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Hole spin quantum beats in quantum-well structures
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We report experimental and theoretical investigations of the quantized hole states in a magnetic field. We
observe spin quantum beats in the time-resolved photoluminescence of N-modulation-doped GaAs/AxGa12xAs
quantum wells in a magnetic field perpendicular to the growth direction. The measurement of these quantum
beats, which originate from the Larmor precession of heavy-hole spins, yields the accurate determination of the
transverse heavy-hole Lande´ g factor. We findugh,'u50.0460.01, in good agreement with the theoretical
calculations based on thek•p theory in the five level model.@S0163-1829~99!10931-7#
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I. INTRODUCTION

The effective Lande´ g factor of electrons, holes, and ex
citons in low-dimensional semiconductor systems has
ceived considerable attention recently since it provides
merous informations on the subband structure. Most of
theoretical and experimental investigations in this field ha
been devoted to studies of the electrong factor.1 It has been
measured by electron spin resonance,2 Hanle effect,3 spin-
flip Raman scattering4 ~SFRS! or, more recently, spin quan
tum beats~QB!.5–7 Thanks to the very high accuracy of th
last technique, the anisotropy of the electrong factor in
quantum wells~QW’s! first predicted theoretically8 has been
quantitatively determined as a function of the well width.9

The effectiveg factor of size-quantized heavy holes~HH!
in semiconductor heterostructures has received less atten
In D2d symmetry, the HHg factor exhibits a strong aniso
tropic character with a great difference betweengh,i and
gh,' , wheregh,i andgh,' are the components of the effe
tive g-factor tensor for the magnetic-field parallel and p
pendicular to the QW growth axis (Oz), respectively.10 Van
Kesterenet al., from optically detected magnetic resonan
~ODMR! experiments carried out on type-II QW’s, measur
a longitudinal componentgh,i of about 2.5.11 SFRS experi-
ments from acceptor-bound holes in type-I QW’s led to
gh,i value of about 2.12 The HH longitudinalg factor has also
been determined as a function of the well width from t
Zeeman splitting of the luminescence line by Snellinget al.13

The longitudinal HH Zeeman splitting has been recently c
culated for QW’s in the multiband envelope function a
proximation, with a satisfactory agreement wi
experiment.14

Whereas the longitudinal HHg factor has been measure
and calculated by different authors, the knowledge on
transverse componentgh,' is still very poor. In type-II
QW’s, no signature of a transverse HH Zeeman splitting w
found in ODMR experiments performed in a transverse m
netic field.11 The authors deduced then thatgh,' is smaller
than 0.01. Mashkovet al. did not find evidence of any trans
verse HH Zeeman splitting in spin quantum beats exp
ments performed on intrinsic type-II QW’s.7 In type-I QW,
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the transverse HHg factor was reported to be zero within th
accuracy of SFRS experiments.12

Most of the previously reported works mentioned abo
have been performed in unintentionally doped QW’s. As
consequence, these experiments performed in transv
magnetic field generally involve the Zeeman splitting of t
electron\ve5ge,'mBB and also the exciton exchange e
ergyd due the spin-spin coupling of the electron and the h
forming the exciton. For typical transverse magnetic fie
\ve and d are much larger than the expected hole Zeem
splitting \vh . This probably explains the absence of acc
rate measurements ofgh,' up to now.

In order to overcome these difficulties, we have stud
free HH states in type-I N-modulation-doped QW’s. W
present in this paper experimental and theoretical invest
tions of the quantized HH states in the transverse magn
field. Experimentally, we findgh,'50.0460.01 in reason-
able agreement with the theoretical calculations.

The multiple quantum well~MQW! samples investigated
were grown by molecular-beam epitaxy on~001!-oriented
GaAs substrates. The results presented here conce
GaAs/Al0.3Ga0.7As sample~sample I! which has 60 periods
of LW54.8 nm GaAs wells separated byLB515 nm barriers
with a central Sid-doped layer. Three monolayers of AlA
were grown next to every GaAs/Al0.3Ga0.7As interface. We
have measured the electron densityne transferred from the
doping level by Hall experiments performed at 4.2 K a
foundne.631011cm22. Very similar results have been ob
tained on three other GaAs/Al0.3Ga0.7As MQW with differ-
ent parameters listed in Table I. The sample details can
found in Ref. 15.

