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Determination of interface preference by observation of linear-to-circular polarization conversion
under optical orientation of excitons in type-ll GaAs/AlAs superlattices
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A comprehensive investigation of exciton optical orientation and alignment in type-ll GaA4@0As
superlattices in longitudinal and transverse magnetic fields is presented. We observe the previously predicted
type-Il 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.
[S0163-182607)05444-1

I. INTRODUCTION circular and circular-linear configurations of the polarizer
and analyzer.

Exciton spin polarization has been extensively studied Under steady-state excitation, linear-circular or circular-
both in bulk semiconductoté and semiconductor linear polarization conversion has been observed on local-
heterostructure$* The optical orientation of excitonic spins ized excitons in GaSe crystals in an oblique magnetic %ield
is a particular case of a more general phenomenon, namelgnd in type-I GaAs/Al,Ga,  As quantum-well structures in

the selective optical excitation of excitonic sublevels. An-4 ongitudinal magnetic fielfThe time-resolved transforma-
other example of the selective excitation is the optical a"gn'tion between the linear polarizatioR: = (I100;— ljo10)/

ment of excitons by linearly polarized radiation. In contrast( . ;

; ; . ! . (I + 10107 in the axed100] and[010], and the circular
to the optical orientation, which means the photoinduced in- [109 " " [010] . ’
equalityﬁn the populations of the staties) witﬂ the exciton polarizationP. was observed in type-ll GaAs/AlAs superlat-

. - BOPY . : : tices(SL’s) in quantum-beats experimerit8lt was demon-
spinm, say withm=1 and—1, linearly polarized light can, trated . talf 22 and lained th tically:15
under resonant conditions, excite the exciton states with rated expenmentally,”” and explaine eoretically;

definite direction of oscillating electric-dipole moment. Such &t for localized heavy-hole excitoed -hh1(Is) in type-l
a state can also be described as a coherent superpositii?/AS/AIAS SL's the degeneracy of the radiative doublet
(11)+€'®|—1))/v2, of the stateg= 1), where the phasé® *1) is lifted, and the two split subleveB;;q andEj;1g,
is determined by the orientation of the light polarization are dipole-active, respectively, along 10| and[110] di-
plane. rections in the interface plane. Moreover, in a single SL with

It often happens that the symmetry of the system is refixed layer thicknesses, there exist two classes of localized-
duced because of microscopic or local anisotropy in theexciton states characterized by the same absolute value but
plane normal to the light propagation direction, as well asopposite signs of the anisotropic exchange splitting
due to application of an external fieltmagnetic field, #Aw,=E[110)~E[110).- The explanation is based on the fact
uniaxial strain. As a result, the optical orientation and opti- that excitons contributing to the low-temperature photolumi-
cal alignment are interconnected, and one needs to consideescence(PL) of the undoped type-ll SL's are bound
not only circular-circular and linear-linear but also linear- electron-hole pairs localized by the structure imperfections in
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the plane of interfaces with ax electron and & hole con-  spin-density matrix:*'!In the steady-state regime of photo-
fined inside two neighboring AlAs and GaAs layers. Accord-excitation the componenjs,y of the localized-exciton den-
ing to the theory*'°the two classes of excitonic states with sity matrix satisfy the kinetic equation
opposite signs ofv, are excitons localized at the AlAs-on- 5 5 ]
GaAs and GaAs-on-AlAs interfaces, i.e., localized excitons p p I o
with the electron confined in either the right or in the left E) rej(ﬁ Sr+ i [P Hexarit Hal+G=0. (1)
AlAs layer relative to the GaAs layer in which the hole is -
photoexcited. The terms on the left-hand side take account of the exciton
Time-resolved polarization oscillatioh$can be instruc- recombination, spin relaxation, exchange, and Zeeman inter-
tively compared with space-dependent oscillations in the poaction in the presence of magnetic fidl] and G is the
larization of the light propagating perpendicularly to the generation matrix. Lefm) be the basis states,,J,) of the
principal axis of a uniaxial birefringent medium. Since in el-hh1(1s) exciton with the angular momentum component
type-ll GaAs/AlAs SL’s the quantum-beats frequenayis m=s,+J,=2, 1, —1, and—2. In this basis the exchange
much higher than the inverse characteristic lifetiié’, the  term in the spin Hamiltonian is given by
optical orientation and the optical alignment for the incident

