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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#s
guantum 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 Landgfactor. We find|gy, , |=0.04+0.01, in good agreement with the theoretical
calculations based on thep theory in the five level mode[S0163-182@9)10931-7

[. INTRODUCTION the transverse Hlg factor was reported to be zero within the
accuracy of SFRS experimerits.

The effective Lande factor of electrons, holes, and ex-  Most of the previously reported works mentioned above
citons in low-dimensional semiconductor systems has rehave been performed in unintentionally doped QW'’s. As a
ceived considerable attention recently since it provides nueonsequence, these experiments performed in transverse
merous informations on the subband structure. Most of thénagnetic field generally involve the Zeeman splitting of the
theoretical and experimental investigations in this field haveelectronfw,=g,  ugB and also the exciton exchange en-
been devoted to studies of the electgpfactor?! It has been ergy d due the spin-spin coupling of the electron and the hole
measured by electron spin resonafdganle effect spin-  forming the exciton. For typical transverse magnetic field,
flip Raman scatterifg(SFRS or, more recently, spin quan- fw. and § are much larger than the expected hole Zeeman
tum beatgQB).>~" Thanks to the very high accuracy of this splitting 7 wy,. This probably explains the absence of accu-
last technique, the anisotropy of the electrgrfactor in  rate measurements gf, ; up to now.
quantum well§QW’s) first predicted theoreticalfyhas been In order to overcome these difficulties, we have studied
quantitatively determined as a function of the well width. free HH states in type-I N-modulation-doped QW’s. We

The effectiveg factor of size-quantized heavy hol@s$H) present in this paper experimental and theoretical investiga-
in semiconductor heterostructures has received less attentiotions of the quantized HH states in the transverse magnetic
In D,q symmetry, the HHg factor exhibits a strong aniso- field. Experimentally, we findy, , =0.04+0.01 in reason-
tropic character with a great difference betwegn, and  able agreement with the theoretical calculations.

On. , wheregy, andg, , are the components of the effec-  The multiple quantum welMQW) samples investigated
tive g-factor tensor for the magnetic-field parallel and per-were grown by molecular-beam epitaxy §001)-oriented
pendicular to the QW growth axi€)(z), respectively’® Van ~ GaAs substrates. The results presented here concern a
Kesterenet al, from optically detected magnetic resonanceGaAs/Al ;Ga, ;As sample(sample } which has 60 periods
(ODMR) experiments carried out on type-Il QW's, measuredof Ly,=4.8 nm GaAs wells separated hy =15 nm barriers

a longitudinal componerg;, , of about 2.5%*  SFRS experi- With a central Sis-doped layer. Three monolayers of AlAs
ments from acceptor-bound holes in type-l QW's led to awere grown next to every GaAs/igdGa, ;As interface. We

O, value of about 22 The HH longitudinalg factor has also  have measured the electron densitytransferred from the
been determined as a function of the well width from thedoping level by Hall experiments performed at 4.2 K and
Zeeman splitting of the luminescence line by Snelingl®  foundn,=6x 10 cm 2. Very similar results have been ob-
The longitudinal HH Zeeman splitting has been recently caltained on three other GaAs/AGa, -As MQW with differ-
culated for QW’s in the multiband envelope function ap-ent parameters listed in Table I. The sample details can be
proximation, with a satisfactory agreement with found in Ref. 15.

experiment For such(001)-grown QW'’s, the relevant symmetry is

Whereas the longitudinal Hig factor has been measured D,4 and the growth direction@z) is taken as the quantiza-
and calculated by different authors, the knowledge on theion axis for the angular momentum. The conduction band is
transverse componerd, , is still very poor. In type-ll s like, with two spin statess, ,= +1. At the center of the
QW'’s, no signature of a transverse HH Zeeman splitting wa®rillouin zone, the upper valence band is split into the HH
found in ODMR experiments performed in a transverse magband with the total angular momentum projectign= * 3
netic field™ The authors deduced then thgt, is smaller and a light-hole(LH) band withj, ,=+3. As the energy
than 0.01. Mashkoet al. did not find evidence of any trans- separation between the HH and LH bands is much larger
verse HH Zeeman splitting in spin quantum beats experithan any Zeeman splitting, we are only concerned with the
ments performed on intrinsic type-lIl QW’sln type-l QW,  heavy-hole band and it is convenient to use an effective HH
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TABLE |. Parameters of the GaAs/A;_,As MQW samples and the measured transverse Lande factor
On,. Of heavy holes.

