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Determination of interface preference by observation of linear-to-circular polarization conversion
under optical orientation of excitons in type-II GaAs/AlAs superlattices
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A comprehensive investigation of exciton optical orientation and alignment in type-II GaAs/AlAs~001!
superlattices in longitudinal and transverse magnetic fields is presented. We observe the previously predicted
type-II orientation-to-alignment conversion induced by a longitudinal field due to the anisotropic exchange
splitting of the localized-exciton radiative doublet. A theory of polarized exciton photoluminescence under
polarized excitation is developed, that takes into account the fine structure of the excitonic quartet, the exciton
spin relaxation, and the difference in the lifetimes of electric-dipole-active and inactive states. By comparing
experimental and theoretical curves, the main parameters characterizing the level splitting, the recombination
rates, and the spin relaxation of localized excitons are deduced. Field-induced polarization conversion provides
an effective method to measure the interface preference, i.e., the difference between the fractions of excitons
localized on AlAs/GaAs and GaAs/AlAs interfaces. We have also observed the field-induced transformation
from @100# to @110# linear polarization, which is direct evidence of exciton cascade kinetics.
@S0163-1829~97!05444-1#
ie
r
s
e
n

gn
s
in

,
h
ch
it

on

re
th
a

ti-
sid
r-

er

ar-
cal-
ld

-

t-

let

ith
ed-
but

ing
ct
i-

d
in
I. INTRODUCTION

Exciton spin polarization has been extensively stud
both in bulk semiconductors1,2 and semiconducto
heterostructures.3,4 The optical orientation of excitonic spin
is a particular case of a more general phenomenon, nam
the selective optical excitation of excitonic sublevels. A
other example of the selective excitation is the optical ali
ment of excitons by linearly polarized radiation. In contra
to the optical orientation, which means the photoinduced
equality in the populations of the statesum& with the exciton
spinm, say withm51 and21, linearly polarized light can
under resonant conditions, excite the exciton states wit
definite direction of oscillating electric-dipole moment. Su
a state can also be described as a coherent superpos
(u1&1eiFu21&)/&, of the statesu61&, where the phaseF
is determined by the orientation of the light polarizati
plane.

It often happens that the symmetry of the system is
duced because of microscopic or local anisotropy in
plane normal to the light propagation direction, as well
due to application of an external field~magnetic field,
uniaxial strain!. As a result, the optical orientation and op
cal alignment are interconnected, and one needs to con
not only circular-circular and linear-linear but also linea
560163-1829/97/56~20!/13405~9!/$10.00
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circular and circular-linear configurations of the polariz
and analyzer.

Under steady-state excitation, linear-circular or circul
linear polarization conversion has been observed on lo
ized excitons in GaSe crystals in an oblique magnetic fie5

and in type-I GaAs/Al1-xGa1-xAs quantum-well structures in

a longitudinal magnetic field.6 The time-resolved transforma
tion between the linear polarizationPl 85(I [100]2I [010])/
(I [100]1I [010]) in the axes@100# and @010#, and the circular
polarizationPc was observed in type-II GaAs/AlAs superla
tices ~SL’s! in quantum-beats experiments.7,8 It was demon-
strated experimentally,9–13 and explained theoretically,14,15

that for localized heavy-hole excitonse1-hh1(1s) in type-II
GaAs/AlAs SL’s the degeneracy of the radiative doub
u61& is lifted, and the two split sublevelsE[110] andE[1 1̄0]

are dipole-active, respectively, along the@110# and@11̄0# di-
rections in the interface plane. Moreover, in a single SL w
fixed layer thicknesses, there exist two classes of localiz
exciton states characterized by the same absolute value
opposite signs of the anisotropic exchange splitt
\v2[E[110]2E[1 1̄0] . The explanation is based on the fa
that excitons contributing to the low-temperature photolum
nescence~PL! of the undoped type-II SL’s are boun
electron-hole pairs localized by the structure imperfections
13 405 © 1997 The American Physical Society
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the plane of interfaces with anX electron and aG hole con-
fined inside two neighboring AlAs and GaAs layers. Accor
ing to the theory,14,15 the two classes of excitonic states wi
opposite signs ofv2 are excitons localized at the AlAs-on
GaAs and GaAs-on-AlAs interfaces, i.e., localized excito
with the electron confined in either the right or in the le
AlAs layer relative to the GaAs layer in which the hole
photoexcited.

Time-resolved polarization oscillations7,8 can be instruc-
tively compared with space-dependent oscillations in the
larization of the light propagating perpendicularly to t
principal axis of a uniaxial birefringent medium. Since
type-II GaAs/AlAs SL’s the quantum-beats frequencyv2 is
much higher than the inverse characteristic lifetimeT21, the
optical orientation and the optical alignment for the incide
light polarized along the@100# or @010# axis can hardly be
observed in the cw excitation regime. In a longitudinal ma
netic field,Biz, the steady-state optical orientation effect
restored.11 In addition to the restoration ofPc , the theory
predicts the appearance of a remarkable linear polariza
Pl5(I [110]2I [1 1̄0])/(I [110]1I [1 1̄0]) induced by the magnetic
field under excitation with circularly polarized light. Becau
of the existence of two classes of excitons, the convers
effect is proportional to the imbalance fact
f 5(N(1)2N(2))/(N(1)1N(2)), whereN(1) and N(2) are
the concentrations of excitons localized at the AlAs-on-Ga
and GaAs-on-AlAs interfaces, respectively. In the expe
ment reported in Ref. 11 the magnetic-field-induc
orientation-to-alignment conversion was not observed, p
sumably because the densities of states for the two class
excitons with positive and negative values ofv2 were acci-
dentally equal to each other. Since technologically the qu
ity of GaAs/AlAs interfaces differs from that of AlAs/GaA
interfaces, the two densities of states are expected to be
ferent as a rule. Thus the aim of the present work was
observe and investigate, both experimentally and theo
cally, the magnetic-field-induced conversion between the
cular and linear polarizations predicted in Ref. 11, thus p
posing an effective method to measure an import
structural parameter, namely, the interface preference fa
f . In Sec. II we develop a theory of optical orientation a
alignment of excitons in an external magnetic field, taki
into account the fine structure of thee1-hh1(1s) level, the
exciton spin relaxation, and the difference between lifetim
of optically active and inactive sublevels. In the main text
derive expressions obtained under simplifying assumpti
and keep the detailed calculation in Appendix A. In Sec.
we describe the experimental setup. In Sec. IV we pres
experimental data on the exciton-polarized PL, including
observation of the linear-circular polarization conversion
fect under steady-state excitation and determination of
interface preference factorf , and compare experiment wit
theory.

II. THEORY

The lowest excitonic levele1-hh1(1s) consists of four

sublevels taking into account the electron (sz56 1
2 ) and

heavy-hole (Jz56 3
2 ) spin degeneracy. Optical orientatio

and alignment of excitons can be described by using
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spin-density matrix.3,4,11 In the steady-state regime of photo
excitation the componentsrmm8 of the localized-exciton den
sity matrix satisfy the kinetic equation

S ]r

]t D
rec

1S ]r

]t D
s.r.

1
i

\
@r,Hexch1HB#1Ĝ50. ~1!

The terms on the left-hand side take account of the exc
recombination, spin relaxation, exchange, and Zeeman in
action in the presence of magnetic fieldB, and Ĝ is the
generation matrix. Letum& be the basis statesusz ,Jz& of the
e1-hh1(1s) exciton with the angular momentum compone
m5sz1Jz52, 1, 21, and22. In this basis the exchang
term in the spin Hamiltonian is given by

Hexch5
\

2 F22v0 0 0 v1

0 0 v2 0

0 v2 0 0

v1 0 0 22v0

G , ~2!

wherevn are the exchange interaction constants describ
respectively, the isotropic (v0), anisotropic tetragonal (v1)
and in-plane anisotropic (v2) exchange splittings, and th
coordinate system withxi@11̄0#, yi@110# is used. The re-
combination term has a standard form

S ]rmm8
]t D

rec

52
1

2 S 1

tm
1

1

tm8
D rmm8 ,

1

tm
5

1

t r
d umu,11

1

t0
,

~3!

where dm,m8 is the Kronecker symbol,t r is the radiative
lifetime for the exciton statesu61&, andt0

21 is the nonradi-
ative recombination rate which is usually taken to be
same for all states.

In the following the light polarization is characterized b
the degree of circular polarization,Pc , and the degrees o
linear polarization,Pl andPl 8 , as they refer to the two pair
of rectangular axesx,y andx8i@100#, y8i@010#:

Pc5
I s1

2I s2

I s1
1I s2

5
r1,12r21,21

r1,11r21,21
,

Pl5
I y2I x

I y1I x
52

r1,211r21,1

r1,11r21,21
,

Pl 85
I x82I y8
I x81I y8

5 i
r1,212r21,1

r1,11r21,21
. ~4!

The PL intensityI given as a sumI s1
1I s2

~or I x1I y or

I x81I y8 , which are equivalent! is proportional to
r1,11r21,21 .

In order to make transparent the physics of the pheno
ena under study, here we give a simplified description of
optical orientation and alignment and the orientation-
alignment conversion induced by a longitudinal magne
field in type-II SL’s. The results of the elaborate theory a
presented in Appendix A. For resonant excitation conditio
and in the absence of spin relaxation, the optically inact
sublevels remain unpopulated, the only nonzero compon
of the density matrixrmm8 are those withm,m8561, and
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the 1s-hh1(1s) exciton acts as a two-level system. Rec
that any two levels can be considered as two states o
effective three-dimensional pseudospin withS5 1

2. The 232
spin density matrixrmm8(m,m8561) is expressed in term
of the average pseudospinS as

r̂5N~ 1
2 1Ss!, ~5!

where sa (a5x,y,z) are the Pauli matrices andN is the
steady-state exciton concentration. The pure exciton st
u1& andu21& are equivalent to the pseudospin polarized p
allel or antiparallel to thez axis, respectively. The excito
states

uY&52 i ~ u1&2u21&)/&, uX&5~ u1&1u21&)/&,

dipole-active along theyi@110# or xi@11̄0# axis, are de-

scribed by a pseudospin withSx5 1
2 or 2 1

2 , respectively.
Finally, the statesuX8&5(uX&1uY&)/& or uY8&5(2uX&
1uY&)/& polarized in thex8 and y8 directions correspond

to a pseudospin with nonzero componentSy5 1
2 or 2 1

2 . Thus
one can rewrite Eq.~4! as

Pc52Sz , Pl522Sx , Pl 852Sy . ~6!

