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We study Raman scattering by spin IIips of acceptor-bound holes in p-type GaAs/AI Gai As
multiple quantum wells in normal and tilted magnetic fields. It is shown that different mechanisms
are responsible for the scattering under excitation in resonance with the following complexes; exciton
bound to neutral acceptor (A X) and a localized exciton neighboring as a neutral acceptor. It is
demonstrated that in the Faraday backseat tering geometry the A X-mediated scattering process can
be considered as a double spin Sip because it includes an acoustic-phonon-induced spin Hip of an
electron in the photocreated A X complex. In tilted magnetic fields an additional satellite line A X'
appears in the Raman spectrum due to the Zeeman interaction of the electron spin with the in-plane
field component. The neutral-acceptor and electron g factors are directly measured as a function of
the quantum-well width. Two other lines of the A X-related scattering are attributed to the bound-
hole interlevel transitions 62 —+ p ~, which allow the determination of the interlevel splitting and
an analysis of its inhomogeneous broadening induced by fluctuations in the well thickness.

I. INTRODUCTION

In Ref. 1 we reported strong spin-Hip-related Raman
scattering (SFRS) in p-type GaAs/Al Gai As (001)-
oriented multiple quantum wells (MQW's). The experi-
ment was performed in the backscattering Faraday con-
figuration z(0",0")z, z being parallel to the heterostruc-
ture growth direction and rl = 6, A = + denoting the
circular polarization of the exciting o" and scattered o ~

light. It was shown that this scattering is related to tran-
sitions within the magnetic-field-split ground state of the
neutral acceptor into the +3/2 sublevels and involves the
angular-momentum Hips +3/2 ~ —3/2 or —3/2 ~ +3/2
of a hole bound to an acceptor. The effect exhibits
resonance behavior and the scattering efBciency is sig-
nificant only within a narrow &equency region between
the low-energy edge of the photoluminescence spectrum
and the fundamental-absorption edge of the heterostruc-
ture. The polarization of the Stokes and anti-Stokes
components was found to depend on the excitation en-

ergy. Correspondingly, at least two different mechanisms
were identified to contribute to the bound-hole-related
SFRS. At the low-energy edge of the SFRS resonance
profile, Stokes and anti-Stokes lines are observed in the
z(0+, 0+)z configurations, respectively (scattering pro-
cess A in the notation of Ref. 1). Under excitation at
the high-energy edge, both Stokes and anti-Stokes lines
are observed in the z(o",o'")z configurations with their
intensities being independent on the sign of rl (process B
in Ref. 1). The effect has been also observed in p-type
GaAs/Al Gai As MQW's with unintentionally intro-
duced carbon acting as an acceptor.

Symmetry considerations show that the bound-hole-
related SFRS is forbidden if (i) the heterostructure has
no other imperfections except a substitutional acceptor
atom and (ii) electron spin-lattice relaxation or electron-
nuclear hyperfine interaction is neglected. This can be
understood by taking into account that, under a transi-
tion +3/2 -+ p3/2, the hole changes the z component
of its angular momentum by 4J, = +3 whereas, for the
backscattering geometry, the photon angular-momentum
projection either remains unchanged or changes by Acr =
+2. The scattering process 8 was attributed in Refs.
1 and 3 to a three-particle complex that consists of an
electron-hole pair in a resonantly photoexcited localized
exciton and an equilibrium hole bound to an acceptor in
the vicinity of the localization area. As a result of the
hole-hole "flip-stop" interaction (m, m~) ~ (m, —m~)
the acceptor-bound hole changes its spin &om m~
+3/2 to —m~ whereas the spin m of the hole in the
exciton remains the same. This implies that the polar-
izations o." and o coincide. The symmetry is broken
by the in-plane anisotropy of such a complex (see de-

tails in Ref. 3). While no alternative to this microscopic
explanation of process B is available, the interpretation
of process A is not so transparent since, in this case,
the spins of all three particles should be reversed. Of
course it can be described purely in terms of exchange
interaction ' but such an explanation includes two weak
exchange couplings, one of them being the flip-stop tran-
sition (m, m~) + (—m, m~) and the other the inver-
sion (+I/2, +3/2) ~ (~1/2, p3/2) of electron and hole
spins in the exciton. The latter spin flip is allowed by
the tetragonal symmetry of the GaAs/Al Gai . As (001)
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MQW structure. Alternative mechanisms for the elec-
tron spin flip were suggested in Refs. 1, 3, and 7.

In the present work we show that excitons bound to
neutral acceptors contribute to SFRS process A. These
complexes act as resonant intermediate states and scat-
tering occurs due to acoustic-phonon-assisted spin flip
of electrons in the exciton. As a result, the Raman
shift is determined by both hole and electron g fac-
tors. This interpretation is unambiguously veri6ed in
experiments at tilted magnetic 6elds in which no-phonon
bound-carrier SFRS becomes allowed in addition to the
acoustic-phonon-assisted SFRS. Therefore the tilted-field
experiments enable us to make direct measurements not
only of the acceptor-bound hole but also of the electron
g factor and to obtain their dependence on well width.

In addition to the strongest +3/2 -+ pB/2 SFRS lines
we have also observed two other lines. Their polarization
properties and magnetic-field behavior indicate that they
originate from the +3/2 + —1/2 and —3/2 ~ +1/2
interlevel transitions. The neutral-acceptor ground state
of I's symmetry is fourfold degenerate in a bulk GaAs
crystal. Because of the confinement effect of the barriers,
this state splits into two close-lying levels h and l with
the hole spin components +3/2 and +I/2, respectively.
In the following we refer the hole energy E to the zero-
field position of the h level and introduce g factors gh
and g~ for the levels h and t such that under a magnetic
6eld B parallel to z the energies of the four sublevels are
given by

Eh +3/2 (+2)ghPO+'

@,+x/z = &c+ (+-', )gizmo&,

where A~ is the zero-field h-l splitting and po the Bohr
magneton. Note that the g factor g~ used in Ref. 1 is
related to gh by gz = Bgh. In a first approximation, the
values of gh and g~ coincide. The dependence of bc on
well width obtained from our interlevel Raman scattering
measurements is in good agreement with that calculated
and measured in Ref. 8.

II. EXPERIMENT

A. Spectral composition of the edge
photoluminescence

In this work we used the same set of p-type
GaAs/Al Gaq As (x = 0.33) MQW samples with
(46/110) A, and (72/110) A. , (102/110) A well and bar-
rier widths and the same experimental techniques as de-
scribed in the previous paper.

As an example we show in Fig. 1 the luminescence
spectrum (solid line) of the (72/110) A MQW excited at
hen = 1.7 eV. All studied samples show three bands in
the edge photol»minescence spectra.

(a) The band AoX is associated with excitons bound
to neutral acceptors. The point symmetry of a substitu-
tional atom in a GaAs-based QW structure grown along
the [001] axis is Cz„. If we neglect inversion-asymmetry-
induced eÃects, the structure with an impurity atom at

AX (AX)6 ALE
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-35
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m
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C

1.57
Excitation energy (eV)

1.58

FIG. 1. Luminescence spectrum of the (72/110)
GaAs/A1Q. 33Gao.s&As sample at T = 6 K and 8 = 0 taken at
an excitation energy of Fuu = 1.7 eV. Labels A X, (A X)q,
and A LE/LE indicate the energy ranges in which the differ-
ent exciton complexes contribute to the emission. See text
(Sec. II A) for details. Open circles give the Raman shift of
b,o vs excitation energy (see discussion in Sec. II B) at B = 0.
The dashed line is a guide to the eye.

the center of a well can be assumed to have C4„symme-
try. Off-center impurities will have Cz„symmetry but
their random distribution is expected to restore the C4„
symmetry in experimental observations. The analysis
of our SFRS data obtained at normal and tilted mag-
netic fields (see below) shows that C4„symmetry prop-
erties can be assigned only to the AoX complexes con-
tributing to the lower-energy part of the band. Other
AoX complexes are perturbed by interface roughness
which reduces the symmetry and generally leads to a de-
crease in the binding energy of the complex. We believe
that these distorted complexes [labeled (A X)g] form the
high-energy region of the AoX band.

(b) The localized excitons (LE) band is associated with
excitons localized on interface imperfections. The ratio
of emission intensities for A I and LE bands varies from
3 [(46/100) A sample] to 10 [(102/110) A sample] thus
reflecting the higher density of LE states in relatively
narrow QW's. From the resonance profile of the SFRS
efEciency we distinguish the contribution of three-particle
complexes which can be considered as a localized exciton
neighboring a neutral acceptor and weakly perturbed by
it. For such complexes we use the notation A LE. It is
clear that their contribution to the photoluminescence
spectrum overlaps with the high-energy tail of the A X
band.

(c) The band e-Ao, located at 1.543 eV and not shown
in Fig. 1, arises from radiative recombination of free
and/or localized single electrons with holes bound to neu-
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tral acceptors. It is observed only under above-gap opti-
cal excitation.

B. SFRS in the Faraday configuration

Under excitation slightly above the maximum of the
A I band, three Stokes Raman lines and three anti-
Stokes lines are observed in the Faraday geometry. The
scattering lines are active only in either (o+, o ) or
(o. , cr+) crossed polarizations, as can be seen from Fig.
2 where Raman spectra in the Stokes region are pre-
sented for two scattering configurations. The Stokes shift
AE of the lines is plotted as a function of applied mag-
netic field in Fig. 3 for the two (102/110) L (full cir-
cles) and (72/110) A. (open circles) GaAs-Alo 33Gao srAs
samples. Up to B = 14 T the value of AE for each
line varies linearly with the Geld. For clarity we illus-
trate the neutral-acceptor energy levels in the inset to
Fig. 3. The strongest line, marked as —3/2 m +3/2,
corresponds to the transition between the magnetically
split sublevels +3/2 of a neutral acceptor. For vanishing
magnetic field the Raman shift of this line tends to zero
in accordance with Eq. (1), which gives for the Stokes
shift b,E( 3/2 ~ +3/2—) = 3gg/JoB. The two other
lines marked —3/2 ~ +1/2 and +3/2 ~ —1/2 are re-
lated to interlevel Raman scattering. With decreasing
magnetic Geld their shifts approach the same nonzero

~
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Bz =0 Bz x0
I +1/2 ~ +1/2
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FIG. 3. Magnetic-field dependence of the Raman shifts of
the —3/2 ++3/2, +3-/2 m —1/2, and —3/2 ~ +1/2 lines for
the (102/110) A. (open circles) and (72/110) A (full circles)
GaAs-A10. 33Ga0.6&As samples. Ac denotes the "crystal-field"
s litting of the acceptor ground state into two Kramers dou-sp
blets at zero magnetic field. The inset shows the scheme of
neutral acceptor energy levels at zero and nonzero z compo-
nent of the magnetic field.

i i I i I I i I I I I i

0 4 8 12 16 20 24

Raman shift (cm ')

FIG. 2. Raman spectra measured in the (102/110) A.

GaAs-Ala q3Gao grAs sample in (o+, o ) (upper spectrum)
and (o,o+) (lower) configurations in a magnetic field B

14 T at T = 4 K. The spectra were taken under reso-
nance excitation of A X complexes (fuuq = 1.552 eV) in Fara-
day backscattering geometry. The notation —3/2 + +3/2,
+3/2 ~ —1/2, and —3/2 + +1/2 labels Raman lines
attributed to the corresponding transitions of an accep-
tor-bound hole.

value since, as follows from Eq. (1), b,E(m -+ m') =
Ac+ yoB(m'g~ —mgi, ), where m = +3/2 and m' = kl/2.
At zero field only one partially polarized line is observed
with the same Raman shift A~ on the Stokes and anti-
Stokes side of the spectrum. For the (102/110) A sample
the intensity ratio I(o, cr )/I(o, o ) is close to 3 as
expected &om selection rules for the I'8 ~ I'6 interband
optical transitions in bulk GaAs.

Figure 1 also shows the dependence of 6c on excita-
tion energy ~i (open circles). One can see that the ob-

served value of A~ increases monotonically with increas-
ing ~q. This can be understood taking into considera-
tion that the lower-energy excitation probes neutral ac-
ceptors with higher binding energy. Their states are less
affected by barrier confinement and hence the splitting
A~ is smaller. The Raman shift of the interlevel scat-
tering displays a strong dependence on the well widdth
as demonstrated in Table I. The values of A~ reported
here were obtained while probing the low-energy region
of the A X band, i.e., presumably the unperturbed A X
complexes. The half-width (full width at half maxi-

mum) of the interlevel scattering line at zero field (or
its two components —3/2 ++1/2, +3/2 ~ —-1/2 in a
magnetic field) exceeds noticeably that of the SFRS line
—3/2 ++3/2 because the-value of A~ should be much
more sensitive to Huctuations in the well thickness and
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other structure imperfections than the bound-hole g fac-
tor.

The Raman shift of the SFRS line —3/2 -+ +3/2 is al-
most insensitive to the excitation energy when we probe
the AoX or (AoX)g complexes but changes abruptly as
the excitation energy reaches the resonance with A LE
complexes. Two lines coexist in the scattering spectrum
within the small interval of excitation energies where
both A X and A LE complexes contribute to SFRS.
Figure 4 shows SFRS spectra measured under excita-
tion with three different incident-photon energies probing
AoX complexes (lupi) or AoLE complexes (Rui~) inde-

pendently, as well as the mixed region (luu~i). The energy
difference between the lines arising due to AoX and AoLE
complexes as intermediate states in the scattering pro-
cess depends on the well width, varying at a fixed mag-
netic field of 10 T from 1.5 cm [(102/110) A (MQW)j
to almost zero in the (46/110) A MQW. In all samples,
the SFRS from A X or (A X)~ complexes is active only
in crossed polarizations. On the other hand, the polar-
ization properties of SFRS via A LE complexes depend
on the well width, the ratio I(o', o )/I(o', o+) being
equal to 10, 2.2, and 2.2 for the (46/110) A, (72/110) k,
and (102/110) A MQW's, respectively.

C. The scattering spectra under tilted magnetic
fields

TABLE I. Parameters of the crystal-field splitting of ac-
ceptor states, A~, and the acceptor electron g factors gp, and

g, measured by SFRS for various MQW samples. For com-

parison theoretical values g
" ' from Ref. 14 calculated for

the difFerent well widths are also given.

shown in Fig. 7(a).
The component designated as A X in Figs. 5 and 6

was first observed in Ref. 1. It has now become clear
that this line arises as a result of the following acoustic-
phonon-assisted three-step process shown in Fig. 7(b):
(i) resonant photogeneration of A X or (AoX)d com-
plexes which exhibit spin sublevels s = +1/2 because
the electron spin in an A X complex is uncompensated
while the hole spins add up to zero; (ii) electron spin
Hip +1/2 -+ —1/2 or —1/2 ~ +1/2 of the photogen-
erated complexes induced by absorption or emission of
an acoustic phonon with energy hO, equal to the Zee-
man splitting of an AoX complex and determined by the
electron g factor; (iii) annihilation of the AoX complexes
with the emission of photons in the circular polarization
o" opposite to the initial polarization cr".

The Raman shift of the A X' component is
well described by a cosine function: AE( 3/2—
+3/2;A X', p) = EAcosp, where b, A = 3gsIJoB. This

~ ~
lh
C

C

The main result of measurements at tilted magnetic
fields is the splitting of the —3/2 -+ +3/2 SFRS line
into two components observed under resonant excitation
of A X or (A X)g complexes. Figure 5 shows Raman
spectra recorded from the (102/110) A. sample under
magnetic fields of the same magnitude (B = 10 T) but
for different angles P between the field direction and the
growth direction z. The excitation energy is chosen to
coincide with the maximum of the A X band. The split-
ting can be interpreted as the appearance in the Raman
spectrum of an additional satellite line, AoX', at P g 0.
Figure 6 displays the angular dependence of the Raman
shift of the two components A X and A X'. We asso-
ciate the component BOX' with no-phonon SFRS similar
to the well-known Raman scattering that occurs as a re-
sult of spin-fIip transitions of donor-bound electrons or
acceptor-bound holes in hexagonal bulk semiconductors
or QW structures at oblique or transverse magnetic fields
with respect to the principal axis z of the uniaxial crys-
tal or heterostructure. A diagram for such processes is

flhl i

B=10T

I I I I I I I I I I I I I

0 2 4 6 8 10 12

Raman shift (cm ~)

FIG. 4. Rsman spectra measured in the (102/110)
GsAs-AID. 33Ga0.6&As sample in the (o+, u ) backscattering
configuration at B = 10 T for three difFerent excitation en-
ergies: hei = 1.552 eV (resonance excitation of A X com-
plexes), Fuji ——1.556 eV (resonance excitation of A LE com-
plexes, hd~~ = 1.554 eV (the region of overlapping A X and
A LE photoiuminescence bands). Labels A X and A LE in-
dicate —3/2 ~ +3/2 spin-flip scattering related to the re-
spective complexes. S denotes an unidentified structure. The
inset shows the photoluminescence spectrum of this sample.
The arrows labeled ~z, ~~~, and her~~ mark the excitation
energies at which the respective Raman spectra were taken.



2514 EGA, RUF, CARDONA, PJ OOG, IVCHENKO, AND MIRLIN 50

z(o', 0 ) z

B=10T

AOX
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ac or g& o a grouna stateindicates that the transverse g facto f
bound hole is close to zero. The Raman shift of the A X
component, however, must be described by the function

, + DA cos p with a nonvanishing term b„which re-
Hects the fact that both the longitudinal and transverse

values of 4, and AA are diferent for the (72/110) A

( / 10) A samples (see Table l). For the (46/110) A

r e and

sample, the splitting of the —3/2 ~ +3/2 line at P = 0
and B = 10 T was not resolved and onl
the linewidth from 0 6 cm for P = 0 to 1.5 cm for

the 46
= 30' was observed. The Raman shift of th' 1'i o is ine sn
e ( /110) A sample shows a cosine dependence (with

0) as has been reported earlier (see Fig. 6 of Ref.
1).

The ratio of intensities of the A X and A X' compo-
nents is angle dependent. At r/r = 0 only the AoX-related
Raman component at larger Raman shifts is present in
the SFRS spectrum. With increasing r/r the A X' com-
ponent is enhanced and for r/ = 30' the two intensities
become comparable. A further increase in P changes the

8
l

0
6

(h

0
0 30 &5 60 75

Angle q& (deg)
90

FIG. 6. Angular dependence of the Raman shift for the
—3/2 ~ +3/2 spin-Sip scattering lines in the (102/110) A

sample at fixed B = 10 T. Open and full circles repre-
sent the A X and A X' components observed under reso-

nant excitation of A X complexes, connected with Al- and

A3-type processes in the notation of Sec. IIIB. The open
and full squares indicate the position of the p3/2 —i +3/2
hne and its low-energy shoulder observed under resonant
excitation of A LE complexes. The dashed line represents

4, + Dr, cosr/r while the solid line corresponds to the cosine

function A~ cos rtr.

y =30'

intensity ratio in favor of the A X' component and for

P & 60' the A X component becomes negligible. While

the splitting between the A X and A X' components is

insensitive to the excitation energy Ruz, the ratio of their
intensities is a strong function of ~q. This is clearly il-

lustrated in the spectra 3 and 3* of Fig. 5 which were

(a) (bI

y=45

I l l l l l l l ! I l I I I

0 2 4 6 8 10 12 14
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FIG. 5. Raman spectra measured in the (102/110) A.

GaAs-aAs-AlQ 3$GaQ 67As sample at fixed magnetic field 8 = 10 T
and diferent angles P between the magnetic field B and the
MQW growth direction. In each case the excitation eneron energy
~q is tuned to be in resonance with A X complexes. The
spectra 3 and 3 were taken at the same angle under resonant
(3: fuji = 1.549 eV) and oK-resonant (3': ~i = 1.55 eV) ex-
citation, respectively. The peaks marked as A X and A X'
correspond to the Al-type and A3-type scattering processes
discussed in Sec. III B.
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FIG. 7 . Illustration of A X-related Raman scattering pro-~ 0

cesses leading to the —3/2 ~ +3/2 spin flip of acceptor-bound
holes. (a) A3-type processes discussed in Sec. III 8 and real-

ized only in tilted magnetic fields. (b) Al-type process that
takes place both in the exact Faraday backscattering geom-

etry and in tilted magnetic fields. The up (down) arrows
escribe the optical excitation (annihilation) of an accep-

tor-bound exciton. BoM arrows illustrate flip-Hop of angular
momenta of a hole in the exciton and an acceptor-bound hole
due to hole-hole exchange interaction (double arrow). The
wavy arrow represents the electron spin-lattice relaxation.
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recorded under the same conditions except for different
excitation energies. The infiuence of the magnetic field
oa the Ramaa shift and intensity of the APX and APX'
components is illustrated in Fig. 8 [(72/110) A. sample,
P = 30'].

Under resonant excitation of the A LE complexes, a
weak shoulder at the smaller-Raman-shift side is ob-
served in addition to the sharp SFRS line (see features
labeled 8 and A LE in the spectra taken at Ru~z and
fuzz~ in Fig. 4). In the Raman spectra taken from the
(46/110) A sample this shoulder is absent but instead
the SFRS line is asymmetric. In a tilted magnetic field
this line does not exhibit any splitting. An iacrease in
the angle y is accompanied by a decreasing Raman shift
(see Fig. 6) and an iacreasing relative intensity of the
shoulder.

We have measured as well the angular dependence of
Raman shifts for the interlevel-scattering lines. At B =
10 T, the Raman shift of the +3/2 ~ —1/2 line decreases
by 1.5 cm when the angle change from P = 0 to P =
60 while an increase in the shift by the same value is
observed for the —3/2 ~ +1/2 line.

III. THEORY AND DISCU'SSION

A. Scattering due to Hip-stop hole-hole exchange
interaction

We shall Grst describe the scattering process B that
occurs under resonant excitation of A LE complexes. In

(b)
0.8—

~ ~

'co 0.6—c
Q

0.4—c
~~

l5
c 0.2—

I I I I I I I I I I I I I I
E

tX: 0 2 4 6 8 10 12 14

Magnetic field (Tesla)

FIG. 8. (a) Raman shift sad (b) intensity vs tilted mag-
netic field B (P = 30') for the (72/110) A. sample under op-
tical excitation in resonance with A X complexes. The open
and full circles correspond to the A X and A X' components
of the —3/2 m +3/2 Raman line, respectively. The solid and
dashed curves in (b) are guides to the eye.

this case a 0 photon excites an A LE complex ~s, j,m)
with s + j = +I, where m = +3/2 is the initial spin
of an acceptor-bound hole and s = +I/2, j = +3/2 are
the spin indices of an electron and a hole in the photoex-
cited localized exciton. At the next stage the hole in the
exciton induces a Hip m ~ —m of the bound hole as a
result of a Hip-stop-type hole-hole exchange interaction
described as

dJ = J(o",~g) Sd2d2d02. (3)

Considering the exchange interaction as a weak pertur-
bation we can write for the spectral intensity

(1 R)2 1 e
—(Kg+K2)L ]

x ) f f dug„(g)~B, z (e~, e, )~'

x~(~] ~z + 2mgh, pp& ) ~ (4)

Here I& is the initial light intensity, e; the unit vector for
circularly polarized light (i = 1 represents the incident
frequeacy, i = 2 the scattered one), e is the real part of
the dielectric constant, K; the absorption coefficient at
the f'requency ~; (i = 1,2), R the reHection coefficient on
the external boundary plane (the difFerence between Ri
and R2 being ignored), L the length, and d the period of
the MQW structure. Other aotatioas are as follows: RD
is the localized exciton energy, 5 g, (m) the density of
energy states for localized excitons, and f the occupa-
tion number of the neutral-acceptor sublevel m = +3/2.
In the equilibrium one has

f =, z =m ', z=/xgh, poB
e + e '

kgyT

where k~ is the Boltzmann constant. The total matrix
element for a resonant scattering process is given by

M,*,(ei) b, 22M, ~ (ei)R„.~(e2) ei) =
2

" . . bg„, (6)
((d —(d2 —2'7) (ld —(di —2p)

where I = 1 if the initial bound-hole spin m is —3/2
and l = —1 if m = 3/2, p is the damping constant of
a localized exciton connected with its lifetime 7 by p =

(+1—0+ + +1+o—) ag

where Ai ——b, i+ and uy = (0 +io„)/2. Here we

use the Pauli matrices oLE, 0 operating on the ex-
citon or acceptor bound-hole states +3/2 in the basis
2 / (X + iY) t, 2 i/2(X —iY) $. At the final stage
the localized exciton annihilates, emitting a photon of
the same polarization, but the neighboring bound hole
has now the inverted spin —m and the secondary photon
energy Ru2 diH'ers &om the initial energy Ru~ by p6~,
where A~ ——3gh poB, with the plus and minus signs cor-
responding to Stokes and anti-Stokes scattering.