Sample Lw(nm) AlAs layers Lg (nm) e~ density (10" cm?) Oh.
| 4.8 Yes 15 6 0.05
1] 4.2 Yes 15 6 0.03
1] 4.8 No 15 3 0.03
v 6 Yes 15 6 0.035

spin or pseudospiB= 3 to describe its sublevels: as in Ref. have been performed in N-modulation-doped
11 we identifyj, ,= — 32 with 3, ,=—3 andj, ,=+ 3 with  GaAs/AlGa,_,As QW's'>?*2? Hole spin relaxation times
Sh.= +31. In terms of the pseudospig=3, the Zeeman 7, up to 1 ns have been reportetf! We have shown in a

Hamiltonian is written as previous work thatr, is a rapidly decreasing function of the
B B HH population temperatur€. This is why the experiments
He= pe(Gh, 15,1 - BL +0n,5h,:B2)- (1) presented below are performed with an excitation energy

) ] close to the threshold fixed by the conduction electron Fermi
The sample, at 1.7 K, is excited by 1.2-ps pulses genelanergy and under very low-excitation intensity in order to

ated by a tunable Ti-doped sapphire laser at a repetition raigyit the heating of the photoexcited holes.
of 80 MHz. The photocreated carrier density is about

10% cm 2. The photoluminescend®L) signal is detected by
the up-conversion technique using a Lil@onlinear crystal; B. Results
the overall time resolution is thus limited by the laser tem-  The inset in Fig. 1 displays the cw PL and cw photolumi-
poral width. The excitation light is right circularly polarized nescence excitatiofPLE) spectra. We have checked that the
using a Soleil-Babinet compensator. To measure the lumishift between the PL line and the first peak in the PLE spec-
nescence components of the sanhe)(and opposite I(")  trum is in good agreement with the Fermi-level position de-
helicity as the excitation light, a rotating4 plate is placed termined from the measured electron density. Figure 1 shows
before the nonlinear crystal, which acts as an analyzer.  the time evolution off *, 1, and the corresponding polar-
ization

Il. EXPERIMENTS

A. Measurement of the Zeeman splitting =1

by the spin quantum beats technique PL

N

Because the transverse HH Zeeman splitting is in the sub- o
meV range, it cannot be resolved in the optical spectra. That the peak of the PL spectrum for an excitation endrgy
measurement can, however, be performed in the time dd¥ing near the Moss-Burstein eddeee the insgt We ob-
main. The time-resolved experimental method used here t8€rve a very slow depolarization. Since the density of photo-
determine the HH transversgfactor is based on tracing the e_XC|ted holes con3|dered_ here is about thrge orders of mag-
spin quantum beat®B) and finding the beat frequency, in a Nitude lower than the doping level, the PL signal corresponds
similar way as previously used for electrons or excitons inf0 band-to-band recombination of polarized photoexcited
MQW.>® These QB have their origin in the Larmor preces-heavy _holes with unpollarlzed majority electrons. The spin
sion of spins in an external magnetic field. The technique hakelaxation of electrons is thus irrelevant and the measured
been applied with success to the very accurate determination

of the transverse electrag, ; factor in QW’s (Ref. 5 and - 407
measurement of the temperature dependencg, oh bulk B=0T oL laser| PLE
GaAs?® It also allowed to study the well-size dependence of LR 0.6

the electrorg-factor anisotropy in QW's in obligue magnetic —_
fields?® In addition, the observation of exciton spin QB vyields -
values of the exciton exchange energy in type-l QW's.

The limitation of the spin QB technique is that the carrier
spin-relaxation time has to be longer than the beat period [ r
since the QB manifest as oscillations in the intensity of the r
polarized luminescence components. The application of the
spin QB technique to the determination of the transverse HH
g-factor value requires thus a very stable HH spin. 0 1700 200 300 200 5052

In a bulk 11I-V semiconductor, the hole spin relaxation is
very fast, i.e., of the order of the momentum relaxation
time” In QW's however, due to the lifting of degeneracy in  FIG. 1. Time evolution of the circular luminescence components
the center of the Brillouin zone between the HH and LH|* and|~ after ac*-polarized excitation pulseB=0 T); the full
bands, different theoretical approaches have predicted mudine displays the corresponding circular polarizati®n. The inset
slower hole spin relaxatiotf:'® The clearest measurements presents the cw PL and PLE spectraTat=1.7 K.