The pseudospin Hamiltonian is a sum of the exchange
Zeeman terms,

H5
\

2
~v2sx1V isz!, ~7!

where\v2 is the zero-field splitting of the radiative doubl
introduced in Eq.~2!, \V i5(gh

i
2ge

i )m0Bi , andge
i andgh

i

are the electron and heavy-hole longitudinalg factors. The
pseudospin componentsSx

0 , Sy
0 , andSz

0 describing the initial
polarization of photogenerated excitons are related to
Stokes parametersPl

0 , Pl 8
0 , andPc

0 of the incident light as in
Eq. ~6!. According to Eq.~7! the pseudospin rotates aroun
the vector V5(v2,0,V i) with the effective Larmor fre-
quency V5AV i

21v2
2. If the exciton lifetime t is long

enough so thatv2t@1 ~and this is the case for localize
excitons in type-II GaAs/AlAs SL’s!, then the pseudospin
Larmor precession aroundV leads to a depolarization of th
initial spin component perpendicular toV, while the compo-
nent parallel toV remains unchanged. As a result the stea
state pseudospin orientation is obtained by projectingS0 onto
the V direction

S5
~S0V!V

V2 . ~8!

This simple model naturally explains the interconnection
tween the orientation and alignment in longitudinal magne
fields. Let us consider particular cases. If excitons are exc
by light polarized along the@110# or @11̄0# axis, then the
pseudospin is initially directed parallel or antiparallel to thex
axis~Fig. 1!. The vectorV lies in the (x,z) plane, and makes
an anglew5arctanVi /v2 with the x axis. According to Eq.
~8!, the components of the average pseudospin are give

Sx5Sx
0 cos2 w, Sy50, Sz5Sx

0 cosw sin w. ~9!
l
an

es
-

d

e

-

-
c
d

by

Taking into account the relation betweenPl , Pc , andS, we
obtain

Pl5Pl
0

v2
2

v2
21V i

2 , Pc52Pl
0 v2V i

v2
21V i

2 . ~10!

It follows then that, under linearly polarized excitation alon
@110# or @11̄0#, the longitudinal magnetic field gives rise t
two effects:~a! suppression of the alignment and~b! polar-
ization conversion with the appearance of circular polari
tion in the PL. For circularly polarized excitation the initia
pseudospinS0 is directed alongz. At zero magnetic field the
vectors S0 and V are perpendicular and, forv2t@1, the
exciton PL is unpolarized. The longitudinal magnetic fie
restores the PL circular polarization and induces the lin
polarizationPl . According to Eq.~8!, both effects are de-
scribed by

Pc5Pc
0

V i
2

v2
21V i

2 , Pl52Pc
0 v2V i

v2
21V i

2 . ~11!

Under excitation by light polarized in thex8 ~or y8! direc-
tion, the vectorS0 is orthogonal to the (x,z) plane, and the
spin precession suppresses the PL polarization. Sinc
type-II GaAs/AlAs SL’s there are two kinds of localized e
citons withv2 differing in sign, the conversion terms in Eq
~10! and ~11! have to be multiplied by the interface prefe
ence factorf .

With allowance for the spin relaxation, one has to inclu
the inactive statesu62& into consideration, and analyze
four-level system. The general equations for the PL polari
tion in the presence of a magnetic field are derived in A
pendix A. With the help of relations~A5! between exciton
parameters in type-II GaAs/AlAs SL’s, one finds that

Pc5b
V i

2Pc
02 f v2V iPl

0

aV i
21v2

2 ,

Pl5b
2 f v2V iPc

01v2
2Pl

0

aV i
21v2

2 , Pl 850, ~12!

where

a5hS 12
T̃1T̃0,1

~ts,1
2 !2D , b5hN, ~13!

FIG. 1. Schematic representation of the exciton pseudospin
jections. Sx

0 is the initial pseudospin vector under@110# linearly
polarized excitation;Sx and Sz are the components of the averag
pseudospin.
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13 408 56R. I. DZHIOEV et al.
and other notations are introduced in Appendix A. One c
see that Eq.~12! differs from Eqs.~10! and ~11! by a com-
mon factorb and the coefficienta in the denominators. It is
worth mentioning that equations similar to Eq.~12! are de-
rived from the two-level model by introducing an anisotrop
effective-pseudospin lifetimets,i for Sz , andts,' for Sx ,Sy .
In this case the parametersa andb are given, respectively
by T' /Ti andT' /t, where the effective lifetimes of optica
orientation and alignment are defined asTi

215t211ts,i
21

andT'
215t211ts,'

21 .
As mentioned above, in type-II GaAs/AlAs SL’s, the e

change splittingv2 exceeds the inverse characteristic lif
time of localized excitons. It should be noted that at fields
to 3 T the exciton radius changes only a few percent, so
one does not expect the localization dynamics to change
nificantly with magnetic field. However the value ofv2 is
small enough to be comparable with the inverse lifetim
t f

21 , of free excitons. This means that, in general, the g
eration rates to sublevels of the localized exciton are fi
dependent. Recall that the radiative doublet of the fr
exciton state in type-II SL’s is degenerate.14 The longitudinal
magnetic field splits the doublet into theu61& states. This
splitting rotates and depolarizes the aligned exciton osci
ing dipole moments, while having no effect on the excit
spin orientation.1 Analytically, the field dependence of th
effective feeding rates is taken into account if the polari
tion Pl

0 in Eq. ~12! is replaced by

Pl
0~Bi!5

Pl
01V it fPl 8

0

11V i
2t f

2 , ~14!

while Pc
0 is kept field independent. HerePl

0 and Pl 8
0 are

defined via the generation matrixGmm8 as free-exciton state
similar to Eq.~4!, and we neglect the spin relaxation of fre
excitons during their lifetimet f , governed mostly by the
free-exciton localization processes.