For such~001!-grown QW’s, the relevant symmetry i
D2d and the growth direction (Oz) is taken as the quantiza
tion axis for the angular momentum. The conduction band
s like, with two spin states,se,z56 1

2 . At the center of the
Brillouin zone, the upper valence band is split into the H
band with the total angular momentum projectionj h,z56 3

2

and a light-hole~LH! band with j h,z56 1
2 . As the energy

separation between the HH and LH bands is much lar
than any Zeeman splitting, we are only concerned with
heavy-hole band and it is convenient to use an effective
5811 ©1999 The American Physical Society
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TABLE I. Parameters of the GaAs/AxA12xAs MQW samples and the measured transverse Lande fa
gh,' of heavy holes.

Sample Lw~nm! AlAs layers LB (nm) e2 density (31011 cm22) gh,'

I 4.8 Yes 15 6 0.05
II 4.2 Yes 15 6 0.03
III 4.8 No 15 3 0.03
IV 6 Yes 15 6 0.035
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spin or pseudospins̃5 1
2 to describe its sublevels: as in Re

11 we identify j h,z52 3
2 with s̃h,z52 1

2 and j h,z51 3
2 with

s̃h,z51 1
2 . In terms of the pseudospins̃5 1

2 , the Zeeman
Hamiltonian is written as

HB5mB~gh,'s̃h,'•B'1gh,is̃h,zBz!. ~1!

The sample, at 1.7 K, is excited by 1.2-ps pulses gen
ated by a tunable Ti-doped sapphire laser at a repetition
of 80 MHz. The photocreated carrier density is abo
108 cm22. The photoluminescence~PL! signal is detected by
the up-conversion technique using a LiIO3 nonlinear crystal;
the overall time resolution is thus limited by the laser te
poral width. The excitation light is right circularly polarize
using a Soleil-Babinet compensator. To measure the lu
nescence components of the same (I 1) and opposite (I 2)
helicity as the excitation light, a rotatingl/4 plate is placed
before the nonlinear crystal, which acts as an analyzer.

II. EXPERIMENTS

A. Measurement of the Zeeman splitting
by the spin quantum beats technique

Because the transverse HH Zeeman splitting is in the s
meV range, it cannot be resolved in the optical spectra.
measurement can, however, be performed in the time
main. The time-resolved experimental method used her
determine the HH transverseg factor is based on tracing th
spin quantum beats~QB! and finding the beat frequency, in
similar way as previously used for electrons or excitons
MQW.5,6 These QB have their origin in the Larmor prece
sion of spins in an external magnetic field. The technique
been applied with success to the very accurate determina
of the transverse electronge,' factor in QW’s ~Ref. 5! and
measurement of the temperature dependence ofge in bulk
GaAs.16 It also allowed to study the well-size dependence
the electrong-factor anisotropy in QW’s in oblique magnet
fields.9 In addition, the observation of exciton spin QB yield
values of the exciton exchange energy in type-I QW’s.6

The limitation of the spin QB technique is that the carr
spin-relaxation time has to be longer than the beat pe
since the QB manifest as oscillations in the intensity of
polarized luminescence components. The application of
spin QB technique to the determination of the transverse
g-factor value requires thus a very stable HH spin.

In a bulk III-V semiconductor, the hole spin relaxation
very fast, i.e., of the order of the momentum relaxati
time.17 In QW’s however, due to the lifting of degeneracy
the center of the Brillouin zone between the HH and L
bands, different theoretical approaches have predicted m
slower hole spin relaxation.18,19 The clearest measuremen
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have been performed in N-modulation-dop
GaAs/AlxGa12xAs QW’s.15,20,21 Hole spin relaxation times
th up to 1 ns have been reported.15,21 We have shown in a
previous work thatth is a rapidly decreasing function of th
HH population temperature.15 This is why the experiments
presented below are performed with an excitation ene
close to the threshold fixed by the conduction electron Fe
energy and under very low-excitation intensity in order
limit the heating of the photoexcited holes.

B. Results

The inset in Fig. 1 displays the cw PL and cw photolum
nescence excitation~PLE! spectra. We have checked that th
shift between the PL line and the first peak in the PLE sp
trum is in good agreement with the Fermi-level position d
termined from the measured electron density. Figure 1 sh
the time evolution ofI 1, I 2, and the corresponding polar
ization

PL5
I 12I 2

I 11I 2

at the peak of the PL spectrum for an excitation energyqv
lying near the Moss-Burstein edge~see the inset!. We ob-
serve a very slow depolarization. Since the density of pho
excited holes considered here is about three orders of m
nitude lower than the doping level, the PL signal correspo
to band-to-band recombination of polarized photoexci
heavy holes with unpolarized majority electrons. The s
relaxation of electrons is thus irrelevant and the measu

FIG. 1. Time evolution of the circular luminescence compone
I 1 and I 2 after as1-polarized excitation pulse (B50 T); the full
line displays the corresponding circular polarizationPL . The inset
presents the cw PL and PLE spectra atTL51.7 K.
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decay time of the PL polarization is the spin-relaxation tim
th of thermalized holes. We findth.700 ps.

A magnetic field ofB53 T applied perpendicularly to th
growth axis strongly modifies the decay of the polarized
minescence components, as shown in Fig. 2. We obse
~i! oscillations of the luminescence polarizationPL that arise
from the oscillations of the luminescence componentsI 1 and
I 2 with a relative phase shift ofp.

~ii ! a faster depolarization than in Fig. 1 (B50 T).
The QB presented in Fig. 2 are interpreted as the resu

the Larmor precession of the HH spin in the transverse m
netic field with a pulsationvh given by the HH spin splitting
expression\vh5gh,'mBB. We emphasize that the beats d
not correspond to the well-known Larmor precession of el
tron spin since the measured beat pulsation is much sm
than the pulsationve5uge,'umBB/\ for this QW size.5,9 The
above interpretation is in agreement with the assumption
the recorded luminescence arises from the recombinatio
unpolarized majority electrons with polarized photoexcit
heavy holes. To reduce the uncertainties on the determ
tion of gh,' , we have recorded the time evolution of th
luminescence polarizationPL at different magnetic field
strengths from 1 to 3 T. The results are displayed in Fig
We note that the beat pulsation depends linearly on
magnetic-field strength. An accurate determination ofgh,'
requires a fitting procedure, which is presented below.

C. Analysis

It is important to investigate the impact of a misalignme
of the magnetic-field direction with respect to the QW plan
First, we emphasize that no oscillations of the circularly p
larized luminescence would be observed ifgh,' were strictly
equal to zero. But ifgh,'Þ0, a very small angle of the mag
netic field with respect to the QW plane can have an imp
on the pulsation of the QB, i.e., on the measurement ofgh,' .
We recall that the longitudinal HH Lande´ factorgh,i for this
well width is '2,12 i.e., about two orders of magnitude larg
thangh,' as estimated directly from the pulsation of oscill
tions in Fig. 2.

The experimental and theoretical study of the electron
in a tilted magnetic field has been performed in Ref. 9. In
framework of an effective HH spins̃h,z56 1

2 , a similar ap-
proach applies here. It can be deduced from Ref. 9 that

FIG. 2. Time evolution ofI 1, I 2, andPL for B53 T.
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component of the average value of the effective HH spin i
tilted magnetic fieldB5(B',0,Bz) is given by the following
equation:

^s̃h,z&5
1

2 F12S v'

v D 2

~12cosvt !Ge2t/T, ~2!

where \v'5gh,'mBB' , \v i5gh,imBBz and v
5Av'

2 1v i
2 is the observed QB pulsation. For the sake

simplicity, we consider here equal transverse and longitu
nal hole spin-relaxation timesT'5Ti[T. In our experimen-
tal conditions, where the spin polarization of the electron g
is zero, the PL circular polarization is simply given by

PL52^s̃h,z&5F12S v'

v D 2

~12cosvt !Ge2t/T. ~3!

It follows then that a longitudinal magnetic-field compone
not only affects the QB pulsation but also leads to a red
tion of the amplitude modulation, by a factor of (v' /v)2.
This reduced amplitude modulation will allow a preci
evaluation of the small longitudinal Zeeman splitting,\v i ,
and thus a more accurate determination of the transv
component\v' . For the small misalignment anglea be-
tween the magnetic field and the QW plane, we can use
approximation:B'.B and Bz.aB. The reduction factor,
independent on the magnetic-field strength, is written then

S v'

v D 2

5
~gh,'!2

~gh,'!21~agh,i!
2 . ~4!

The fit of the polarization oscillations is very sensitive
each one of the three parametersT, (v' /v)2, andv, which
act independently on the damping, the amplitude, and
period of the oscillations, respectively. For this reason the
of the experimentally recorded polarization dynamics lea
to a precise determination of the three parameters. We h
checked that the description of the damping by two rel

FIG. 3. Experimental time evolution of the luminescence circ
lar polarizationPL for different magnetic-field values. The full line
correspond to the fit with the model presented in the text.
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5814 PRB 60X. MARIE et al.
ation timesT' and Ti does not affect the determination o
(v' /v)2 andv. The fitting procedure is then the following

The damping parameterT for each magnetic-field value i
first adjusted on the polarization envelope decay. Then
modulation amplitude fixes the factor (v' /v)2 and the beat
pulsation yieldsv. Figure 3 displays very good fits of all th
polarization data according to Eq.~3!. These fits are per
formed with the data listed in Table II. Clear deterioratio
of the fit quality are observed if anyone of the two para
etersv or (v' /v)2 are changed within610%. The observed
proportionality between the pulsationv and the magnetic
field, as displayed in Fig. 4, is the proof that the damp
does not affect the QB pulsation. This linear depende
together with the (v' /v)2 fit parameter value yields th
corrected HH transverseg factor. We find ugh,'u50.05
60.005.

The value 0.78 for (v' /v)2 corresponds to an anglea of
only 0.8° if we take the HH longitudinalg factor gh,i52
measured by Sapegaet al. for the same well size.12

We have checked the extreme sensitivity of the QB a
plitude modulation to a small longitudinal magnetic-fie
component by performing the following complementary e
periment: we have recorded the time evolution of the po
ization with a controlled anglea of about 5°~which is the
smallest angle we can measure on our setup!. We did not
observe any QB, regardless of the magnetic-field stren
between 0 and 3.5 T. This is because the QB amplit
modulation is too small: takingugh,'u50.05 andgh,i52 re-
sults in an amplitude modulation of only 7/100@Eq. ~4!#. We
emphasize that thegh,' determined with the fitting procedur
taking into account the small longitudinal magnetic-fie
component is only reduced by a factor of about 20% co
pared to the one crudely estimated from the QB pulsation
Fig. 3.

TABLE II. Fit parameters used in Fig. 3.

B~T! T~ps! v(ps21) (v' /v)2

0 700
1 600 0.0054 0.78
1.5 400 0.0081 0.78
2 350 0.011 0.78
2.5 260 0.0135 0.78
3 240 0.0158 0.78

FIG. 4. Dependence of the heavy-hole spin Larmor pulsatiov
on the magnetic-field strength.
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In order to have a general trend, we performed a syst
atic study on a series of N-modulation-dope
GaAs/AlxGa12xAsQW with different well widths or/and bar
rier compositions. As mentioned before, the spin QB meth
requires a stable hole spin population. When the QW s
increases, the mixing between the HH and LH states
comes stronger, which leads to much faster hole sp
relaxation times.22 As a consequence, the study is restrict
to rather thin QW that have a strong two-dimensional~2D!
character. The results obtained on four samples are sum
rized in Table I. It is not possible to deduce a significa
size-dependence law of the transverse HHg factors due to
the small well-width range which could be explored. We fi
0.03,ugh,tu,0.05.

III. THEORY AND DISCUSSION

In the following, we use the canonical basisum&e (m
56 3

2 ,6 1
2 ) for the bulk statesG8 in the electron representa

tion. The similar basis in the hole representation is obtain
by applying the time inversion operator, namely,um&h

5Ku2m&e , where by definitionKĉ5syĉ* .1 In particular,

u 3
2 &e52↑ X1 iY

&
, u2 3

2 &e5↓ X2 iY

&

and u 3
2 &h5 i u 3

2 &e , u2 3
2 &h52 i u2 3

2 &e .
For the lowest heavy-hole subbandhh1, the Zeeman ef-

fective Hamiltonian in a transverse magnetic fieldB'Oz can
be obtained by calculating the off-diagonal matrix eleme

V( 3
2 ,2 3

2 )5^hh1,k, 3
2 uV̂uhh1,k,2 3

2 &, whereuhh1,k,6 3
2 & are

the heavy-hole quasi-two-dimensional states with the
plane wave vectork, and the perturbationV̂ is given by

V̂522qmB~Jx
3Bx1Jy

3By!2
e

c
$A~z!v̂%, v̂5

1

\

]

]k
H.

~5!

Here,Ja andH are the angular momentum matrices and
Luttinger Hamiltonian in theG8 basis, the vector-potential i
taken in the formA(z)5(Byz,2Bxz,0) where it depends

only on the coordinatez, and $A(z) v̂%5( 1
2 )@A(z) v̂

1 v̂A(z)#. Note that the sign ofq in Eq. ~5! is taken in
accordance with Refs. 23 and 24.

For a free heavy hole in a QW at the pointkx5ky50, the
transverseg factor, gh,' , is defined as a coefficient in th
Zeeman Hamiltonian

H'5 1
2 gh,'mB~syBy2sxBx!, ~6!

wheresx andsy are the Pauli matrices corresponding to t
basisu6 3

2 &h . In this basis the in-plane pseudospin comp
nents introduced in Eq.~1! are given ass̃h,x52sx/2, s̃h,y
5sy/2. The contribution to thegh,' comes from the first
term in Eq.~5! and can be written as

gh,'523^q&, ~7!

where^q&5wAqA1wBqB , the indicesA andB refer to the
quantum-well and barrier compositional materials, for e
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ample, to GaAs and AlxGa12xAs, respectively,wA,B is the
probability to find a heavy hole in the quantum well or ba
rier. Note thatwB512wA .

The second term in Eq.~5! leads to ak2-dependent con-
tribution to the Zeeman Hamiltonian. Taking into accou
k-induced admixture of theu61/2&h Bloch functions to the
heavy-hole statesuhh1,k,63/2& and assuming the barriers t
be infinitely high we come to the followingk2 correction to

the matrix elementV( 3
2 ,2 3

2 ):

dV~ 3
2 ,2 3

2 !52 1
2 mBGLW

2 @~g32g2!~kx
21ky

2!B1

1~g21g3!k2
2 B2#, ~8!

whereLW is the QW thickness,g j ( j 51,2,3) are the Lut-
tinger positive band parameters,k65kx6 iky , B65Bx
6 iBy ,

G5
1024

p4 (
m51

`
3n2

~4n221!3

g3

4~g112g2!n22g112g2
.

~9!

The nth term in the sum describes the contribution toG due
to k-dependent mixing between the heavy-holehh1 and
light-hole lh2n subband states. The lifetime of photoholes
much longer than their momentum relaxation time and
can averagedV(3/2,23/2) over the directions ofk and ob-
tain thek2 correction to the transverseg factor

dgh,'52G~g32g2!~kx
21ky

2!LW
2 . ~10!

Note the similarity between this correction and the renorm
ization of the parameterq in the electron-hole Hamiltonian
for a G63G8 exciton26 or in the effective Hamiltonian for an
acceptor-bound hole27 in a bulk zinc-blende-lattice semicon
ductor. As well as the contribution proportional tot21
[(g22g3)/g3 in Refs. 26 and 27, the additional contrib
tion ~10! arises from the mixing of heavy- and light-ho
states, respectively due to the relative electron-hole mo
in the bulk exciton, the hole motion around the acceptor a
the in-plane motion of a free hole in the QW.

For the finite barriers, the linear-in-k light-hole envelope
component,w3/2,1/2 or w23/2,21/2, in the stateuhh1,k,6 3

2 &
can be found by solving the second-order differential eq
tion

F d2

dz2 1
2m0

\2

Ehh12Vh~z!

g112g2
Gw63/2,61/2~z!

52 i
2)g3

g112g2
~kx6 iky!

d

dz
w63/2,63/2~z!. ~11!

Here Ehh1 and w6
3
2 ,6 3

2
(z) are respectively the zero-orde

energy and envelopes calculated fork50, Vh(z) is equal to
zero in the well and to the valence-band offsetVh in the
barrier, andm0 is the free-electron mass.

For the GaAs/Al0.3Ga0.7As parameters with the valence
band offsetVh5143 meV andLW548 Å, the value ofdgh,'
increases as compared with Eq.~10! by a factor of 1.7 and
one can takeG'3.631023. If photoholes are characterize
by the effective temperatureTeff , the factork2 in Eq. ~10!
can be changed by 2mhhkBTeff /\

2, wherekB is the Boltz-
t

e

l-

n
d

-

mann constant andmhh is the heavy-hole in-plane effectiv
mass. ForTeff56 K we finally obtain dgh,''631023,
which is essentially smaller than the observed value of
25)1022.

The third contribution togh,' , which has to be estimate
arises in N-doped quantum wells due to an anisotropic te
in the electron-hole exchange interaction~see, e.g., Ref. 26!

Vexch5S D0sJ1D2(
a

saJa
3 D a0

3d~re2rh!. ~12!

Here, re,h is the electron or hole radius vector,sa(a
5x,y,z) are the conventional Pauli matrices,a0 is the lattice
constant~in GaAsa0'5.6 Å!, the factora0

3 allows to intro-
duce the exchange energy parametersD0 and D2 . For the
degenerate electron gas, the third contribution can be wri
as

dgh,'8 5
3 f

4p

a0

LW

D2me

~\/a0!2 ge,' , ~13!

where me and ge,' are the conduction-electron effectiv
mass and transverseg factor,

f 5LWE dzwe1
2 ~z!w3/2,3/2

2 ~z!,

we1(z) is the electron envelope function in the lowest co
duction subbande1. The estimation givesdgh,'8 ,1023,
which allows to ignore this contribution. Thek2-dependent
contribution exceedsdgh,'8 but, on the other hand, is small a
compared with the experimental value ofgh,' . Thus, we
conclude that the measured transverse heavy-holeg factor is
mainly determined by a value of 3^q& and the modulus of
qA'^q& can be estimated as 1022.

The Luttinger valence-band parameterq in a bulk zinc-
blende-lattice semiconductor can be estimated by using
kp theory in the five-level model including the two valenc
bands,G8

v1G7
v5G15

v 3D1/2, the lower conduction band,G6
c

5G1
c3D1/2, and the higher conduction bandsG8

c1G7
c5G15

c

3D1/2. The spin-orbit splitting,D08 , of theG15
c states yields

in the first order of the perturbation theory24,25

q5
2

9

EQD08

~E08!2 , ~14!

where

EQ5
2

m0
Q2, Q5 i ^Xcu p̂yuZv&, ~15!

Xc , Yc , Zc andXv , Yv , Zv are the Bloch functions repre
senting theG15

c and G15
v , respectively, andE08 is the G15

c

2G15
v gap.

Lawaetz25 used the setE0854.81 eV, D0850.64D0 , D0

50.34 eV, EQ51.19EQ~Si!, EQ~Si!514.4 eV and obtained
q'0.04. We have generalized the above Eq.~14! taking into
account higher corrections inD08 and spin-orbit mixing be-
tween theG15

c andG15
v bands. The result reads

q5
2

9

EQ

E08~E081D08!
FD082

~D2!2

D0
G . ~16!
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5816 PRB 60X. MARIE et al.
Here, E085E(G7
c)2E(G8

v), D085E(G8
c)2E(G7

c), the spin-
orbit-coupling parameterD2 is defined as28

D253^G8
v , 3

2 uV̂souG8
c , 3

2 &, ~17!

and V̂so is the operator of spin-orbit interaction.
Taking D050.34 eV, E0854.488 eV, D0850.171 eV, D2

520.085 eV, Q50.47 ~in atomic units!, we obtain q
50.019. ChangingD2520.085 eV into D2520.11 eV
~see Table VI in Ref. 28! we come toq50.017 in a reason-
able agreement with the values ofug'u/350.01, 0.01, 0.012,
and 0.017 for the four studied samples. Note that the fur
variation of D08 , D2 and allowance for the spin-orbit cou
pling with bands of theG12 and G25 symmetry can slightly
modify the value ofq.

Up to now we analyzed the Zeeman effect on free hole
an ideal QW. Interface micro-roughness and alloy disor
can substantially modify free hole states near theG point and
form localized states. Localization effects may be taken i
consideration and estimated assuming the averages^kakb&
for a particular hole state to be finite. According to Eqs.~6!
and~8! the off-diagonal Zeeman matrix element for this pa
ticular doubly degenerate state can be expanded as

V~ 3
2 ,2 3

2 !52 1
2 mB$gh,'

0 B11^k2&@aB11~b„hxx2hyy…

22ichxy!B2#%, ~18!

wheregh,'
0 is the transverseg factor in an ideal QW atk

50, ^k2&5^kx
2&1^ky

2&, hab5^kakb&/^k2&, the coefficientsb
andc are close to each other and exceeda. The components
-

,

n

.

n

.

, J

v

, J
o

in
er

in
r

o

-

hxx2hyy andhxy are nonzero if the lateral localizing poten
tial is anisotropic. The absolute values of^kakb& and the
principal axes of the 2D tensorhab evidently vary from one
localized hole state to another. This results in an inhomo
neous broadening of the spin beat frequency and can exp
the faster depolarization of the PL in the presence of
transverse magnetic field.

IV. CONCLUSION

In conclusion, we have performed time-resolved opti
pumping experiments of N-modulation-dope
GaAs/AlxGa12xAs quantum wells in a transverse magne
field. In contrast to previous studies, the observation of s
quantum beats in the time-resolved photoluminescence
clear evidence of a nonzero transverse heavy-holeg factor.
The various contributions togh,' has been investigated theo
retically, yielding calculated values in agreement with t
measured ones. Finally, we attribute the increase of the s
depolarization rate under magnetic field to the hole locali
tion in a disorder-induced potential.
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