdistance along the growth
directionz.

action. We consider a five level mod@LM) of T'g, TS,
&, I'g, T'Y levels atk=0. The initial band-edge Luttinger-
Kohn periodic functionay; are chosen according to Ref. 1.

These functions diagonalize the spin orbit withiig( T'%)

in

lowest

FIG. 2. Spin splitting of the subband
GaAs/Gag Al 3As heterostructure averaged ovieg directions
versus electron density. The solid lines are theoretical: BIA, calcu-
lated for bulk inversion asymmetry alone; SIA, structure inversion
asymmetry alone; TOT, both mechanismdy{,=0). The full
points are from the Raman experimetater Refs. 17,1Bfor vari-
ouskg directions.

where A=1/(G;—E,), B=1/(E;—Gy), A'=A/3, and

and ('}, ') multiplets. As a consequence, due to inversionC1,C2 areé the normalization coefficients. He@g =E;+A,
asymmetry of the zinc blende lattice, there exists also a spi@Nd Go=Eg+ Ao, in which E; are the energy gaps ary

orbit coupling A between the above multiplet&Pollak
et al%%). The remaining bands are neglected. Khp theory

the spin-orbit energietsee Fig. 1 The interband spin-orbit
energyA is defined in Ref. 1. Here and in the following we

for the bulk is then modified by the presence of a heteroheglect small corrections introduced Kyinto the band-edge

structure potentiaV(z). If this potential is slowly varying

within the unit cell, it appears only on the diagonal of the

k-p matrix. The initial 14< 14 Hamiltonian has the form of
Eqg. (6) of Ref. 1, in whichk, is replaced by—id/dz, all
diagonal terms contain in additiof(z), and the expansion
coefficientsc, are replaced by the envelope functiohér)
= exp(kx+ikyy)P(2).

We further transform the initial matrix, requiring the non-
vanishing off-diagonal matrix elements to be linearkin

which facilitates substitutional or perturbative solutions. This

requires the following transformation of the initial basis:
Uj(g)=C1U1(gyT A AUs(12),
Uz (9)=Cylz(g)T A’ Alg(13),
U3 (10)= C2U3z(10)~ 24" BUz (14,
U= Ua1a), (2)
Us(12)=C1Us(12— A" AUy g),

Ug(13)=C1Ug(13y~ A AUy (g),

U7(14)= CoU7(14yF 2A " BUg(1q),

energiegsee Eq.8) of Ref. 1].
The resulting eigenvalue differential matrix in the basis
(1) is given by Eq.(2):
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FIG. 3. Spin splitting of the lowest subband in

GaAs/Gag gAlg 3As heterostructure versus electron density. Theo-
retical curves are calculated fokg|| [110], kg[|[110], and
kel[100], taking Ngep=0. Experimental values are after Refs. 17
and 18 for the indicated directions b .
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We use th,e notatiorazA’/(AerB), p1=Po+ ZA:APL andG;=E; +A,. QuantityC is the far band contribution to

ﬂZZPFl)JFAPAPO’dF(’?S:PO?ZA. BPg, dp4: Pl'_ZIA BPo. fthe effective massEp =2mgP§/#2, and Ep =2moP%/42.
ere Py, P;, andQ are the interband matrix elements o . . .

momentum(defined in Ref. 1, and The nondiagonal term in E@4) consists of two parts

P22 K2R2 K=KgatKgia - 9
AN=g— Z—L - 5——V(2), (3)  The first part, related to the structure inversion asymmetry, is
my 2mg
Lo 2 _ 1,24 1.2 ; ; o —ik_ (977
wherek,= —id/dz andk] =k;+ k. The matrix(2) is writ A= (10)
ten in the order U;,Uq,U3,U,,Us5,U43,U;7,Ug,U5, \/— 9z’

U10,U11, Ugp,Ug, Uyy. It represents the eigenvalue prob-

lem for the energy and fourteen envelope functiods (z). where

FunctionsU, and U, are associated with spin up and spin 5 1 1 1 1
down components of thEg conduction band of our interest. n(2)==| P3| =—— = | +P? =—— —
We emphasize that the matrix element Q, which couples the 3 Eo Go G, E;

g, L'y with the g, T'S multiplet, does not vanish because of
the inversion asymmetry of the crystal. For this reason the
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 equa-The second part, related to the bulk inversion asymmetry, is
tlgns to tr;]e twrg) equanonsI for thE?] condutI:tlon band, dwe P P
observe that the matrix elemen@s have only a secondary R i _ Z Z iR
effect on thel'§ band. Thus they can be included by itera- Reia I\/Ekxkyk7 = Y2k d 7z) aZ+K4'
tion. We first neglect th& terms in the matrix2), as well as (12)

the free electron term&?k2/2m, on the diagonalwhich are ~ where

small compared to the corresponding terms involving the

effective electron magsThis allows us to express twelve of

the fourteen envelope functions by the two functidnsand W2)=— [ PoP
®,,. Then the complete equatiof2) are used, from which