III. EXPERIMENTAL TECHNIQUES
AND SAMPLE PREPARATION

The results presented below were obtained on
samples labeled NMSL-3 and NMSL-7. The samples
type-II GaAs/AlAs SL’s grown by molecular beam epitax
on a fixed semi-insulating GaAs substrate at roughly 600
in a RIBER-32 installation. The thicknesses of the GaAs a
AlAs layers are practically the same within the sample a
(333 mm2 for NMSL-3 and 336 mm2 for NMSL-7!. The
NMSL-3 SL consists of 80 periods, each made up of se
GaAs and four AlAs monomolecular layers~mls!. In the case
of NMSL-7, there are seven periods; each period consist
7.2-ml GaAs, 5.7-ml AlAs, 8-ml GaAs, and 5.7-ml AlAs. I
both samples there were 60- and 10-s growth interrupti
under As flux after each GaAs and AlAs layer, respective
In the case of NMSL-7 only, there are 0.5-mm Al0.43Ga0.57As
layers above and below the SL stack.

The samples were mounted in a liquid-helium cryos
(T54.2 K), and photoexcited by a Kr1 laser (l56471 Å)
beam of intensity;6 mW cm22. It is worth noting that an
increase in the pumping intensity leads to a rapid suppres
of the alignment, whereas, in the same intensity range,
optical orientation almost retains its value. This can be
n
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plained in terms of photoinduced enhancement of the s
relaxation for one of two particles, an electron or a ho
bound into an exciton. The PL was measured in the ba
scattering geometry at a small angle to the excitation a
Just as in Ref. 11, the low-temperature PL line is due to
radiative recombination of excitons formed byXz-valley
electrons confined predominantly in AlAs layers, and hea
holes confined predominantly in GaAs layers.

In the following we use the abbreviationI b
a to designate

the intensity of secondary emission~luminescence! in the
configuration~a,b! of the polarizer and analyzer, wherea
and b are linear polarizations along the axes@100#, @010#,
@110#, and @11̄0#, or circular polarizationss1 and s2 . In-
stead of measuring the polarization degreesPc

a

5(I s1

a 2I s2

a )/(I s1

a 1I s2

a ), Pl
a andPl 8

a defined in accordance

with Eq. ~4!, we applied the modulation technique where t
analyzer is in a fixed position and the sample is pumped
the incident light changing its polarization from circular
linear to orthogonal at a frequency of 26.61 kHz. The m
sured values are then the effective polarization degrees

ra
c 5

I a
s12I a

s2

I a
s11I a

s2
, ra

l 5
I a

1102I a
1 1̄0

I a
1101I a

110̄
, ra

l 85
I a

1002I a
010

I a
1001I a

010.

~15!

This technique of modulating the incident-light polarizatio
minimizes anticrossing effects. The equivalence between
set and the values ofPc

a , Pl
a and Pl 8

a is demonstrated in
Appendix B. The incident-light polarization was modulate
by a photoelastic modulator.16 To detect the linear polariza
tion, a linear polarizer was installed in the luminescence
tection channel with a proper choice of the rotation ang
For measurements of circularly polarized components,
used a circular-polarization analyzer consisting of a quar
wavelength plate and a linear polarizer with the transmiss
axis of the latter, making an angle of 45° with the pla
principal axis.

IV. OPTICAL ORIENTATION
AND ALIGNMENT OF EXCITONS:

EXPERIMENTAL RESULTS AND DISCUSSION

The PL spectra of the samples NMSL-3 and NMSL
consist of a main line due to the no-phonon recombination
type-II localized excitons and of phonon replicas.17 Figure 2
displays the dependencesra

c (Bi) and ra
l (Bi) measured on

the sample NMSL-7 at the PL spectral maximu
(l56684 Å). The polarization properties of the phonon re
licas are similar to those of the no-phonon line. It is se
from Fig. 2~a! that rs1

c (Bi) rapidly increases and saturate

from 2.5% to 5% in weak magnetic fieldsBi'20 G, and
then gradually increases up to the level of 20% atBi

52.5 kG. Figure 2~b! clearly demonstrates the field-induce
orientation-to-alignment conversion:r110

c (Bi) reaches a
maximum value of 5% atBi'0.7 kG, and reverses its sig
under the field inversion. Moreover,r110

c (Bi) differs in sign

from the measured dependencer
1 1̄0

c
(Bi). The effect of lon-

gitudinal magnetic field upon the optical alignment is illu
trated in Fig. 2~c!. Note that the main variation ofr110

l takes
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place at the same magnetic fieldsBi'0.7 kG as for the func-
tion rs1

c (Bi) in Fig. 2~a!. Comparison of Figs. 2~d! and 2~b!

shows that, for the sample NMSL-7, the orientation-
alignment effect is reversible: the experimental dependen
r110

c (Bi) andrs1

l (Bi) are close to each other.

We attribute the fast low-field increase ofrs1

c in Fig. 2~a!

to spatially separated electron-hole pairs characterized
small values of exchange splittings.18 In the following analy-
sis this contribution is taken into account by adding a c
stant value of 5% to the theoretical curvers1

c (Bi). Except

for this narrow region the four dependences of Fig. 2 can
described by using Eq.~12! and neglecting the influence o
the field on the exciton polarization at the intermediate st
before the exciton is trapped into a localized state. If excit
are generated resonantly~which is virtually impossible if
there is inhomogeneous broadening!, bPc

0 and bPl
0 in Eq.

~12! would be given by theory. Since the photoexcitati
here is only quasiresonant~i.e., at slightly higher energy!,
they are treated as fitting parameters since excitons ca
formed both by direct excitation and by binding of an ele
tron and hole with uncorrelated spins, i.e., excited by t
separated photon absorption events. One can deduce th
lowing relations from Eq.~12!:

rs1

c

r110
c 52

1

f

V i

v2
,

rs1

l

r110
l 52 f

V i

v2
,

maxurs1

l u

r110
l ~0!

5
u f u

2Aa
,

~16!

which can be used to evaluate unambigouslyv2 /(gh
i
2ge

i ),
Aa and f . The curves in Fig. 2 are calculated fo
bPc

057.6%, bPl
056.1%, \v251.8 meV, a50.45, and

FIG. 2. Effect of the longitudinal magnetic field on optical or
entation and alignment of localized excitons in the sam
NMSL-7: ~a! rs1

c , ~b! r110
c , ~c! r110

l , and ~d! rs1

l . Experimental
data (T54.2 K) are shown as points. Solid curves are theoret
fits to Eq.~10!. The anticrossing features superimposed on the
perimental dependences are small, and were not taken into ac
in the calculations.
-
es

by

-

e

e
s

be
-
o
fol-

f 50.9. In order to findv2 we extrapolatedge
i
51.91 and

gh
i
52.43 for NMSL-7 from Ref. 19. One can see that t

anticrossing features superimposed on the experimenta
pendences in Fig. 2 are indeed small, and do not preven
evaluation ofv2 , Aa, and f . The least-squares analys
shows that these parameters are determined within accu
of 3% for f , 12 % forAa, and 8% forv2 .

The magnetic-field dependences ofrs1

c , r110
c , r110

l , and

rs1

l for the sample NMSL-3 are shown in Fig. 3. The ma

field-induced effects, namely, the restoration of optical o
entation, suppression of optical alignment and polarizat
conversion, are also observed in NMSL-3. However, as co
pared to Fig. 2, one should note two remarkable differenc
First, the effective polarization degreesr110

c and rs1

l reach

their maxima at different values ofBi , 1 and 0.7 kG, respec
tively. In other words, the orientation-to-alignment an
alignment-to-orientation conversions are nonequivalent. S
ond, the characteristic magnetic fields governing the incre
ing orientation (rs1

c ) and decreasing alignment (r110
l ) also

differ by a factor of;1.5. As shown in Appendix B, this
result can be related to a two-step or multistep process
localized-exciton formation. We explain the different shap
of the curvesr110

c (Bi) and rs1

l (Bi) in Fig. 3 by the Hanle

effect on the free-exciton alignment described by Eq.~14!.
To further test the cascade model, we performed meas

ments of the linear polarization in the axes@110# and @11̄0#
under linear@100#-to-@010# modulated excitation~Fig. 4!.
According to Eqs.~12! and ~14! this kind of polarization
conversion is described by

e

l
-

unt

FIG. 3. The effective polarization degreesrs1

c ~a!, r110
c ~b!, r110

l

~c!, andrs1

l ~d! as functions of the longitudinal magnetic field fo
the sample NMSL-3. Note the nonequivalence between
orientation-to-alignment and alignment-to-orentation conversio
Dashed curves are calculated by using Eq.~10! and neglecting the
cascade character of localized-exciton formation; solid curves
theoretical fits to Eq.~10!, which accounts for cascading withPl

0

given by Eq.~14!.
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r110
l 8 ~Bi!5bPl 8

0 v2
2

aV i
21v2

2

V it f

11V i
2t f

2 , ~17!

and, for comparablev2 andt f
21 , exceeds by far thePl 8

0→Pl

conversion obtained in the one-step model, see Eq.~A2!.
One can conclude that, for the sample NMSL-7, the@100#-
to-@110# conversion is ineffective, whereas in the samp
NMSL-3 the longitudinal magnetic field induces a rath
strong transformation from the@100# to @110# linear polariza-
tion. The set of parameters for the sample NMSL-3 used
calculate the solid curves in Fig. 3 from Eqs.~12! and~14! is
as follows:ge

i
51.91 andgh

i
52.6,19 bPc

0532%, bPl
0529%,

\v255 meV, a50.74, f 50.77, andt f5110 ps. Just as fo
the sample NMSL-7, the anticrossing features play a mi
role. The NMSL-3 curve in Fig. 4 is calculated for the sam
values ofa and v2 as in Fig. 3, and forbPl 8

0
55.5% and

t f5230 ps. The difference by a factor of;2 between the
values oft f obtained from Figs. 3 and 4 can be explained
follows. Under quasiresonant excitation, localized excito
are partially generated from low-energy free excitons w
comparatively long lifetimes, and they are partially crea
from hot excitons or electron-hole pairs characterized
short lifetimes. The polarization conversion shown in Fig
is completely due to the cascade via long-lived free excito
whereas the polarization signal in Fig. 3 has contributio
from all localized excitons irrespective of their generati
mechanism. The true value of the free-exciton lifetime f
lows from fitting the data of Fig. 4, and the effective tim
deduced from Fig. 3 can be shorter. The observation of

signal r110
l 8 (Bi) is a direct evidence of the exciton casca

kinetics. The NMSL-7 curve in Fig. 4 is calculated fo
t f5190 ps, which is of the same order of magnitude as
the sample NMSL-3.

The absolute values of characteristic lifetimes can also
determined. According to Eq.~A2! the zero-field value of
Pl 8 excited by the light linearly polarized along@100# or
@010# is of the order of (v2Ti)

22. In order to determineTi in
absolute units, it is more convenient to measure the z

FIG. 4. The effective polarization degreer110
l 8 as a function of

the longitudinal magnetic field for the samples NMSL-7~open
squares! and NMSL-3~full squares!. The@100#-to-@110# conversion
occurs due to the Hanle effect at intermediate stage of the cas
localized-exciton formation. The solid curvesa andb are the best
fit to Eq. ~17! obtained fort f5190 and 230 ps, respectively.
r

to

r

s
s

d
y

s,
s

-

e

r

e

o-

field polarizationPl 8 under circularly polarized excitation. In
fact, from Eq.~A6! the zero-field value ofur100

c u is given by

ur100
c ~0!u5uPc

0u
b f

v2T2
, ~18!

and is proportional to the first power of (v2T2)21. We mea-
sure for the sample NMSL-3ur100

c (0)u'2.8% and for the
sample NMSL-7 ur100

c (0)u5(0.860.05)%, which gives
T251.1 ns andT253.0 ns, respectively, whereT2 is defined
by Eq. ~A4!.

The other characteristic times can be determined by tra
verse magnetic-field measurements. Figure 5 displays
variation ofr110

l in a transverse magnetic field measured
the samples NMSL-7~a! and NMSL-3 ~b!, respectively. In
both cases the value ofr110

l eventually decreases by a fact
of ;2. In agreement with the theory, the shape of the cu
r110

l is insensitive to the vector direction ofB' in the inter-
face plane.

In contrast tor110
l , the PL intensity exhibits no remark

able change in the magnetic-field range studied. Accord
to Eq. ~A9! the near equality ofI (0) andI (B'→`) can be
naturally explained by an inefficient nonradiative chann
i.e., by assumingt0@t,ts,i . In this case one has, instead
Eq. ~A9!,

Pl~0!

Pl~`!
21'

1

11~ts,2
1 /2t!

,

h825
1

2

ts,2
1

ts,2
h S 11

ts,2
h

2t D 11~ts,2
1 /4t!

11~ts,2
1 /2t!

S V'

v0
D 2

. ~19!

From Fig. 5~a! and the above equation, one can obta
ts,2

1 /t50.21. In order to estimate the ratio of the electron a
hole spin-relaxation times further, we will ignore their po
sible anisotropy and assumets1

e 5ts2
e [ts

e andts1
h 5ts2

h [ts
h .

de

FIG. 5. Effect of the transverse magnetic field on the exci
alignment in the samples NMSL-7~a! and NMSL-3~b!. The solid
curves are calculated in the one-step model for\v055.8m eV ~a!
and 19m eV ~b!.
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Then, from parametera, we find uts
2u/ts

152.3 for the
sample NMSL-7, and, under a reasonable assump
ts

e.ts
h , come tots

h/ts
e50.4. The solid curve in Fig. 5~a! is

calculated by using Eqs.~A8! and ~19! for ge
''ge

i ,19 and
\v055.8meV as a fitting parameter. This value of exchan
splitting betweenu61& and u62& is in agreement with the
theory14 as well as with the position of level-anticrossin
features on thera(Bi) dependences. Now we can use t
measured value ofT2 to determine other characteristic time
for NMSL-7 in absolute units:t532 ns, ts

e512 ns, and
ts

h54.7 ns. From Fig. 5~b! we find, for the sample NMSL-3
ts

1/t51.85, t52.3 ns, andts
e'ts

h54.2 ns. The value of
\v0519meV deduced from the shape ofr110

l (B') differs
from the theoretical prediction\v0515meV,14 and from
the result of level-anticrossing analysis,\v0514meV. This
difference may be related to the anisotropy of spin-relaxa
times as well as to the cascade character of photoexcita
neglected while calculating the solid curve in Fig. 5~b!. Note
that the lifetime 2.3 ns for the 20-Å/11-Å sample NMSL-3
remarkably shorter than that measured for the 22-Å/11.
GaAs/AlAs SL by time-resolved spectroscopy.8 Since the
layer thicknesses in the structure NMSL-3 lie on the bor
between the type-II and I regions,17 the exciton lifetime
should be very sensitive to the sample growth conditio
Therefore time-resolved measurements on the samples u
study are of special interest.