light polarized along th¢100] or [010] axis can hardly be 209 0 0 o

observed in the cw excitation regime. In a longitudinal mag- 5 0 0 w, 0

netic field, Bliz, the steady-state optical orientation effect is HexanE 0 0 o | 2
restored:! In addition to the restoration oP., the theory @2

predicts the appearance of a remarkable linear polarization w1 0 0 2w,

P1=(I 1101~ l110)/ (110 + 1 1107) induced by the magnetic wherew,, are the exchange interaction constants describing,

field under excitation with circularly polarized light. Because . . . . ;
of the existence of two classes of excitons, the conversioﬁeSpeCtlvely' the isotropicefy), anisotropic tetragonalu)

effect is proportional to the imbalance factor and |r.1-plane an|sotrqp|0a(2)_exchange sphttmgs, and the
f=(NCD—NOY/(NO+NO), whereN™) and NO) are coordinate system witk(l[110], yll[110] is used. The re-

the concentrations of excitons localized at the AIAs—on—GaAscomb'n""t'On term has a standard form
and GaAs-on-AlAs interfaces, respectively. In the experi-
ment reported in Ref. 11 the magnetic-field-induced =——
orientation-to-alignment conversion was not observed, pre- e 2
sumably because the densities of states for the two classes of )

excitons with positive and negative values®f were acci-  \yhere 5., ., is the Kronecker symboly, is the radiative

Fientally equal to gach other._Since technologically the qualjfatime for the exciton statels- 1), and 7’61 is the nonradi-
ity of GaAs/AlAs interfaces differs from that of AIAS/GaAs .4\ e recombination rate which is usually taken to be the

interfaces, the two densities of states are expected to be dif;, 1o for all states.

ferent as a ru]e. Th_us the aim of th? present work was 00 in the following the light polarization is characterized by
observe and investigate, both experimentally and theoret

v th ic-field-induced on b h “Yhe degree of circular polarizatio®,., and the degrees of
cally, the magnetic-field-induced conversion between the Ciry,q o polarizationP, andP,,, as they refer to the two pairs

cular and linear polarizations predicted in Ref. 11, thus Proo rectangular axes,y andx'l[100], y'I[010]:

posing an effective method to measure an important

structural parameter, namely, the interface preference factor [ _
Oy 0- P11 P-1-1

1/1 1
_+ _
Tm Tm'

1 1 1

IPmnr
—_— ry, —=—0m 1t —,
( Pmm T T Im|,1 7o

f. In Sec. Il we develop a theory of optical orientation and P.= = ,

alignment of excitons in an external magnetic field, taking lo, Tl P11 P-1-1

into account the fine structure of tled -hh1(1s) level, the

exciton spin relaxation, and the difference between lifetimes P hy=h o paatpoin

of optically active and inactive sublevels. In the main text we "I+l pratpoi1’

derive expressions obtained under simplifying assumptions

and keep the detailed calculation in Appendix A. In Sec. llI ly=ly  p1-1—p-11

we describe the experimental setup. In Sec. IV we present Pr=r90 = n : (4)
x' T lyr P11TP-1,-1

experimental data on the exciton-polarized PL, including the
observation of the linear-circular polarization conversion ef-The PL intensityl given as a sum, +1, (or I,+1, or
fect under steady-state excitation and determination of thex,+|y,, which are equivaleit is proportional to
interface preference factdr and compare experiment with pritp 1 1.
theory. In order to make transparent the physics of the phenom-
ena under study, here we give a simplified description of the
optical orientation and alignment and the orientation-to-
Il. THEORY alignment conversion induced by a longitudinal magnetic
The lowest excitonic levekl-hh1(1s) consists of four field in type-l SL's, 'I_'he results of the elab_ora_te theory are
L N presented in Appendix A. For resonant excitation conditions
sublevels taking into account the electros,£*3) and  znq in the absence of spin relaxation, the optically inactive
heavy-hole §,==3) spin degeneracy. Optical orientation sublevels remain unpopulated, the only nonzero components
and alignment of excitons can be described by using thef the density matrixp.,,y are those withm,m’==1, and
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-