1 2
==t =~=
EoG: E;Go

_ZA,P()P]_ (11)

1 1
GoG1 Eok

the twelve functions are expressed th; and ®,;, now P2 (2 1 P2 (2 1
including also lineaiQ terms. The procedure is repeated to “Als=m=|==t+=|—===|=+=
include quadratic termis? and cubic term&?, as well as the EoGo\E1 Gi/ EiG1\Go Eo
terms proportional toQ?P3k*. The resulting eigenvalue (13)
problem for the conduction band reads and
A+B—\ K d,(2z - LA « -
Boa K ( i )) S0, @ Re= QPP Tk, (8- kD) To ok T
KT A-B-\/\P2(2) (14)
where in which
2 2
A #2 9 1 d N ﬁzkf LV 5 T:I__ 2 ( 07_8_ % &_+|Q_Rﬁ_s (15)
- 7 E m*(z) E 2m*(z) (Z)’ ( ) 9G1 0z 0z (922 2 0z
1oy o - 1 oS
=i(K2—K> Ty= (16)
=ik )(2 Jz 7(92) © 2 3G0G1 (92
The effective mass is 92l 7z 41 2 41
il b e § (17
o 2 1 2 1 3 Gl ﬁZGo EOEl 0z EO
=1+C——|Ep |=+=|+Ep | =+ = - - - - - -
m* (z) \Ey Go NG, g Here Z=1/Gy+ 1/Ey,, R=2/Ey+1/G,y, S=1/Gy—1/E,. It
1 1 can be seen thag(z) is proportional to the matrix element
LAN /—EP Ep | o — = ) @ Q, which is nonzero becausq Of. the bulk inversion asymme—
O TN EGy EG; try of the crystal. The ternK, is of the fourth order in

momentum and it contributes up to 12% to the spin splitting
Here at high Fermi energies. It can be seen from the above formu-
las that the spin splitting of thE§ conduction band due to
®) BIA is proportionalt_o the spin-orbit energies dff,I'7) and
2mp  2my (I's,I'S) bands and\.

- hk2 h2K2
Ei=E—e+V(2)+ 5— d
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The eigenvalue problentd4) describes the conduction When integrating the first term over the regions I, Il, and
band in the system illustrated in Fig. 1. The potentét) is | (see Fig. 1, one has to take i the corresponding values
characterized by jump®ffsetg at the interfaces &=0 and  of the gapsE; and the spin-orbit energies;. The pointsz
z=a. These offsets, when differenciated ozeresult in the =0 andz=a are excluded from the integration. The quanti-

Dirac ¢ functions atz=0 andz=a. They have to be taken ties®(0) andd(a) are the values of the envelope function
into account to satisfy the requirement that in a bound statat z=0 andz=a, respectively, and

the average electric field vanishes. The energy dgpand

the spin-orbit energiea; have different values at both sides C(0)=[M]o—[lo. (22)

of the interfaces. On the other hand, it is assumed that the

momentum matrix element®,, P,, Q, and A have the Cla)=[a={la, (23
same values in different parts of the heterostructure. This is @ which, for example,

reasonable approximation since the two materials composing

the system are supposed to have the same symmetries of the P3Ag  P3AY , 2
band-edge periodic functions. In particular, it is well known [l1lo= Zigi  Eigl —2A"PyP, Zign T Eign
that in various IlI-V compounds the value Bf, is almost the hat 1= 0=1 1=0

same. (24

The inspection of the final results shows that Bieerms — The symbol[ll ], means that the valuds andG; should be

in Eq. (4) give a negligible contribution to the spin splitting, taken for the region II, while the subscript 0 arindicates
so they are omitted in the following. In order to solve the set