We express the intensity dJ of the o"-polarized light
scattered backwards by a MQW structure from an area
S into a solid angle d02 outside the sample within the
&equency interval F2 in the following form:
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(2T) i, and M,~ (e) is the matrix element of the localized-
exciton photoexcitation, which can be written as

M„(e) = (p. .. e) 4(R, R)dR,
mo

C (r„rt, ) being the exciton envelope function and p,
the interband matrix element of the momentum operator
(mp is the free electron mass). The bar over lR, z l

in

Eq. (4) indicates that the value of lAii l
is averaged over

a spatial distribution of acceptors. Note that for simplic-
ity we have neglected in Eq. (4) both homogeneous and
inhomogeneous broadening of the SFRS line.

Neglecting also the variation of g,
" (2) within an in-

terval of the width p we can integrate in Eq. (4) over u
as shown below:

general case of arbitrary ratios between the Qip-Hop-like
hole-hole exchange constant, the electron-hole exchange
constant, and the Zeeman energies is analyzed in Ref. 3.

B. Resonant scattering involving A X and (A X)q
complexes

The effective Hamiltonian describing the lower levels
of an APX complex confined in the QW can be written
in the form (see, e.g. , Ref. 10)

II = AghJi J2+A,a(Ji+ J2) s — (J„+J2, )

+gPpB (Ji+ J2) + g, ypB, s, + g, PpBgs, . (11)

2' h2~
ty( )+y( )] (8)

If we introduce the partial contribution K to the ab-
sorption coefBcient due to photogeneration of localized
excitons then the SFRS eKciency can be written for the
Stokes or anti-Stokes component in the following final
form:

yB
SFRS,A— J(0, A&2) du&2

1 —Fi'.
Ip K I 1

—(K(+K )L2

If.LE + ~LE e2 lg p2

1/1 —e
—~K~+K2 ~L

sFRs, A (g g )d

where

JR A = 1/2 [Ja ), (uri) + JR ~((u2)]

and J~ ~(u) is the contribution of localized excitons in
one particular QW to the Rayleigh {or elastic) resonant
scattering, which physically is quite similar to the reso-
nant Huorescence of atoms.

Let us now consider a bound exciton localized in the
(x, y) plane within an area 6S and let us assume that Ai
is a characteristic value of lAiyl for A LE complexes.

Then one can estimate lEiil in Eqs. (9) and (10) as
N~bSAi, N~ being the two-dimensional (2D) acceptor
density in a QW. Hence the corresponding scattering ef-
ficiency is proportional to W~.

While deriving Eqs. (4), (6), and (9) we assumed
weak hole-hole and electron-hole exchange interactions
compared with the Zeeman splitting of hole states. The

where p,„=i (S lp~l X) and ur can be wi as well as u2.
We can also present JsF&s & in the equivalent form

lA x, s) = ci
l
+ —,+-; s) + c2l + -' + -'; s)

+Csl3s, —s; —s). (12)

Here we denote by lmi, m2, s) the state with hole angular

The exchange interaction between the three particles,
an electron and two holes, is represented by the first
two terms. In bulk GaAs, the constants Egg and A, h

are both negative. This follows &om the fact that the
ground state of an A X acceptor is characterized by the
total angular momentum J = 5/2. The photolumines-
cence excitation spectra measured in GaAs/Al Gai As
MQW's (Ref. 10) show that the negative sign of Ai, ~,
6,1, is also retained in QW structures. The third term
in Eq. (11) accounts for confinement-induced splitting
of the I's acceptor states into the levels h (+3/2) and l

(+1/2) (the crystal-field splitting, see the inset in Fig.
2). The Zeeman effect is described by the last three
terms in Eq. (11), where we take into consideration the
possible anisotropy of the electron g factor and neglect
the anisotropic Zeeman term for the hole proportional to
Z B J (u = x, y, z) in which case gq = g~ = g. We

assume for simplicity that the hole g factor in the APX

complex is the same as that of a simple acceptor state.
For the (A X)g complex the effective Hamiltonian con-

tains additional symmetry-reducing terms proportional
to the matrices (J; J;p) (i=1,2; n, P = x, y, z) where

(AB) means (AB+ BA)/2.
The spin properties of the lower levels in the A X com-

plex essentially depend on the relationship between the
constants Ac, 6&&, and b„g. Holtz et aL used quan-

tum wells selectively doped with Be in the central 20%%uo of
the QW. In this case, for a 100 A. wide QW, the exchange
splitting evidently dominates over the crystal-6eld split-

ting A~ —0.65 meV. In our Be-doped samples, only two

monolayers of GaAs next to the GaAs/Al Gai As in-

terfaces were left undoped. The remarkably large values

of A~ (see Fig. 3 and Table I) provide evidence that
A X complexes with o8'-center acceptors are mainly re-

sponsible for Raman scattering in our samples.
For large enough h-l splitting of neutral-acceptor

states, the zero-6eld ground level of A X complexes in a
QW is doubly degenerate and characterized by the un-

compensated spin s = +1/2. The spin structure of the
Kramers-conjugate states is as follows:
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momenta mi, mz and electron spin a. In the I's basis used
in Ref. 3 the coefBcients Ci (l=1,2,3) are a independent.
In erst approximation they are given by

3+hh C &+eh
1 ) 2 4 ~ ) 3=1 (13)

0" + (h, —gs2) -+ tr "+(l, ri-').

One can see that the total z component of the angular
momentum is conserved in this process.

The efBciency of spin flip Raman scattering via A X
complexes can be derived by applying the theory of reso-
nant secondary emission. The 6nal result may be written
as

—e—(Kg+Kg)L
sFRs, A (K K xg Q Rig~&ii+ 2)

(14)

A considerable contribution to the three-particle state
of Eq. (12) from the kl/2 hole state enables one to ob-
serve the intensive interlevel Raman scattering. Selection
rules for this scattering are easily deduced from Eq. (12).
Since the selection rules allow generation of ill/2, k3/2)
excitons by a+ photons, the 0" circularly polarized light
can convert —F13/2 neutral acceptors into A X, —ril/2)
complexes with the generation rate being proportional tof, where m = —rI3/2 [see Eq. (5)]. Due to the admix-
ture of kl/2 holes, i.e., as far as the coefficient C2 in Eq.
(12) is nonzero, the electron a = —gl/2 in the complex
can recombine radiatively with the hole —ql/2 emitting a
0 " photon and leaving the neutral acceptor in the final
state gl/2. Thus the selection rules for this particular
kind of resonant Raman scattering can be presented in
the form

Here v is the lifetime of the resonant A X complex, );+
the spin-relaxation time describing the electron spin Hip

induced by absorption (+) or emission (—) of an acoustic

phonon, hOII = g, psB» W~(r) the electron density in
the A I complex, vo the unit cell vol»~e, the index v
denotes the nuclear species, the factor 6„ is given by

16m
~v = @OP~ f»3I„

I„and p,„are the angular momentum and the magnetic
momentum of a nucleus v, q„= iu(r )i, u(r ) is the
value of the electron Bloch function at the position of that
nucleus, and z„ is the average value of nuclei v per unit

cell. The angle P is defined as arctan(g, Bi/g, B,) and

p differs from p = arctan(Bi/BII) if the electron g factor
is anisotropic. For the sake of brevity we presented the
expressions for the factor Q derived assuming AII ~ &) 1
and w, pp 7.

In our experiments the efficiency of SFRS due to the A3
mechanism equals that for the exact Faraday backscat-
tering geometry at P = 30'. The value of Q~2 can
be evaluated using the parameters taken from Ref. 12.
The comparison between Q~2 and Q~s(g = 30') shows

that the hyperfine interaction does not play an important
role in the scattering via AeX complexes. Comparing
Eqs. (15a) and (15c) we estimate the ratio 7/7;+ as 0.1.
The most probable mechanism of spin-lattice relaxation
in AeX complexes is likely to be the admixture of the
i3a, —a; —a) state to AOX, a) [see Eq. (12)]. In this case
the matrix element of the acoustic-phonon-assisted spin
flip (say, 1/2 ~ —1/2) is proportional to

CiC ((-', --', --,'IVI2 -2 -2)

Q~i(B ii z) = +, AE (3gh gll)p&B
T8

(15a)

(kQII)

x ) x„b„I„(I„+1), b E = 3ghpsB,

(15b)

1 sin P
Q~s(4) = 2, , —,&E = 3ghpoB

2 1 ——sin2

(15c)

Here K; is the light absorption coefficient at the f're-

quency ur; in the polarization 0" (i = 1) and 0 " (i
= 2), and JR,h is the contribution of A X complexes
to Rayleigh backscattering. We have considered three
different mechanisms leading to the spin reversal: (Al)
the spin-Hip of photogenerated A X complexes due to
absorption or emission of acoustic phonons, (A2) the
spin-Hip of A X complexes due to the hyperfine cou-
pling between the electronic and nuclear spins, and (A3)
the Larmor precession of the electronic spin in the AsX
complexes in tilted magnetic fields (P g 0). The dimen-
sionless factor Q in Eq. (14) and the Stokes SFRS shift
6E( 3/2 -+ +3/2) ar—e given, respectively, by

where V is the perturbation operator describing the in-
teraction of I's holes with acoustic phonons. In this con-
nection it is worth mentioning that the presence of the
last term in the right-hand side of Eq. (12) also leads to
a renormalization in the g factor of an AsX complex as
compared to the electron g factor: g (A X) = g, +2~3
Csg = g, —3 (b~h/bc) g while gll(AoX) —g, oc C