Intensity

0.5

ensity

\\\\\\\\ 0.4

uonezue|od Jg|nNosD

0.3

Time (ps)



PRB 60 HOLE SPIN QUANTUM BEATS IN QUANTUM-WELL . .. 5813

2075 0.75 -
i 050[ B=1T
3T 0.50 0.251
1050
= 0.00
g T
Z 5 c 02200 200 600 800
‘D -10.25 _; O 075,
G o] ® i
€ ) N 050}
= = 5 B=2T
S~ 8 o025[
000 2 8 i
T £ T T ST Y
: x 400 5002 £ 075¢
0 02-- O o050}
ime (ps) 0.25[ B=3T
FIG. 2. Time evolution of ¥, 17, andP, for B=3T. 0.00 Wm st
025[

. o . o 200 400 600 800
decay time of the PL polarization is the spin-relaxation time 0 00,
7, of thermalized holes. We find, =700 ps. Time (ps)

A T]agr!etlc ﬂeldl o8 :jfT apﬁheg perpefndr:CUIaﬁly Fo tQ(T FIG. 3. Experimental time evolution of the luminescence circu-
growth axis strongly modifies the decay of the polarize u'Ia_r polarizationP, for different magnetic-field values. The full lines

minesgenpe component_s, as shown in .Fig_. 2. We O_bservgorrespond to the fit with the model presented in the text.
(i) oscillations of the luminescence polarizatiBp that arise

from the oscillations of the luminescence componéfitand component of the average value of the effective HH spin in a

I with a relative phase shift of. tiited magnetic field= (B, ,08,) is given by the following
(il) a faster depolarization than in Fig. B€0T). equation:

The QB presented in Fig. 2 are interpreted as the result of
the Larmor precession of the HH spin in the transverse mag- 1 o, |2
netic field with a pulsatiom, given by the HH spin splitting (Bp)= > 1- (—) (1—coswt)
expressiom w,=gh , ugB. We emphasize that the beats do @
not correspond to the well-known Larmor precession of eleCyhere  fiw, =g, ugB,, fiw,;=0gnusB, and o

tron spin since the measured beat pulsation is much smaller \/m is the observed QB pulsation. For the sake of
1 I .

. a X 59
than thg pulsatlorg)e—_ |g.evi|'“BB/ﬁ for ﬂ."s QW size’ The simplicity, we consider here equal transverse and longitudi-
above interpretation is in agreement with the assumption th | hole spin-relaxation time, =T,=T. In our experimen-

L - - .

the recc_)rded Iummescence arises from th'e recomblnatn_)n {4 conditions, where the spin polarization of the electron gas
unpolarized majority electrons with _po_larlzed photoexmtedis zero, the PL circular polarization is simply given by
heavy holes. To reduce the uncertainties on the determina- '

tion of g, , , we have recorded the time evolution of the
luminescence polarizatiodP| at different magnetic field PL=2(3 )=
strengths from 1 to 3 T. The results are displayed in Fig. 3.

We note that the beat pulsation depends linearly on tg y1ows then that a longitudinal magnetic-field component

magnetic-field strength. An accurate determinationgRi ot only affects the QB pulsation but also leads to a reduc-

requires a fitting procedure, which is presented below. tion of the amplitude modulation, by a factor o (/w)?.

This reduced amplitude modulation will allow a precise

evaluation of the small longitudinal Zeeman splittirigy,

and thus a more accurate determination of the transverse
It is important to investigate the impact of a misalignmentcomponentiw, . For the small misalignment angle be-

of the magnetic-field direction with respect to the QW plane.tween the magnetic field and the QW plane, we can use the

First, we emphasize that no oscillations of the circularly po-approximation:B, =B and B,=aB. The reduction factor,

larized luminescence would be observed;jf, were strictly  independent on the magnetic-field strength, is written then as

equal to zero. But ify, ;, #0, a very small angle of the mag-

netic field with respect to the QW plane can have an impact ®, (Oh1)?

on the pulsation of the QB, i.e., on the, measuremeigf,af. ( :(gh )2+ (agy )2’