(1) one can apply general rules applying tx 2 eigenvalue that the value of the potentidd(z) in E; and G; should be

roblems. First, the solutions for the diagonal terms aretaken at the point 0 oa from the left or from the right,
P ' ’ 9 depending on the region. Thy&'(0)=0V'(0)=Vg,V'(a)

found. Since B is neglected, there isby(2)=®5(2)  _y/(a) V(a)=V(a)+Vs. It can be seen from the above
=®(z). This envelope function obeys the usual boundaryormulas that the spin splitting in thEg conduction band
conditions due to the SIA mechanism is proportional to the spin-orbit

energies in thel(3,I'y) and (Cg,T'$) bands.
To make connection with the claims that the SIA spin
splitting is proportional to the average electric field, we
1 00 transform the above expression observing that the electric
m*(z)E field in the conduction band i€q=—dV/dz+Vgs(2)
+ —Vgd(z—a), where the first term excludes the poirgs

and similarly for the poinz=a. Contrary to the statementin =0 @ndz=a. Since the envelope functich(z) is nonzero
Ref. 12, we find that the spin-dependent boundary condition§103t2Iy in the well (rt;zg|on I), we add and subtract
do not influence much the calculated spin splitting related to/s®“(0)D(0) andVg®“(a)D(a) from the right-hand side
the SIA mechanism(That is, the boundary conditions do ©f EQ.(20), and obtain

depend on the spin, but neglecting this dependence does not )

change much the final result$:or that reason we apply the (<I>|R D)= _'k‘/EK(D _‘QVD,‘@>

simple boundary conditiond 8) and(19). Having found the SIA 3 gz !

envelope functiorb(z) we calculate the average valuelgf

P(2)|4 =P(2)]-, (18

: 19

1 @)
m*(z) 92

and put it into the expressions f& andG; [cf. Eq. (8)]. +V®2(0)D(0)—~Vgd?(a)D(a)
Calculating the average value of the nondiagonal tems
taken overd(z) we take into account the above mentioned —ik_+2 )
Dirac 6 functions atz=0 andz=a. After some manipula- + 3 {PA(0)[C(0)~VgD(0)]
tion, the average kg, is brought to the fo
| YErage Ohei 15 BIOUT m ~®2(a)[C(a)-VsD(a)]}, (25
- —ik_\2 —V where
(@R g2l ®) = — <<1>\ - D\<b>
D(0)=1 P§ G S L
+®2(0)C(0)—P?(a)C(a)|, (20 LEDHZ (@2 (@GhH?2 (B2
where A/ PP ( 1 1
- oP1l ==y | =i T =n
) 1 1 ) 1 1 EOGl E0 Gl
D=1Po\l=m—=z| Pl =
Eo Go Gi EI 2 1 1
1 1 2 (1 1 EIGI\E] Gy
EoG1\Eq G;) EiGo\E; Gy

The subscript 0 in Eq(26) means that one should put
(21)  V'"(0)=0. The quantityD(a) has the identical form to that
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given by Eq.(26) [i.e., it contains the energies from the |l
region, but the potential value ¥'(a)=V(a)]. Since to a
good approximation there B;~Dy~D,, the expression in
the first square bracket of E(R5) is approximately propor-
tional to the average electric fielel However, we deal with
a bound state, so that this average field is near zero and, as
we show below, this term contributes only few percent to the
total SIA spin splitting. Thus, we are left with the dominant
second term in Eq.25), which requires only the knowledge
of the band parameters on both sides of the interfaces and of
the envelope function at the interfaces.

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

Ae=2((P[K|D)(P|KT|D))M2, 27)

One can now consider the spin splitting for main directions

of kg . We have

LT (1) 1an9(z) Ky(z) 4 d
K(110)= % k| #5——+——5—+ N2
. K2
TQ2P3| T, + %Ts,ﬂ, (28)

where the upper signs are fdg|[110] and lower for

k||[[110]. It can be seen that ? term is neglectedit gives
a contribution of few percejpt there is Aega(110)

=Aega(110). Fork|[100]

. | lan(zy 9
K(lOO)Z—IkJ_ E 0z —IE’)/(Z)E
—Q%PY(T,+K2Ty)|. (29)

Finally, we calculate the splitting averaging ovedirec-
tions in the interface planek{,k,). This gives(neglecting
Q* termg

k4

2
2 <D> + 5 oy 02

1c1>
4 9z

d al \? K
T P v(2) @)+ (D[ ¥(2)[P)

Ae(k,)=2k, 5

0z

J d Q*P§ /| |an(2)
><<CI>£'y(Z)E®>— 2 <QD‘ 97

?

(30)

1/2

><<c1> T+ > T3 <I>>

If small Q? term is neglected in Eq(30), the expression

T 5 10 15
Ng(10"em %)

FIG. 4. The same as in Fig. 3, but with the theoretical curves
calculated fomN gep=1x 10" cm ™2,

tial and the band parameters on both sides of the interfaces.
We take the following band parameters for Gadse Ref.
1): Eg=—-1519eV, Gy=—-1.86¢eV, E;=2.969 eV, G;
=3.14eV,A=-0.061eV,Ep =27.86eV,Ep =2.36 eV,
Eo=15.56eV,C=—2.31. For GggAlg33 As we takeE,
=-1992 eV, Gy=-2297eV, E;=2641leV, G,
=2.812eV,C=—-1.77. As mentioned above, the values of
the matrix element®,, P,, Q, andA are taken to be the
same as for GaAs. The width of the wellds- 180 A and the
offset value for the above chemical composition \ig
=0.264 eV.

The potentialV(z) and the envelope functio®(z) are
found in a self-consistent way neglecting the off-diagonal
terms in Eqg.(4) and taking into account the exchange-
correlation effectg! This is done for given values of the 2D
electron densityNg and the depletion densitiNy. Above
N.=1.2x10"cm ? the electrons begin to occupy the ex-
cited electric subband, which has to be accounted for in the
calculation ofkg for the ground subband of our interest. The
spin splittings are then calculated according to the formulas
given above.

In Fig. 2 we show the calculated spin splitting of the
conduction subband averaged over khedirections|i.e., as
described by Eq(30)]. The solid curves show the theoretical
splittings related to BIA and SIA mechanisms, and the total
theoretical splitting due to both mechanisms. It can be seen
that in GaAs/GggAlg3As system BIA predominates at
lower Ng values(below 6x 10'tcm™2), while at higherNg
the SIA mechanism takes over. The resulting total splitting
increases almost linearly witNg. Full points indicate the
experimental Raman data of Refs. 17 and (& mentioned
in the Introduction, these values are twice lower than those
guoted in Refs. 12 and 13A comparison of the experiment

under the square root decouples into separate contributioféth the theory for the average splitting is only tentative

from SIA and BIA mechanisms.

Ill. RESULTS AND DISCUSSION

We apply the above formalism to

since the data are obtained for specific directionk @fee
below).

We are now in a position to evaluate relative importance
of the two terms contributing to the SIA spin splittifigee

the Eq. (25)]. The first term, approximately proportional to the

GaAs/Ga Al ssAsheterojunction by specifying the poten- average electric field in the conduction band, contributes
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only about 3% to the total SIA splittingeg,. This explic- ~ cedure and the perturbation theory of the third orgre do

itly disproves the claim that the SIA splitting is proportional N0t present explicitly the latter c:zalcglgltiOrgrows with in-
to the average electric fieldSimilar results are obtained for €réasing Ns. For Ng=1.5X 10**cm™? the perturbation
Ing 5:Ga 4AS/ N, 5, Al o 4sAs heterostructure, see Ref.)28t theory gives the spin splittings around 15% higher than those
should be emphasized again that the average electric field #own in Fig. 3 for[100] and [110] directions and 20%
the bound state is not exactly zero only due to the effectivéf"gr]‘er for[110] d'r”eCt'O”- The growing difference between
mass differences in various parts of the structure. th_e .substltu.tlonal and the perFurt.)atlv(mlrd ordep theory

A few remarks concerning comparison with our previousWith increasingNs can be qualitatively understood by ob-
results are in order. The present theoretical values of the spf£"ving that the spin splitting due to inversion asymmetry is
splitting for the SIA mechanism are somewnhat lower than? Nonparabolic effect in the band structure, which becomes
those of Ref. 12. This difference is due to several reasondigger with increasing energy distance from the conduction
First, the present more exact thedhased on the reduction Pand edgei.e., with increasing Fermi energyAt larger val-
of the 14X 14 problem to the X2 problem by substitution ~U€S OfEg, higher powers than the third become of impor-
gives lower values than the previous theory based on thEnce, which is taken into account by the present approach.
perturbation approach. Second, the calculation shown in Fig:i. Finally, it is of interest to compare the results of the five-
2 assumedNy=0,while that assumed in Ref. 12 whiy=8 evel k-p model applied here to those of the simpler three-
% 10°cm2. (For the influence o, on the splitting, see level model(s_ee Ref. 2}5_ It has been convincingly_ argued_
below) Third, the present calculation considers two inter-P€fore that, since GaAs is not a narrow-gap material, 5LM is
faces, whereas that of Ref. 12 considered a single heterojungistinctly better than 3LM for higher Fermi energies. Also,
tion, which resulted in a stronger inversion asymmetry. In@S already mentioned above, SLM includes naturally the ef-
addition, due to an error in programming, the SIA and BA fects of bulk inversion asymmetry due to the appearance of

mechanisms were not combined correctly in Ref. 12. Théhe matrix element Q. OE‘ the otrler hand, using the 3LM
correct combination is shown in Fig. 2. approach, one has to put “by hand” the terms related to BIA

Figure 3 shows the calculated spin splittiGgpmbined into the_ i_nitial matrix(see Ref. 2h As to the comparison of
BIA and SIA mechanismsfor three directions ok, taking the splitting vaI_ues_caIcuIated by the two models, they de-
the value ofNy=0. In Raman experiments one can chokse Pend on the direction okg. In general the 3LM theory
direction, at least approximately, by applying a proper light9IVes & somewhat.smz.aller anisotropy than the resultfs _of 5LM
polarization'”8 The corresponding experimental data arefréatment shown in Fig. 3. Fd(F||[%1O]_t2h¢ spin splitting
marked in Fig. 3 by various full points. It can be seen that thedccording to 3LM atNs=1.5x10'?cm™2 is about 20%

theory correctly describes the main anisotropy betwaan] higher than that given in Fig. 3. For other directionkpfthe

and[lTO] directions and, in particular, the crossover betweendlfferences between the results of the two models are

the corresponding splittings for increasihy. The experi- smaller.
P g sp 9 S P . Concerning the influence of an external electric field on
mental anisotropy is weaker than the theoretical one, wh|ct[1h

can be attributed to the fact that in Raman experiments thﬁ € spin Spl'tt"jzgg. of conduction su_bbands in -V
; ) e . N eterostructure$;~23it should be emphasized that the exter-
appropriate light polarization fixek direction not exactly

o8 - nal field affects the splitting neither by changing the average
but only prgfergntlallf. The fact that the sp!|tt|ngs f4a10] value of the field in the wellthe latter must remain near zero
and[110] directions is not the same, is by itself a proof that, 5 pound state nor by controlling the spin-orbit interac-
both SIA and BIA mechanisms contribute to the effect, since[ion, but by changing the Fermi wave vector and the asym-
BIA alone gives almost the same values for these &0 metry of the quantum well. The main difficulty in describing

directions[see Eq(28)]. As to the comparison of the present g,ch data is an unknown distribution of the field in the struc-
theory with our previous calculations, all the above remarkgre.

concerning the average splitting apply also here. It can be
added that fitting the previous theory to the incorrect experi-
mental readingstwice as high forced us to assume in Ref.

13 a very high value oNy=3.5X 1(_)ncm ?, whereas the A theory of the spin splitting of conduction subbands in
data shown in Fig. 3 are well described Ry=0. The split-  Gaas-Ga_ Al,As heterostructures due to bulk and structure
ting for [110] direction of k changes sign arounds~3.5 inversion asymmetries is developed, using the five-l&vepl
x10"em 2. (This effect was already visible in Fig. 2 of model of the band structure for GaAs-type materials. The
Ref. 13, but it occurred arourlg~1.5x 10 cm™2 since it five-level model allows one to treat naturally the BIA mecha-
depends on the value df;, which was assumed to be quite nism of the spin splitting. This model is solved by substitu-
high.) tion with the use of iteration, providing a more precise de-
The value of the depletion densilyy influences the pen- scription than the previous perturbative methods. It is shown
etration of the subband wave function into GaAlAs regionexplicitly that the spin splitting due to SIA is not propor-
(see Fig. 1 which, in turn, affects the splitting. To illustrate tional to the average electric field in the conduction band,
the sensitivity of the theory to the value Nf;, we show in  since the latter is almost zero in a bound state. The theory is
Fig. 4 the theoretical curves calculated fdly=1 used to describe available Raman data on the spin splitting in
x 10" cm™2 and compared to the same data. It can be seeGaAs-Ga Al 3AS heterostructures, correcting the previ-
that the increase diy affects differently the splittings for ously quoted experimental values. The theory describes the
various directions, that fokg|[[110] being affected more experimental splittings quite welboth their absolute values
than the other two. The difference between the present prand their anisotropy for different directions of the Fermi

IV. SUMMARY
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wave vectoy without adjustable parameters. It is concludedfor the spin splitting of the ground electric subband in GaAs/
that the spin splitting in the above system is dominated byGa, ;Al sAs heterostructures are similar to ours.

the BIA mechanism at lower electron densities and by the
SIA mechanism at higher densities. The results of the com-
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