steady-state exciton concentration. The pure exciton states S, S
|1) and|— 1) are equivalent to the pseudospin polarized par-
allel or antiparallel to the axis, respectively. The exciton FIG. 1. Schematic representation of the exciton pseudospin pro-

the 1s-hh1(1s) exciton acts as a two-level system. Recall Z
that any two levels can be considered as two states of an
effective three-dimensional pseudospin with 3. The 2x 2 - -
spin density matrip,,(m,m’=*1) is expressed in terms Ol .. . Q
of the average pseudospBas !
A Sk , :
p=N(; +So), (5) !
where o, (a=X,y,z) are the Pauli matrices and is the A ;
o,

X

X O
N

states jections.Sz is the initial pseudospin vector undgt10] linearly
polarized excitationS, and S, are the components of the average
IYy=—i(|1)—|—-2)/v2, |X)=(1)+]|—1))/v2, pseudospin.

dipole-active along theyli[110] or xl[110] axis, are de- Taking into account the relation betweBp, P, andS, we
scribed by a pseudospin witB,=3 or —3, respectively. obtain

Finally, the states|X’)=(|X)+]Y))/v2 or |Y')=(—|X) )

+1]Y))/v2 polarized in thex’ andy’ directions correspond _p0 @2 _ 50 @)

L 1 1 Pi=Pl—-52, Pc=—Pi— 2 (10)
to a pseudospin with nonzero compon&pt; or — 5. Thus wy+ W+ €]
one can rewrite Eq4) as

It follows then that, under linearly polarized excitation along
[120] or [110], the longitudinal magnetic field gives rise to
two effects:(a) suppression of the alignment afig) polar-
Hation conversion with the appearance of circular polariza-
tion in the PL. For circularly polarized excitation the initial
pseudospirg’ is directed along. At zero magnetic field the
5 vectorsS® and Q are perpendicular and, fap,7>1, the
sz(wzax-l—ﬂuaz), (7) exciton PL is unpolarized. The longitudinal magnetic field
restores the PL circular polarization and induces the linear
where? o, is the zero-field splitting of the radiative doublet polarizationP,. According to Eq.(8), both effects are de-
introduced in Eq(2), £Q,=(g},—g)) uoB,, andg andg], ~ scribed by

P.=2S,, P=-25,, P;=25,. (6)

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

are the electron and heavy-hole longitudigafactors. The 02 Q
pseudospin componer®, S, andS. describing the initial —p0 L p=—pO ‘;’2 L (11)
polarization of photogenerated excitons are related to the O Cwst Q) ‘w5t Q)

Stokes parametef®’, P’,, andP? of the incident light as in Under excitation by light polarized in the’ (or y') direc-

Eq. (6). According to Eq.(?).the pseudospin rotates around tion, the vectors? is orthogonal to thex,z) plane, and the
the vector Q=(w,,04))) with the effective Larmor fre-  gpin precession suppresses the PL polarization. Since in
quency =+ wj. If the exciton lifetime 7 is long  type-Il GaAs/AlAs SL's there are two kinds of localized ex-
enough so that,7>1 (and this is the case for localized citons withw, differing in sign, the conversion terms in Egs.
excitons in type-ll GaAs/AlAs SL’s then the pseudospin (10) and (11) have to be multiplied by the interface prefer-
Larmor precession arour@d leads to a depolarization of the ence factorf.

initial spin component perpendicular £, while the compo- With allowance for the spin relaxation, one has to include
nent parallel tf2 remains unchanged. As a result the steady+the inactive state$+2) into consideration, and analyze a
state pseudospin orientation is obtained by projecsthgnto  four-level system. The general equations for the PL polariza-

the € direction tion in the presence of a magnetic field are derived in Ap-
& pendix A. With the help of relation§A5) between exciton
S= (5 Q)Q ®) parameters in type-ll GaAs/AlAs SL’s, one finds that
T Tar

This simple model naturally explains the interconnection be- P.=b e
tween the orientation and alignment in longitudinal magnetic allj+w;

fields. Let us consider particular cases. If excitons are excited
by light polarized along th¢110] or [110] axis, then the
pseudospin is initially directed parallel or antiparallel to xhe
axis(Fig. 1). The vectorQ} lies in the &,z) plane, and makes
an anglep=arctan(),/w, with the x axis. According to Eq.
(8), the components of the average pseudospin are given by =~ =

TiToa
S=%0cog ¢, §,=0, S,=S:cos¢sineg. (9

= aﬂf+w§ ) 1=, ( )

where
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and other notations are introduced in Appendix A. One carplained in terms of photoinduced enhancement of the spin
see that Eq(12) differs from Eqs.(10) and(11) by a com- relaxation for one of two particles, an electron or a hole,
mon factorb and the coefficiend in the denominators. It is bound into an exciton. The PL was measured in the back-
worth mentioning that equations similar to E42) are de- scattering geometry at a small angle to the excitation axis.
rived from the two-level model by introducing an anisotropic Just as in Ref. 11, the low-temperature PL line is due to the
effective-pseudospin lifetimes  for S,, andzg, for S;,S, . radiative recombination of excitons formed b¥,-valley
In this case the parameteasandb are given, respectively, electrons confined predominantly in AlAs layers, and heavy
by T, /T, andT, /7, where the effective lifetimes of optical holes confined predominantly in GaAs layers.
orientation and alignment are defined §$1= i+ Ts_,Hl In the following we use the abbreviatidij to designate
andTIl=T*1+ T;j, the intensity of secondary emissigtuminescencgin the

As mentioned above, in type-Il GaAs/AlAs SL’s, the ex- configuration(a,B) of the polarizer and analyzer, whete
change splittingw, exceeds the inverse characteristic life- and B are linear polarizations along the axg0], [010],
time of localized excitons. It should be noted that at fields ud110], and[110], or circular polarizationsr, ando_. In-
to 3 T the exciton radius changes only a few percent, so thastead of measuring the polarization degree3;
one does not expect the localization dynamics to change sig= (| g+— 15 )/ §++ 15 ), P{* andP}, defined in accordance

nificantly with magnetic field. However the value @k is  \ith Eq. (4), we applied the modulation technique where the
sr_nlall enough to be comparable with the inverse lifetime.qnalyzer is in a fixed position and the sample is pumped by
7 -, of free excitons. This means that, in general, the genthe incident light changing its polarization from circular or

eration rates to sublevels of the localized exciton are fielginear to orthogonal at a frequency of 26.61 kHz. The mea-

dependent. Recall that the radiative doublet of the freesyred values are then the effective polarization degrees
exciton state in type-Il SL's is degenerafeThe longitudinal

magnetic field splits the doublet into the-1) states. This |7+ - llm_llﬂ)
splitting rotates and depolarizes the aligned exciton oscillat- c__¢ & pl==2 i pL = 50— 0o10-
ing dipole moments, while having no effect on the exciton =% 17+ +17"" =% o107 ¢ T

spin orientatior. Analytically, the field dependence of the (15)

effective feeding rates is taken into account if the polariza- . . o _ o
tion P? in Eq. (12) is replaced by This technique of modulating the incident-light polarization

minimizes anticrossing effects. The equivalence between this
PP+ QP set and the values d?¢, P{" and P}, is demonstrated in
11022 (14 Appendix B. The incident-light polarization was modulated
I by a photoelastic modulatdf.To detect the linear polariza-
while P? is kept field independent. Herg® and 73?, are tion, a linear polarizer was installed in the luminescence de-
defined via the generation mati&,,,; as free-exciton states tection channel with a proper choice of the rotation angle.
similar to Eq.(4), and we neglect the spin relaxation of free FOr measurements of circularly polarized components, we
excitons during their lifetimer;, governed mostly by the used a circular-polarization analyzer consisting of a quarter-

| 100_ 010
[e3 [e3

’

PY(B))=

free-exciton localization processes. wavelength plate and a linear polarizer with the transmission
axis of the latter, making an angle of 45° with the plate
Ill. EXPERIMENTAL TECHNIQUES principal axis.

AND SAMPLE PREPARATION

Th I d bel btained IV. OPTICAL ORIENTATION
o Loy e Ol o gpamnee on o AND ALIGNMENT OF EXCITONS:

samples labeled NMSL-3 and NMSL-7. The samples are EXPERIMENTAL RESULTS AND DISCUSSION

type-ll GaAs/AlAs SL’s grown by molecular beam epitaxy

on a fixed semi-insulating GaAs substrate at roughly 600 °C The PL spectra of the samples NMSL-3 and NMSL-7
in a RIBER-32 installation. The thicknesses of the GaAs andonsist of a main line due to the no-phonon recombination of
AlAs layers are practically the same within the sample areaype-II localized excitons and of phonon repli¢assigure 2
(3x 3 mn? for NMSL-3 and 3x6 mn? for NMSL-7). The  displays the dependence§(B,) and p'(B,) measured on
NMSL-3 SL consists of 80 periods, each made up of seveithe sample NMSL-7 at the PL spectral maximum
GaAs and four AlAs monomolecular layersls). In the case (A =6684 A). The polarization properties of the phonon rep-
of NMSL-7, there are seven periods; each period consists dfcas are similar to those of the no-phonon line. It is seen
7.2-ml GaAs, 5.7-ml AlAs, 8-ml GaAs, and 5.7-ml AlAs. In from Fig. 2a) that p;.(By) rapidly increases and saturates
both samples there were 60- and 10-s growth interruptiong . 5 504 1o 50 in weak magnetic field,~20 G, and
under As flux after each GaAs and AlAs layer, respectlvely,[hen gradually increases up to the level of 20% Byt

In the case of NMSL-7 only, there are Gubin Alo ;GaysAS 5 5. Figure &) clearly demonstrates the field-induced

layers above and below the SL stack. ' orientation-to-alignment conversionp{;((B;) reaches a
The samples were mounted in a liquid-helium cryostat

(T=4.2K), and photoexcited by a Krlaser (. =6471 A) maximum yalue_ of 5% aB,~0.7 ng and reverses its_ sign
beam of intensity~6 mW cni 2. It is worth noting that an under the field inversion. Moreé)VQdSMo(Bu) differs in sign
increase in the pumping intensity leads to a rapid suppressidfom the measured dependeneg (B;). The effect of lon-
of the alignment, whereas, in the same intensity range, thgitudinal magnetic field upon the optical alignment is illus-
optical orientation almost retains its value. This can be exirated in Fig. 2c). Note that the main variation qfllo takes
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FIG. 2. Effect of the longitudinal magnetic field on optical ori-  FIG- 3. The effective polarization degreg$, (a), pS1o (b), pi1o
entation and alignment of localized excitons in the sample(c), andp), (d) as functions of the longitudinal magnetic field for
NMSL-7: (@ pS , (b) pS10, (C) plog, and(d) p!, . Experimental the sample NMSL-3. Note the nonequivalence between the
data T=4.2K) +are shown as points. Solid cu+rves are theoreticaPrientation-to-alignment and alignment-to-orentation conversions.
fits to Eq.(10). The anticrossing features superimposed on the exDashed curves are calculated by using 8d) and neglecting the

perimental dependences are small, and were not taken into accou¢ascade character of localized-exciton formation; solid curves are
in the calculations. theoretical fits to Eq(10), which accounts for cascading wifho

given by Eq.(14).
place at the same magnetic fieBig=0.7 kG as for the func-
tion p; (By) in Fig. 2(&). