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Strong spin-flip-related Raman scattering (SFRS) from p-type Be-doped GaAs/Al, Ga& „As multiple
quantum wells (MQW's), as well as from an undoped sample, has been observed. In both cases the SFRS
exhibits a strong dependence on the geometry of the experiment. A theory is developed that explains
SFRS in p-type MQW s as related to a spin flip of a hole bound to an acceptor via exchange interaction
with a neighboring exciton. SFRS in the undoped MQW s is explained as a flip of the angular momen-

tum of an exciton localized by interface roughness via interaction with acoustic phonons (doubly reso-
nant scattering by acoustic phonons). The g tensor of the hole bound to the acceptor is determined to be

gi~
=+2.3, g, =-0, and that of the localized exciton (g&

—g, )ii=+1.5, (g&
—g, ),=-0 for the narrowest

wells measured ( -40 A).

I. INTRODUCTION

Most of the past investigations of spin-flip Raman
scattering (SFRS) have been devoted to studies of
electron-hole exchange interactions in bulk materials.
SFRS has been investigated experimentally and theoreti-
cally in bulk CdS (Refs. 1 and 2) and in p-type-InSb. '

These investigations gave useful information about ex-
change interactions and g factors of impurities and free
carriers. The SFRS technique has also been successfully
used to study exchange interactions in bulk semimagnetic
semiconductors, and in CdTe/Cd&, Mn Te
quantum-well (QW) structures. Thus it seems reason-
able to apply SFRS to investigate electron-hole exchange
interactions and to determine the g-factor tensors of im-

purity states in GaAs/Al„Ga, „As QW structures. It is
expected that confinement of carriers in QW's will pro-
duce a noticeable increase in the SFRS eSciency with
respect to the bulk material because such confinement
leads to an increase in the exchange interaction' '" and
oscillator strength of the exciton' ' participating in the
process. However, up to now only techniques such as
magnetophotoluminescence' and optically detected mag-
netic resonances' have been used for investigations of
electron and hole splittings in a magnetic field and deter-
mination of their g factors in quantum wells.

In this paper we report the observation of SFRS in
GaAs/Al„Ga, „As multiple quantum wells (MQW's).
Strong SFRS was observed in p-type Be-doped as well as
in undoped MQW's. In the doped MQW two SFRS lines
are seen. One of them is interpreted as due to spin flip of
a hole bound to a neutral acceptor via exchange interac-
tion with neighboring excitons. The other is also ob-
served in the undoped MQW's. It is interpreted as the
flip of the angular momentum of a localized exciton via
interaction with an acoustical phonon (doubly resonant
scattering by acoustic phonons). In both cases the SFRS

exhibits a cosine dependence of the Raman shift on the
angle between the direction of the magnetic field and the
[100] growth axis of the MQW. This implies that the g
factors of a hole bound to a neutral acceptor and of a lo-
calized exciton are strongly anisotropic. The values of
the longitudinal g factors are found to be g&ii=2. 3 and

g,„ii =(gt, —g, ) =1.5 for a hole bound to an acceptor and
a localized exciton, respectively, in the narrowest QW's
measured, slightly lower for wider QW's. The transverse

g factors are equal to zero in both cases within experi-
mental accuracy. The reason for this anisotropy is the
reduction of symmetry in (100)-grown MQW's from Td
to D2d which leads to a splitting of the acceptor and exci-
ton states and, as a result, to the strong g-factor anisotro-
py. Recently, an anisotropy of the individual electron
and hole g factors has also been reported for type-II
GaAs/AlAs quantum wells. '

We have found that the SFRS eSciency has a strong
temperature dependence similar to that expected for an
activated process. This leads to the conclusion that the
SFRS process takes place via localized states of the exci-
ton. The effect of exciton localization on the resonant
Raman scattering intensity in MQW's has been studied
recently. ' It was shown that resonant Raman scattering
is directly related to the exciton dephasing time, which is
longer for localized states.