V. SUMMARY

Polarized steady-state PL spectroscopy has been us
study exciton optical orientation and alignment in type
GaAs/AlAs superlattices. The spin-density matrix formalis
in the one- and two-step models has been developed to r
the Stokes polarization parameters of the incident and
ondary radiation including the linear-to-circular polarizati
conversion. Experimentally, six of the total nine polarizati
relations, namely,Pc-Pc

0 , Pl-Pl
0 , Pc-Pl

0 , Pl-Pc
0 , Pl 8-Pc

0,
andPl-Pl 8

0 , have been measured as a function of the lon
tudinal magnetic field. The transverse magnetic-field eff
on the PL intensity and the linear polarizationPl has pro-
vided a complementary insight into the excitonic kinetic
Comparison between the theory and the experimental
obtained in both the longitudinal and transverse magn
fields has made it possible to determine the fine structure
n

e

n
on

Å

r

s.
der

to

ate
c-

i-
t

.
ta
ic
nd

kinetic parameters of the localized-exciton ground-st
quartet in the regime of low-intensity excitation where e
fects of exciton-exciton and free carrier-exciton interactio
are excluded. The linear@100#-to-@110# conversion induced
by the longitudinal magnetic field is a signature of the ex
ton cascade kinetics. The field-induced linear-to-circular
larization conversion provides an effective method to m
sure the interface preference factorf , which is expected to
be an important diagnostic tool in studying quantum-w
interfaces.
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APPENDIX A

We assume the mechanisms of electron and hole spin
laxation in the exciton to be independent, and the excha
splitting to be small compared with the thermal energy,
which case the spin relaxation term in the kinetic equat
~1! has the form

S ]rs j,s8 j 8
]t D

s.r .

52dss8

1

ts,1
e S rs j,s j82

1

2 (
s9

rs9 j ,s9 j 8D
2d j j 8

1

ts,1
h S rs j,s8 j2

1

2 (
j 9

rs j9,s8 j 9D
2F ~12dss8!

1

ts,2
e 1~12d j j 8!

1

ts,2
h Grs j,s8 j 8 ,

~A1!

where the timests,1
e and ts,2

e ~or ts,1
h and ts,2

h ! describe the
relaxation of spin-density matrix componentsrs j,s8 j 8 diago-
nal and off-diagonal with respect to the electronic indic
s,s8 ~or the hole indicesj , j 8!.

Longitudinal magnetic field.From the explicit solution of
Eq. ~1! in a longitudinal magnetic fieldBiz, we obtain the
following relations between the PL and incident-light pola
izations:
Pc5N
~11V i

2T2
2!~Pc

01QP̃c
0!2 f v2V iT2

2Pl
01 f v2T2Pl 8

0

~11V i
2T2

2!~12S!1v2
2T2T̃1

,

Pl5N
2 f v2V iT2

2~Pc
01QP̃c

0!1~11v2
2T2T̃12S!hPl

01V iT2~12S!hPl 8
0

~11V i
2T2

2!~12S!1v2
2T2T̃1

, ~A2!

Pl 85N
2 f v2T2~Pc

01QP̃c
0!2V iT2~12S!hPl

01~12S!hPl 8
0

~11V i
2T2

2!~12S!1v2
2T2T̃1

,
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where P̃c
05(G2,22G22,22)/(G1,11G21,21), and Pc

0 , Pl
0,

and Pl 8
0 , are defined via the generation matrix compone

Gmm8 , just asPc , Pl , andPl 8 are related tormm8 in Eq. ~4!.
The interface preference factorf is the difference between
the fractions of excitons with positive and negative values
v2 . Other notations are as follows:

Q5
T̃0,1

ts,1
2

11~V i8T0,2!
2

11~V i8T0,2!
21v1

2T0,2T̃0,1

,

S5
T̃1

ts,1
2 Q5

T̃1T̃0,1

~ts,1
2 !2

11~V i8T0,2!
2

11~V i8T0,2!
21v1

2T0,2T̃0,1

, ~A3!

h5
T2

T̃1

, N5
12T̃1T̃0,1~ts,1

1 !22

11T̃0,1~ts,1
1 !21p

, p5
G2,21G22,22

G1,11G21,21

,

1

Ti

5
1

t
1

2

ts,i
1

,
1

T̃i

5
1

t
1

1

ts,i
1

,

1

T0,i
5

1

t0
1

2

ts,i
1 ,

1

T̃0,i

5
1

t0
1

1

ts,i
1 , ~A4!

1

t
5

1

t r
1

1

t0
,

1

ts,i
6 5

1

2 S 1

ts,i
e 6

1

ts,i
h D ~ i 51,2!.

t is the lifetime of the dipole-active statesu61& including
both radiative and nonradiative decay;\V i5(gh

i
2ge

i )m0Bi

and\V i85(gh
i
1ge

i )m0Bi are the Zeeman splittings betwee
the statesu1& andu21& and between the statesu2& andu22&,
respectively;ge

i and gh
i are the longitudinal components o

the electron and holeg factors; andm0 is the Bohr magne-
ton. While deriving Eq.~A2!, we assumedGmm850 for the
pairs m561, m8562 or m562, m8561 or m52m8
562. Note that, under resonant excitation, excitons are g
erated directly into the statesu61&, so Gm,m8Þ0 only for
m,m8561. Under off-resonant excitation, an exciton can
formed by binding of an electron and a hole which may n
have been generated by the same photon; i.e., their spin
uncorrelated, so that all of the diagonal components oĜ
may be nonzero.