We recall that the longitudinal HH Landactor gy, for this ’ '

well width is ~2,2i.e., about two orders of magnitude larger The fit of the polarization oscillations is very sensitive to

thangy, ; as estimated directly from the pulsation of oscilla- each one of the three paramet&qw, /w)?, andw, which

tions in Fig. 2. act independently on the damping, the amplitude, and the
The experimental and theoretical study of the electron QBperiod of the oscillations, respectively. For this reason the fit

in a tilted magnetic field has been performed in Ref. 9. In theof the experimentally recorded polarization dynamics leads

framework of an effective HH spigy, ,= + 3, a similar ap-  to a precise determination of the three parameters. We have

proach applies here. It can be deduced from Ref. 9 that thehecked that the description of the damping by two relax-

e t/T, (2)

e t/T. (3)

2
1—<&) (1—coswt)
w

C. Analysis

2

4

w
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TABLE Il. Fit parameters used in Fig. 3. In order to have a general trend, we performed a system-
atic study on a series of N-modulation-doped
B(T) T(ps w(ps™) (w0, /0)>  GaAs/ALGa_,AsQW with different well widths or/and bar-
0 200 rier compositions. As mentioned before, the spin QB method

requires a stable hole spin population. When the QW size

1 600 0.0054 0.78 . .
increases, the mixing between the HH and LH states be-
1.5 400 0.0081 0.78 - ;
5 350 0.011 0.78 comes stronger, which leads to much faster hole spin-
260 0.0 3 0‘ 8 relaxation time$? As a consequence, the study is restricted
25 0135 7 to rather thin QW that have a strong two-dimensiotiD)
3 240 0.0158 0.78

character. The results obtained on four samples are summa-

rized in Table I. It is not possible to deduce a significant

ation timesTL and T, does not affect the determination of Size-dependence law of the transverse #iifctors due to

(wi /w) andw. The f|tt|ng procedure is then the f0||0W|ng the small well-width range which could be explored We find
The damping parametdrfor each magnetic-field value is 0.03<|gy, ¢ <0.05.

first adjusted on the polarization envelope decay. Then the

modulation amplitude fixes the factow( /w)? and the beat IIl. THEORY AND DISCUSSION
pulsation yieldsw. Figure 3 displays very good fits of all the . ) )
polarization data according to E¢3). These fits are per- |” the following, we use the canonical basis). (m

formed with the data listed in Table II. Clear deteriorations=* 3, % 3) for the bulk stateg's in the electron representa-
of the fit qua“ty are observed if anyone of the two param- _tion. The similar basis in the hole representatlon is obtained
etersw or (w, /w)? are changed within- 10%. The observed by applying the time inversion operator, namelyn),
proportionality between the pulsatiom and the magnetic =K|—m),., where by definitionCy= o ¢* Yn particular,
field, as displayed in Fig. 4, is the proof that the damping

does not affect the QB pulsation. This linear dependence X+iY X—iY
together with the ¢, /w)? fit parameter value yields the 13)e=—1 s =R e=l——
corrected HH transversg factor. We find |g, , |=0.05 V2 V2
+0.005. a3 s -
The value 0.78 for ¢, /w)? corresponds to an angteof and[2)n=il2)e, | = 2)n=—1=2)e.
only 0.8° if we take the HH longitudinag factor gy =2 F_or the Iqwest h_eavy-hole subbahdtl, the .Zeeman ef-
measured by Sapeg al. for the same well siz& fective Hamiltonian in a transverse magnetic fiBldOz can

We have checked the extreme sensitivity of the QB am! be obtained by calculating the off-diagonal matrix element
plitude modulation to a small longitudinal magnetic-field V(3,—3)=(hh1k,3|Vlhh1k,—3), where|lhhlk,+3) are
component by performing the following complementary ex-the heavy-hole quasi-two-dimensional states with the in-
periment: we have recorded the time evolution of the polarplane wave vectok, and the perturbatiol is given by
ization with a controlled anglex of about 5°(which is the
smallest angle we can measure on our setUige did not 1 9
observe any QB, regardless of the magnetic-field strength V= —2qug(J;Bx+J3B )——{A(Z i, V= M
between 0 and 3.5 T. This is because the QB amplitude (5)
modulation is too small: takinggy, , |=0.05 andgy, ;=2 re-
sults in an amplitude modulation of only 7/10Bq. (4)]. We  Here,J, andH are the angular momentum matrices and the
emphasize that thg), , determined with the fitting procedure Luttinger Hamiltonian in thd"g basis, the vector-potential is
taking into account the small longitudinal magnetic-field taken in the formA(z)= (Byz,—Byz,0) where it depends
component is only reduced by a factor of about 20% comsy, only on the coordinatez, and {A(2)¥}=(3)[A(2)¥

pared to the one crudely estimated from the QB pulsations i in. LA(2)]. Note that the sign ofy in Eq. (5) is taken in

Fig. 3. accordance with Refs. 23 and 24.