The present work shows that the SFRS technique can
be successfully used for the investigation of exchange in-
teraction in quantum wells and possibly also for the
determination of the geometrical nature of impurities and
localized excitons. It would also be of interest to apply
the technique to the study of the electron-hole exchange
in systems with dimensionality lower than two.

II. EXPERIMENTAL

The samples investigated were grown by molecular-
beam epitaxy on (100)-oriented undoped semi-insulating
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GaAs substrates kept at 580'C. The growth rates were
1.0 monolayer/s for GaAs and 1.5 monolayer/s for
Al Ga, As. To confine the Be doping to the GaAs
quantum-well region only, two monolayers of GaAs
( —=5.6A) next to every GaAs/Al„Ga, „As interface
were left undoped as "spacer." The sample parameters,
listed in Table I, were determined by double-crystal x-ray
diffraction using Cu Ea& radiation and by Hall-effect
measurements.

The SFRS experiments were carried out in magnetic
fields up to 10 T in backscattering Faraday geometry, i.e.,
the propagation direction of incident and scattered light
was normal to the (100) plane of the sample and parallel
to the magnetic field. Excitation took place with circu-
larly polarized light while the scattered light was ana-
lyzed with circular polarizers. The samples were mount-
ed in an optical exchange-gas cryostat with variable tern-
perature in the range of 4—77 K. For the excitation of
SFRS a tunable Ti-sapphire laser pumped by an Ar+-ion
laser was used. The scattered light was analyzed by a
SPEX 1404 double monochromator equipped with a
cooled GaAs photomultiplier and conventional photon
counting electronics.

III. EXPERIMENTAL RESULTS
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FIG. 1. Resonance profile of the SFRS efficiency for the
z(o, o. +o. )z configuration in a magnetic field 8=10 T
(dashed line, full dots). Photoluminescence spectrum of the
MQW 46/110 also for 8 =10 T and excitation at A'co=1. 7 eV
(solid line). The circles and dashed-dotted line show the depen-
dence of the circular polarization p, on excitation energy
(p, =[I(o,o ) I(o,o+—)]/[I(cr, o )+I(o,o+)], where
I(o,o ) and I(o. , cr ) are the intensities of the Raman lines
measured in (o. ,o ) and (o. , sr+) configurations).

The SFRS experiments discussed in this paper were
performed by exciting in resonance with the lumines-
cence band of excitons bound to neutral acceptors in Be-
doped QW's or with the luminescence band of excitons
localized to interface roughness in the undoped QW's. '

The observed SFRS spectra exhibited circular polariza-
tion characteristics. To describe this polarization we use
the notation z (cr",o }z, where z and z correspond to the
direction of the exciting and scattered light, respectively.
(tr", o ), with ri, i,=+, denotes the circular polarization
of the exciting o" and scattered cr light. Here the sign g
or k is determined by the sign of the projection of the an-

gular momentum of the photons on the propagation
direction of the exciting light (z direction).

A. Doped quantum wells

Figure 1 shows the photoluminescence (PL) spectrum
of a Be-doped GaAs/Al„Ga& „As MQW 46/110 (where
46 is the thickness of the wells and 110 that of the bar-
riers in A; we use this notation throughout} excited with
a photon energy larger than the QW band gap. Only the
PL spectra of the exciton bound to acceptor (BE) and lo-

calized on roughness (LE) are presented. A very weak
(100 times smaller than the BE line) band of free-electron
to acceptor recombination was also observed at 1.606 eV
(this line is not displayed in Fig. 1}. For excitation in the
region of this PL band we observed in a magnetic field
two Stokes and two anti-Stokes narrow lines (see Fig. 2).
Further investigations of doped and undoped QW's
showed that the line with smaller Raman shift (LE line) is
also typical for the relatively narrow (L, (100 A) un-

doped QW's. In this section we focus on the line with the
larger Raman shift (I line), which was observed only in
Be-doped QW's and thus is assigned to spin fiip of holes
bound to the acceptors. The Raman shifts of the Stokes
and anti-Stokes lines are equal and depend linearly on the
magnetic field (see Fig. 3, curve 1). The width of SFRS
lines in all Be-doped MQW's is b, -=0.6 cm ', and should
be determined mainly by inhomogeneous broadening of
the acceptor states due to their interaction with the walls
of the QW (the spacer in the Be-doped QW's was smaller
than the Bohr radius of the acceptor). The Raman shift
(at 8 =10 T) reveals a weak dependence on the QW
width. It increases from 9.5 cm ' for L, =100 A to 11