Now we take into account that, in type-II GaAs/AlA
SL’s,

1!v2Ti , uv1u,v2 , gh
i
2ge

i
!gh

i
1ge

i . ~A5!

Neglecting terms of the first and higher orders
(v2Ti)

21!1, and assuming the generation to occur only in
the optically active states, i.e.,Gm,m850 for m or m8562,
we can transform Eq.~A2! into Eq. ~12!. The polarization
Pl 8 appears only in the first order in (v2Ti)

21:

Pl 852
b

T2

f v2Pc
01aV iPl

0

aV i
21v2

2 . ~A6!

In the model under consideration the total intensityI is
independent of both the incident polarization and the lon
tudinal magnetic-field. It should be mentioned, however, t
in two narrow regions of magnetic field values, the polariz
s

f

n-

t
are

o

i-
t
-

tion and intensity may behave in a nonmonotonic reson
way.20,18 These are the so-called anticrossing points wh
one of the inactive sublevelsu62& crosses the sublevels o
the radiative doublet. The theory of localized-exciton lev
anticrossing was developed by Ivchenko and Kaminsk21

The anticrossing signals are superimposed on the sm
magnetic-field dependences given by Eq.~A2!; their detailed
comparison with experiment lies beyond the scope of
present paper. We also neglect the thermal polarization a
ing due to the temperature dependent difference between
probability rates for intersublevel transitionsEi→Ej and
Ej→Ei , where the indicesi , j enumerate the eigenvalues
the HamiltonianHexch1HB . The criterion for validity of this
approximation isuEi2Ej u!kBT ~kB is the Boltzmann con-
stant, andT is the temperature!.

Transverse magnetic field.In a transverse fieldB'z, the
total radiation intensityI and the linear polarizationPl are
given by

I ~B'!5I ~`!1
I ~0!2I ~`!

11h2 , ~A7!

PlI 5~PlI !`1
~PlI !02~PlI !`

11h82 , ~A8!

where

I ~`!}
tt0

t1t0
~11p!,

I ~0!

I ~`!
511

ts,1
1

t1t01ts,1
1

~t/t0!2p

11p
,

~PlI !0

~PlI !`
215

11~ts,2
1 /2t0!

11~ts,2
1 /2t!

,

h25
Tets,1

1 ~t1t0!

t1t01ts,1
1 V'

2 , h825~T21T0,2!ThV'
2 ,

~A9!

Te5
1

2v0
2 S 1

t̄
1

1

ts,2
e D , Th5

1

2v0
2 S 1

t̄
1

1

ts,2
h D . ~A10!

\V'5ge
'm0B' , ge

' is the transverse component of the ele
tron g factor, and it is taken into account that for the hea
holes the transverseg factor is zero. Equations~A7! and
~A8! are derived neglecting terms of the order (v0T)21 and
(v2T)21!1. In this approximationPc and Pl 850, and I
and Pl are independent of the orientation of the transve
magnetic field in the (x,y) plane.

APPENDIX B

The equivalence between the PL polarization degreesPc ,

Pl , andPl 8 and the measured degreesra
c , ra

l , andra
l 8 @see

Eq. ~15!# is a consequence of the linear relation

Pg5Lgg8Pg8
0

~g,g85c,l ,l 8! ~B1!

between the PL and incident-light polarizations@see Eq.
~A2!# which is true as long as the thermal polarization a
level-anticrossing effects are neglected. For example,
Pc

110 and r110
c are the same is demonstrated by using

equation
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I s6

1105I s7

1 1̄05I
16Lcl

2
, ~B2!

that follows from Eq.~B1!.
In the one-step model used to derive Eqs.~A2! or ~12!,

the identity of the functionsPl
s1(Bi) andPc

110(Bi) or of the
functionsr110

c (Bi) andrs1

l (Bi) is a consequence of the tim

inversion and space symmetries, as well as a result of ex
sion of the thermal polarization and level anticrossing effe
from consideration. Recall that

r110
c 5

I 110
s12I 110

s2

I 110
s11I 110

s2
, rs1

l 5
I s1

1102I s1

1 1̄0

I s1

1101I s1

1 1̄0
.

Time-inversion symmetry imposes the following relations
the PL intensitiesI b

a measured in the backscattering geo
etry at normal incidence:
-

I.

nd

on

an

oli

lt-

R

lu-
s

-

I b
a~Bi!5I ā

b̄~2Bi!. ~B3!

Here, for the linear polarization,ā5a and, for the circular
polarization, ā5s7 if a5s6 . The GaAs/AlAs single-
interface point symmetryC2v imposes the relation

I b
a~Bi!5I

b̃

ã
~2Bi!, ~B4!

whereã5a for the linear polarization along@110# or @11̄0#,
ã5@010# if a5@100#, ã5@100# if a5@010#, andã5s7 if
a5s6 . The application of Eqs.~B3! and~B4! leads in par-
ticular to I 110

s1(Bi)5I s1

110(Bi) andI 110
s2(Bi)5I s2

110(Bi). Since it

follows from Eq. ~B2! that I s2

1105I s1

1 1̄0, we finally obtain

r110
c (Bi)5rs1

l (Bi). For two-step or multistep kinetics, re

striction ~B3! is lifted andr110
c can differ fromrs

l .
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