Experimental values of the electron g factor found
from the analysis of the SFRS doublet line under tilted
magnetic 6eld are given in Table I. These values rep-

resent the longitudinal component g, and are close to
those for g, obtained by Snelling et al. from Hanle ef-
fect measurements under polarized optical pumping of
GaAs/Al~Gai ~As QW's. For comparison, theoretical
values g

" ' calculated in Ref. 14 are also given. Note
that these calculations were made with a two-band k p
model and a correction Ag of —1.3 was added in order to
include effects of higher conduction bands. ' Within
the accuracy of our experiment we cannot con6rm the
electron g factor anisotropy predicted by Ivchenko and
Kiselev and observed by Kalevich and Korenev in op-
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tical orientation experiments at oblique magnetic fields.
Theory predicts a large anisotropy ofg, for narrow QW's.
However, we were only able to measure the angular de-
pendence of g, in the wider (102/110) A. quantum well
(see Fig. 6). We were not able to measure the angular
dependence of g, in the (71/110) A. QW, because the two
SFRS lines were only observed in a very narrow range of
angles P. But we did not see the splitting of the SFRS
lines for the (46/110) A QW, where the theory predicts

g, 0 and g, +0.14.
As a possible explanation we should keep in mind the

fact that we do not measure the g, 's of &ee electrons,
but those of electrons in bound excitons, which may be
modified as discussed above. We expect that the SFRS
technique may yield both y~~ and g+ values in center-b-
doped QW's.

Raman scattering due to the interlevel transitions
+3/2 ~ pl/2 arises in second order perturbation the-
ory if, as discussed above, the admixture of +1/2 hole
states in the AoX-complex wave function is taken into
account. In the tilted magnetic field, the corresponding
Stokes shift is given by

AE (+3/2 -+ pl/2)

= Ac p gljoB
~

cos2 P+ 4sin P+ 2 cosP ~, (16)
l )

where, as above, the hole angular momentum compo-
nents are referred to the growth direction z and we as-
sume that P lies between 0 and 90'. If 90' & P & 180',
then the sign of the square root in Eq. (16) should be
reversed. It should be noted that Eq. (16) is valid if the
Zeeman energy gpoB is small compared to the zero-field
crystal splitting b,c. In this case the Zeeman splitting
of the levels h(+3/2) and l(+1/2) can be considered in-

dependently, the former being characterized by the lon-
gitudinal g factor 3g and zero transverse g factor, while

the latter is characterized by g&
——g and g&

——2g. In the
experiment the Raman shift for the +3/2 ~ —1/2 line
decreases by 1.5 cm i and that for the —3/2 ~ +1/2
line increases by the same value with a variation of P
&om 0 to 60' (for B = 10 T). This is close to the change
of g1.2 cm in the interlevel Raman shift predicted by
Eq. (16) for the value g = 0.7 found &om the SFRS shift.

photon spin by +2. We demonstrated, both theoretically
and experimentally, that in exact Faraday backscatter-
ing geometry, such a process includes relaxation of the
electron spin in the A X or (A X)g complex. The lat-
ter occurs as a result of the emission or absorption of
an acoustic phonon with an energy equal to the Zeeman
splitting of electron spin states. Therefore the process as
a whole can be considered as a double spin Hip with the
Raman shift dependent on the Zeeman energies of both
an acceptor-bound hole and an electron in the AoX com-
plex. In tilted magnetic fields the electron can change 1'ts

spin due to Zeeman interaction with the in-plane field
component. This results in the appearance of an addi-
tional Raman line with a shift being governed only by
the neutral-acceptor Zeeman splitting and its intensity
depending strongly on the angle between the magnetic
field and the growth direction. Thus, by using the Ra-
man technique, we were able to measure directly both
the neutral-acceptor and electron g factors as a function
of the QW width.

With decreasing magnetic field the two other A X-
related Raman lines merge and approach a zero-field po-
sition shifted by a finite value with respect to the inci-
dent photon energy. These lines are attributed to the
interlevel transitions +3/2 -+ pl/2 of bound holes with
an angular momentum change by +2. As a result we

could trace the behavior of the h-t splitting A~ between
the +3/2 and +1/2 neutral acceptor levels in QW's with
QW width variation. The interlevel scattering can be
described taking into account the hole-hole exchange in-

teraction in the AoX complex and an admixture of +1/2
holes in the complex ground state.

For A LE-related scattering, the Raman line due to
the acceptor-bound hole spin fiip +3/2 ~ p3/2 is ex-
plained in terms of acceptor-neighboring localized exci-
tons and anisotropic hole-hole exchange interaction. The
anisotropic "Hip-stop"-type interaction leads to an inver-
sion of the bound-hole angular momentum leaving the
photocreated exciton in the same state. This explana-
tion is also confirmed by the fact that the Raman shift
for the A LE-related scattering is smaller than that for
the AoX-related double-spin-fiip Raman scattering ob-
served in the Faraday configuration.
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