TABLE I. Parameters of the GaAs/Al Ga, As MQW samples and the measured g factors of excitons and holes.

Sample

46/110
72/110

102/110
29/101
71/104
98/103

198/103

Well-barrier
width (A)

46/110
72/110

102/110
29/101
71/104
98/103

198/103

0.33
0.33
0.33
0.34
0.33
0.35
0.35

Doping
X 10' cm Periods

100
100
100
150
70
40
25

Exciton
g factor

1.5(1)
1.0(1)
0.8(1)

Hole

g factor

2.3(1)
2.1(1)
2.0(1)
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FIG. 2. Raman spectra measured in (o,o.+) (upper spec-
trum) and (o+,0. ) (lower) configurations in a magnetic field
B =10 T and for excitation energies Ace=1.628 eV. H labels
the hole spin-flip Raman line, LE the localized exciton angular
momentum flip line. Sample 46/110.

cm ' for L, =46 A. The intensity of the H line depends
linearly on the excitation intensity in the region of 0. 1 —3
W/cm . At higher power densities it first saturates and
then decreases.

The highest Raman scattering efficiency was observed
in all Be-doped MQW s for excitation frequencies slightly
above the maximum of the PL band. The Raman reso-
nance profile was very narrow in the relatively wide QW's
72/110 and 102/110, with a half width of —=3 meV (half
width of PL band —=7 meV). The Stokes and anti-Stokes
lines were strongly circularly polarized, i.e., the Stokes
line was observed in z(cr, o+)z con. figuration while the
anti-Stokes one was observed only for z(cr+, z )z. Both
lines were absent in the (o +,0 +

) or (a, cr )

configurations. In the case of the relatively narrow QW's
in sample 46/110 the resonance profile was wider (see
Fig. 1, dashed line). The H line was observed for excita-
tion with an energy very close to the band gap of the QW.
Moreover, the polarization of the Stokes and anti-Stokes
lines was found to depend on the excitation energy (see
Fig. 1, dotted-dashed curve). In the low-energy region

Stokes and anti-Stokes lines were observed in the
z(rr, o+)z and z( cr+, cr )z configurations, respectively,
as in the samples 72/110 and 102/110, whereas for high-
energy excitation both Raman lines were observed
predominantly in z ( o+., cr

+ )z or z (cr,o)z.
configuration, both in the Stokes and anti-Stokes region.

We conjecture that we are dealing here with two
different limits of the same process of light scattering.
Case A, where Stokes and anti-Stokes lines are seen only
in crossed circular polarizations [z(o,cr+)z for Stokes
and z(0+, o )z for anti-Stokes], was observed in samples
72/110, 102/110, and 46/110, only for excitation in the
low-energy tail of the PL band. Case B, where Stokes
and anti-Stokes lines are seen predominantly in
z (0 +,0 + )z or z (o +, rr )z configurations, was observed
for excitation in the high-energy tail of the PL band. The
ratio of intensities of Stokes and anti-Stokes lines in case
B (excitation well above resonance) can be represented by
Is, /I, s, =exp(b, E/kT), where hE is the Raman shift and
T is the lattice temperature. It will be shown in Sec. IV
that the strong Raman scattering observed in both limit-

ing cases A and B originates from the magnetically split
ground state of the neutral acceptor and produces an
angular-momentum flip (transitions between magnetic
quantum numbers +—,'~ ——,'or ——,'~+ —', ) of the bound

hole coupled via exchange interaction to the photoexcited
neighboring exciton.

The Raman scattering efficiency in both A and B cases
was found to be sensitive to the lattice temperature. Fig-
ure 4 shows the dependence of the Stokes intensity on
this temperature. In both cases the temperature depen-
dence of the Raman intensity corresponds to that of a
temperature-activated process. In case A the activation
process does not occur till T—= 10 K. The slope of the
temperature dependence in the activation region
(T= 10—30 K) y—ields an activation energy b,E= 5meV. —
This value is very close to that estimated for the binding
energy (4.5 meV) of excitons bound to Be in a 70-A

V)

2 9—

12—

E 10
O

8

e 4
E

2

0
0 2 4 6 8 10

Magnetic field (T)

+$7
E
CO

CC

C
6

0

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

I I

0.1 0.2 0.3

Inverse temperature (K 1)

FIG. 3. Dependence of Raman shift on magnetic field
strength: (1), SFRS from Be-doped MQW 46/110 (spin flip of
hole bound on acceptor). (2), SFRS from undoped MQW
29/101 (angular momenta flip of localized exciton).

FIG. 4. Temperature dependence of Stokes line intensity at
excitation in the low-energy region of the PL band (Aco=1.628
eV) (see Fig. 1, solid line) and in the region of the high-energy
tail of the PL band (Ace=1.648 eV) (dashed line) and at B =10
T. Sample 46/110.
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QW. ' In case B the activation process starts at rather
low temperatures (T=3 K) and the temperature depen-
dence of the intensity is more gradual. This means that
states with widespread energies of localization, smaller in
the average than in case A, participate in process B.

We also found a significant enhancement of the Raman
intensity in a inagnetic field in both cases (see Fig. 5 for
case A). The infiuence of the magnetic field on the Ra-
man efficiency manifests itself in two different ways, an
"additional" localization of the excitons and an increase
of their oscillator strength. However, the role of the
latter is probably not very important for our magnetic
fields, giving only a factor =-1.5 for B—= 10 T.' Hence,
the main reason for the increase in Raman efficiency
above H -=4 T must lie in the additional localization of
the excitons at the interface roughness or impurities due
to the shrinkage of the exciton Bohr radius. We expect
the role of this effect to become noticeable when the cy-
clotron energy is comparable with the Coulomb energy.
Both the temperature and magnetic-field dependences of
the Raman efficiency support our conjecture that the
SFRS takes place via bound or localized states of the ex-
citon. The effect of temperature and magnetic field is in
our case very similar to that observed recently by Zucker
et al. ' These authors showed that there is a close rela-
tion between the Raman intensity and the homogeneous
exciton linewidth which is determined mainly by exciton
localization at low temperatures and in a strong magnetic
field.

The Raman shift shows in both cases A and B a strong
dependence on the angle between the direction of the
magnetic field and the growth axis (z) of the MQW (see
Fig. 6, solid line). It is maximum when the magnetic field
is parallel to the z direction and vanishes when it is nor-
mal to z. The angular dependence can be well represent-
ed by a cosine function (solid line in Fig. 6). The tilting
of the magnetic field also leads to a significant increase in
the Raman intensity in case A and to a breakdown of the
polarization selection rules in both cases A and B. Thus
even for the small angle /=15' a noticeable Raman line
was observed in case A for all polarization configurations
with the intensity ratios

I(rr, o'+):I(o',o' ):I(o'+,rr+):I(rr+, o' )

=1:0.17:0.22:0.03 .
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FIG. 5. Dependence of the SFRS e%ciency on magnetic Seld
at T =4 K (46/110, spin flip of the hole bound to the acceptor).
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FIG. 6. Dependence of the Raman shift on the angle between
the direction of the magnetic field (8 =10 T) and the growth
axis of the MQW. Open circles: spin flip of a hole bound to an
acceptor; full circles: angular-momentum flip of the localized
exciton. The solid and dashed lines represent cosine functions
(sample 46/110).

In case B the Raman line changed polarization so as to be
observed mainly in z(o, sr+)z (Stokes) and z(cr+, rr )z
(anti-Stokes) configurations, i.e., the same polarization
features as for line A.

The observed angular dependence of the Raman shift
suggests that the g factor of a hole bound to an acceptor
is strongly anisotropic. The fact that this shift follows
rather accurately a cosine dependence means that only
the component of holes

g&~~
factor parallel to z differs

from zero, the other two transverse components

gy gQ J being zero within the experimental accuracy.
Analysis of the experimental results shows that the sign
and value of the parallel component of the g factor is
g i=l+2. 3 for the 46/110 sample. Slightly lower g fac-
tors are found with increasing well width (Table I).

B. Undoped quantum wells

We come back to Fig. 2, which shows the Raman spec-
trum of the relatively narrow Be-doped QW 46/110. Be-
sides the line with the large Raman shift discussed in the
previous section (line H) one can see a line with a smaller
shift (denoted as LE). We assign this line to Raman
scattering by flipping the angular momentum of a local-
ized exciton through interaction with acoustical phonons.
Our further investigations have shown that this line is the
only spin-fiip feature also observed in undoped QW's. It
is strongly circularly polarized, the Stokes component be-
ing seen in z (o,cr+ )z and the anti-Stokes in the
z(rr+, rr )z configuration (like case A of the H line). The
Raman shift of the LE line also follows rather closely a
cosine dependence on P (see Fig. 6, dashed line) and its
polarization does not change when tilting the magnetic
field, contrary to the behavior of the 0 line. The angular
dependence of the Raman shift also reveals an anisotrop-
ic g factor. Only its component parallel to z differs from

[(g-i =(g& g )ii=+1.5)] for sample 29/101, while
the perpendicular components g,„~=g„,gy are zero
within the experimental accuracy.

The intensity of this LE line depends on the width of
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the undoped QW. It is maximum for sample 29/101,
smaller for 98/103, and becomes unobservable for
198/103. This behavior of the SFRS efficiency can be at-
tributed to the increase of the exciton oscillator strength
at the 3D to 2D transition, ' ' plus the increase of the
electron-hole exchange interaction in the QW. ' '" We
believe the effect of exciton localization on SFRS
efficiency is very important (the wider the QW the small-
er the potential for localization due to interface rough-
ness). It should be noted, however, that the Raman shift
at a fixed magnetic field reveals a weak dependence on
the QW width, increasing slowly when L, decreases from
100 to 50 A and more rapidly (from 5 to 7 cm ' at
B = 10 T) when L, decreases from 50 to 30 A.

IV. THEORY AND DISCUSSION

The process of optical excitation (or recombination) of
electron-hole pairs or excitons in quantum wells is
governed by the following selections rules. Excitation
(recombination) into the

~

—
—,', +—', ) state takes place un-

der absorption (emission) of o+-polarized light and into
the

~
—,', —

—,
' ) state by o -polarized light. Optical excita-

tion into
~

—,', ——', ) and
~

—
—,', —

—,') states is forbidden in

the dipole approximation. In
~
s, rn ) the notation s

denotes the projection of the electron spin while m
denotes that of the hole angular momentum on the z axis.
The latter is governed by Luttinger's Hamiltonian for the
I 8 band of bulk GaAs.

For a (001)-grown MQW the symmetry is reduced
from Td to Dzd. Hence the fourfold degeneracy of the
hole bound to the acceptor splits into two, ~+—,

' ) and
+—', ), the ground state being ~+ —,

' ) „. We shall assume

that the transverse g factor of holes is equal to zero (it has
been shown by symmetry consideration that this g factor
should be very small). We determine the longitudinal g
factor of the hole bound to the acceptor ( A ) or in an ex-
citon (h) as follows: the Zeeman energy of states +—,

' in

the magnetic field B is equal to +g„hpoB, /2, where po is
the Bohr magneton. We now consider the experimentally
observed processes of SFRS in MQW's.