For a free heavy hole in a QW at the polgt=k,=0, the
0.015} transversey factor, g, | , is defined as a coefficient in the
Zeeman Hamiltonian

0.010r H, = %gh,J_:U’B( O'yBy_ axBy), (6)
whereo, ando, are the Pauli matrices corresponding to the
basis|+$);,. In this basis the in-plane pseudospin compo-
nents introduced in Eql) are given a$, y=—0,/2,5,,
0.000 | =oy,/2. The contribution to they, , comes from the first
term in Eq.(5) and can be written as

& o0.005]

0 1 2 3
Magnetic field (T) Oh,. = —3(a), (7)

FIG. 4. Dependence of the heavy-hole spin Larmor pulsation wWhere(q)=wa0s+WwgQg, the indicesA andB refer to the
on the magnetic-field strength. quantum-well and barrier compositional materials, for ex-
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ample, to GaAs and AGa _,As, respectivelyw, g is the ~ mann constant anfl,y, is the heavy-hole in-plane effective

probability to find a heavy hole in the quantum well or bar-mass. ForTe=6K we finally obtain 8g , ~6x10 3,

rier. Note thatwg=1—w,. which is essentially smaller than the observed value of (3
The second term in E@5) leads to a?2-dependent con- —5)10 2%

tribution to the Zeeman Hamiltonian. Taking into account The third contribution tay, , , which has to be estimated

k-induced admixture of thé+1/2),, Bloch functions to the arises in N-doped quantum wells due to an anisotropic term

heavy-hole statefhhl k, +3/2) and assuming the barriers to in the electron-hole exchange interacti@ee, e.g., Ref. 26

be infinitely high we come to the following? correction to

the matrix elemenv(2,—3): Vexar= | Ag0d+A,>, 0,33 |aSs(re—r). (12
3 3\ 1 2 2 2
OV(3,—3)=—zueGL (v3— 72) (K k))B. Here, re, is the electron or hole radius vectoy;,(«
=X,Y,z) are the conventional Pauli matrices, is the lattice
+ (724 y2)K? B_], ® y.2) =

constant(in GaAsay~5.6 A), the factorag allows to intro-

wherelL,y is the QW thicknessy; (j=1,2,3) are the Lut- duce the exchange energy parametigsand A,. For the

tinger positive band parameters.=k,*ik,, B.=B,  degenerate electron gas, the third contribution can be written

*iBy, as

10242,  3n? Y3 o _3fay Axm, g

T w2 (47— 1)3 A(y 2900yt 2y, 4 Ly (filag) et
9 where my and g, are the conduction-electron effective

mass and transversggfactor,

(13

Thenth term in the sum describes the contributiorGalue
to k-dependent mixing between the heavy-h#lbl and
light-holelh2n subband states. The lifetime of photoholes is f:wa dz0%(2) 93254 2),

much longer than their momentum relaxation time and we

can averageV(3/2,—3/2) over the directions df and ob-  ¢e1(2) is the electron envelope function in the lowest con-

tain thek? correction to the transverggfactor duction subbandel. The estimation givessgy, , <10 3,
which allows to ignore this contribution. THe&-dependent
89, =~ G(v3— y2) (K;+kJ) L. (100 contribution exceedsgy, ; but, on the other hand, is small as

compared with the experimental value g@f , . Thus, we
conclude that the measured transverse heavy-dn@etor is
mainly determined by a value of(§) and the modulus of
~(q) can be estimated as 16

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

Note the similarity between this correction and the renormal
ization of the parameteq in the electron-hole Hamiltonian
for al'¢x I'g excitorf® or in the effective Hamiltonian for an
acceptor-bound hoféin a bulk zinc-blende-lattice semicon- Aa
ductor. As well as the contribution proportional to-1
=(7y,— v3)/y3 in Refs. 26 and 27, the additional contribu-

tion (10) arises from the mixing of heavy- and light-hole VTV 1y ) c
states, respectively due to the relative electron-hole motioH"’mcds'FSJrF7=r15>< 7?1/2’ the Iower. conduction tian 6
in the bulk exciton, the hole motion around the acceptor and™ L 1< Pv2, and the higher conduction banlig+I'7=I"1s
the in-plane motion of a free hole in the QW. X Dyj,. The spin-orbit splittingA, of the'{; states yields