A. SFRS in p-doped (Be) MQW's

The Raman lines observed only in p-type-doped QW's
were interpreted as light scattering by a flip of the angu-
lar momentum of a hole bound to a neutral acceptor
(+—', ~——', or ——', ~+—', ). The process of light scatter-
ing can then be viewed as a three-step process.

(i) Absorption of light with creation of an exciton (we

apply the term exciton to a localized e-h pair, the state of
which is modified by Coulomb interaction of the hole
with the electron).

(ii) Spin flip of the hole bound to an acceptor due to
pair-exchange interaction in the complex including three
particles: hole bound to the acceptor, a spin-polarized
electron, and the corresponding hole of a photoexcited
exciton. The following transitions contribute to the light
scattering process:

A: i+-', & „i+-,', + -', & i+ -', & „I+ —,', +-', &

and

fib, co= g„poB cosP . (2)

Besides this, the deviation of the magnetic field from the z
direction leads to changes in the relative contributions of
the two processes A and B. The electron spin in a tilted
magnetic field can change its orientation due to Zeeman
interaction with the field. Therefore for process A to

(iii) Annihilation of the exciton with the emission of a
photon.

Let us consider the processes A and B occurring after
step (i), e.g. , after absorption of a photon with cr polar-
ization, followed by the creation of an exciton in the state

~
—,', ——', ). In case A only a hole in the state ~+ —', ) „will

participate in the exchange interaction after cr absorp-
tion. The spins of the three particles flip and Stokes
emission occurs only in the (o,o+) configuration if
g„B& 0, while anti-Stokes emission takes place for

g„B)0. The opposite occurs for (o+, cr ) scattering.
In the type-B process of exchange interaction the elec-

tron and hole spins in the exciton do not change their
orientations. This is the reason why light scattering takes
place predominantly in either the (o+,o+) or (o,o )

configurations. Since in this case the processes of spin
flip ~+ —', )„~—

—,
' ) „as well as

~

——', ) ~~+ —) are possi-
ble one sees in the Raman spectrum Stokes and anti-
Stokes lines simultaneously. The process of spin flip is
described by the following Hamiltonian, involving an ac-
ceptor and an exciton localized at the interface rough-
ness:

8, =b, ,o,"(cr,"0 .+o~"0„) . (1)

Here the matrices o" and cr" are the analogs of the Pauli
matrices for the hole in the exciton (h) or bound to an ac-
ceptor ( A ) in the basis [P(X i Y);——a(X +i Y) ] which
transforms as the double group representation I 7 of Dzd.
0 is the unit two-dimensional vector in the p&

—pz direc-
tion, where pi, and p„represent the center of the hole (h)
and acceptor ( A ) localization in the x,y plane (the depen-
dence on ~pi,

—p„~ is included in the coefficient b, ). In
the derivation of the H, invariant we take into account
the fact that the components O„and 0 of 0 and those
of the pseudovectors o., and o.„ transform according to
the same E representation of the Dzd group, but o., trans-
forms according to the Az representation. If we do not
consider the effects of the absence of inversion symmetry
in the QW, its symmetry can be characterized by the
point group D4& instead of Dzd. In this case the
coefficient of Eq. (1) would be nonzero only when the
wave function of the hole bound to the acceptor (and/or
hole in the exciton) is not invariant upon reflection with
respect to the plane which bisects the QW. This will hap-
pen when the acceptor is not located on the bisector
plane. It should be noted that the coefficient b, , in Eq. (1)
would then be an odd function of the acceptor position z,
with respect to that plane. Obviously H, flips the accep-
tor spin while leaving s and m invariant.

In a tilted magnetic field the Raman shift in SFRS de-
pends on the angle between 8 and the z direction of the
QW as follows:
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take place in a tilted 8 only hole-hole exchange interac-
tion with their mutual spin Hip is needed. This process is
described by the Hamiltonian

turn Hip is piezoinduced exchange interaction between
electron and hole in the exciton:

5H =5'e„(o'o"+cr'o ~
)

(3) +&"(e„„—e~ )(o'o„o—' cr") . (6)

To explain a process of type A in the exact B~~z

geometry besides the exchange interaction (3) we have to
take into account exchange interaction between the elec-
tron and hole in the exciton

(4)

and the anisotropic interaction, involving an acceptor
and a neighboring exciton,

H3 =b 3o,"(o"OY+cr~O„) . (5)

The coefficients b,
&

in (1) and b 3 in (5) should be small
compared with 52, b

~~, A~ since the binding of the exciton
to the acceptor is weak. The efficiency and detailed
mechanism of light scattering with spin Qip of a hole
bound to an acceptor is determined by the values of these
coefficients.

In the frame of this model it is easy to explain the
SFRS polarization dependence presented in Fig. 1. The
SFRS efficiency profile shown in this figure is a sum of
two processes A and B. The high-energy tail of this
profile corresponds to a B-type process (spin flip of a hole
bound to acceptor via interaction with localized on
roughness excitons) and it is seen predominantly in the
z(o, cr )z configuration. The low-energy tail corre-
sponds to process A (spin flip of a hole bound to an ac-
ceptor via its interaction with neighboring exciton), and
it is seen only in the z (o,o + )z configuration. In the re-
gion where the intensities of both process are comparable
the polarization p of the SFRS is zero. It should be men-
tioned that the A-type process could be also connected
with the resonant intermediate state "exciton bound to
neutral acceptor" if the spin of the polarized electron in
the complex changes its direction. Possible mechanisms
for this electron spin Hip can be the hyperfine coupling
with nuclear spin or spin-lattice relaxation. No likely al-

ternative mechanisms for the type-B process have oc-
curred to us at this time.

B. SFRS in nndoped NIQW's

The SFRS observed in undoped MQW's (see Sec. III B,
also line LE in Fig. 2) can be explained as resonance
scattering of light by acoustic phonons. In this process
the light in o. polarization excites an exciton in the state
~+ —,', + —,

' ). Due to interaction with an acoustic phonon
the exciton is scattered to the state

~
+ —,', +—', ) and annihi-

lates with emission of o.— light. If the product of
(gq

—g, ) &,)0 (g„gh electron and hole g factors}, the
scattering takes place in (cr+, cr ) configuration in the
Stokes region and (o,cr+) configuration in the anti-
Stokes region. If (gr,

—g, )B, &0 the Stokes and anti-
Stokes spectra reverse their polarizations. A col.parison
of the polarizations in the two cases of Be-doped QW
(spin-flip hole bound on neutral acceptor) and undoped
QW shows that the signs of g„and (gr,

—g, ) coincide.
A possible contribution to the exciton angular momen-

Here e & is the strain tensor of the phonons involved.
Under the assumption of the same electron-phonon cou-
pling constants as in the bulk material 6' would be zero
while 5" would correspond to deformation-potential in-
teraction with LA phonons. For a single QW b' and b,",
and thus the Raman intensity, should depend monotoni-
cally on the Raman shift, i.e., on the magnetic field. For
MQW s, however, oscillations in the Raman intensity
versus 8 should result depending on whether the period
is a multiple of the wavelength of the phonon required for
the scattering or a half multiple, a fact which could be
used to investigate the type of phonons involved. The
exciton-scattering process under consideration can also
take place with emission or absorption of two phonons
using —,', +—,

' ) states as intermediate states. A detailed in-
vestigation of the dependence of the scattered intensity
on magnetic field is needed to unravel the possible mech-
anisms.

We assume that the exciton g factor equals g&
—g„

where g, and g& are the g factors of the corresponding
conduction- and valence-band edges. It is thus possible
to estimate gz~~ from the measured values of
g~~~

—g =+1.5. In bulk GaAs g, = —0.4, a value
which should be renormalized in order to take into ac-
count the increase of the gap in our quantum well

(g, —=2[ ( I Ezb ol[3(E—o+ b o)Eo ] J ). With this renor-
malization we find for our QW's g, =0 and thus

g&~~
——+1.5. This value is remarkably small since for the

( —'„+—', ) band edge we estimate from the kp theory g fac-
tor

g"
II

6kL =7,
where kL is the well-known "Luttinger" parameter
(kL ——1.2+0.25).

The fact that the excitonic factors gz~~
—g, in quantum

wells are much smaller than those expected from bulk pa-
rameters has already been pointed out in Refs. 15 and 23
(gh =1.4 was obtained for a well width of 79 A and
gz =2.6 for a width of 25 A). It has been suggested that
the drastic difference between the band edge g~i (+7.2)
and the measured one (+1.5), is due to admixture of the
( —,', +—,

' } ls exciton envelope function with the 3D func-
tions of the light-hole exciton ( —,', +—,'). Calculations
show indeed that the "g factor" of the latter is negative
and drastically reduces through admixture that of the 1s
exciton, being even able to produce a sign reversal in g&~t.
Nonlinearities in the spin splitting, leading to sign rever-
sal appear, however, at higher B's (the 6eld at which the
crossing occurs is very sensitive to the choice of parame-
ters). Although we have seen a superlinear behavior of
the splitting versus 8 for the QW with L, )70 A, no zero
crossing was observed up to 10 T.

We point out that all such calculations available so far
do not include linear terms in k in the valence bands.
Such linear terms should also tend to quench spin split-
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ting in magnetic fields and may be essential to explain
quantitatively the observations described here and in oth-
er works.

V. CONCLUSIONS

Strong Raman scattering was observed from p-type
Be-doped GaAs/Al„Ga, ,As MQW's as well as from

undoped samples in the presence of a magnetic field.

This scattering was interpreted as spin-Hip Raman
scattering involving magnetically split states of neutral
acceptors (in Be-doped MQW's} or localized excitons (in

Be-doped MQW's and also in undoped MQW's).
Theoretical models have been developed to explain

SFRS in doped and undoped MQW's. In the frame of
these models the SFRS specific of p-type-doped QW's is
related to angular-momentum flip (+—,'—+ T- —', ) of a hole

bound to a neutral acceptor via exchange interaction
with a neighboring exciton. The SFRS observed in un-

doped QW's is interpreted as the angular-momentum flip

of a localized exciton via its interaction with one or more
acoustical phonons (doubly resonant scattering by acoust-
ical phonons}. The interaction with one phonon may be
considered as piezoinduced exchange interaction between
the hole and the electron bound in an exciton.

Both types of SFRS show a strong dependence of the
Raman shift on the angle between the magnetic field and

the MQW growth axis. The longitudinal components of
the g factor for the hole bound to the acceptor are deter-
mined to be ghee=2. 3, and for the exciton (gt,

—g, )1=1.5
(for the narrowest wells measured), which is much small-

er than that of the corresponding band edge. Possible

reasons for this effect have been discussed. The trans-

verse g's, gh~ and (g„—g, )t, amount to less than 0.01.
The dependence of the g factor on the well width has
been investigated. The g factor of the hole bound to the
acceptor and of the exciton increase slightly (by about
10%) when the well width decreases from 100 to 50 A,
while that of the exciton increases 1.4 times when the
QW width decreases from 50 to 30 A.

The SFRS eSciency of excitons reveals a strong depen-
dence on well width, disappearing for L, ~200 A. We
believe that this effect is due to the dependence of the os-
cillator strength, the electron-hole exchange interaction,
and the potential of exciton localization on the width of
the QW. It is reasonable to assume that the SFRS tech-
nique will be useful for the investigation of the depen-
dence of the hole g factor on QW width, i.e., the mixing
of heavy- and light-hole wave functions in the acceptor
states, and also for studying the dependence of the g fac-
tor of electrons bound to donors on well width. We be-
lieve that the SFRS technique can also be used to study
impurities and exciton states in systems with dimen-
sionality smaller than two.
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