For the finite barriers, the linear-kight-hole envelope in the first order of the perturbation theéfy®
component,gs 12 OF @_3/2-152, in the statelhhlk,+ %)

can be found by solving the second-order differential equa- _ E Eqlg (14)
tion a=3 (Ef)?’
d? N 2mg Eppy—Vi(2) where
a2 A2 v+ 27, ¢3p2-1/22) 2 | )
2V3y d EQ:HOQ ) Q:|<Xc|py|zv>a (195
. 3 .
=—1——F(kZiky) 5= @s3p132(2). 11 .
71+27’2( X y)dZ(pJ/Z‘J/Z( ) @ Xer Yo, Zo @andX,, Y,, Z, are the Bloch functions repre-
Here Eppy and ¢ 2 +3(2) are respectively the zero-order Senyng thel'j and I'js, respectively, anc; is the I'js
energy and envelopes calculated kot 0, V,,(z) is equal to —I'is gap'zs , ,
zero in the well and to the valence-band offs&t in the Lawaetz” used the seEq=4.81eV, A;=0.644¢, Ao
barrier, andm, is the free-electron mass. =0.34eV, Eq=1.1E(Si), Eq(S))=14.4eV and obtained

For the GaAs/Aj Ga, -As parameters with the valence- d~0.04. We have generalized the above Ed) taking into
band offset/,,= 143 meV and_,=48 A, the value o¥g;, | account higher corrections iy and spin-orbit mixing be-
increases as compared with Ha0) by a factor of 1.7 and tween thel'{; andT'}5 bands. The result reads
one can tak&s~3.6x 10 3. If photoholes are characterized 5 E A)2
by the effective temperatur€q, the factork? in Eq. (10) q= - Q [ - (a7) )
can be changed by 2 ks Tei/%% wWherekg is the Boltz- 9 Eg(EgtAg)l A

(16)
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Here, Eg=E(I'S)—E(T'y), A{=E(I'g)—E(T'%), the spin- 7.~ 7y, and, are nonzero if the lateral localizing poten-

orbit-coupling parameteh ~ is defined a& tial is anisotropic. The absolute values @,kz) and the
A principal axes of the 2D tensoy,; evidently vary from one
A™=3(T§,3|VsoT5,3), (17)  localized hole state to another. This results in an inhomoge-
. neous broadening of the spin beat frequency and can explain
andVs, is the operator of spin-orbit interaction. the faster depolarization of the PL in the presence of the

Taking Ay=0.34eV,E(=4.488¢eV,A[=0.171eV,A™ transverse magnetic field.
=—0.085eV, Q=0.47 (in atomic unit3, we obtain q
=0.019. ChangingA™=-0.085€eV into A" =-0.11eV
(see Table VI in Ref. 2Bwe come tog=0.017 in a reason- IV. CONCLUSION
able agreement with the values|gf, |/3=0.01, 0.01, 0.012, |y conclusion, we have performed time-resolved optical
and 0.017 for the four studied samples. Note that the furthepymping experiments of N-modulation-doped
variation of Aj, A~ and allowance for the spin-orbit cou- GaAs/ALGa _,As quantum wells in a transverse magnetic
pling with bands of thd’;, andI',s symmetry can slightly  field. In contrast to previous studies, the observation of spin
modify the value ofg. quantum beats in the time-resolved photoluminescence is a
Up to now we analyzed the Zeeman effect on free holes itlear evidence of a nonzero transverse heavy-gdiector.
an ideal QW. Interface micro-roughness and alloy disorderhe various contributions tg;, ; has been investigated theo-
can substantially modify free hole states nearlthgoint and  retically, yielding calculated values in agreement with the
form localized states. Localization effects may be taken intaneasured ones. Finally, we attribute the increase of the spin-
consideration and estimated assuming the avergggs;)  depolarization rate under magnetic field to the hole localiza-
for a particular hole state to be finite. According to E@®.  tion in a disorder-induced potential.
and(8) the off-diagonal Zeeman matrix element for this par-
ticular doubly degenerate state can be expanded as
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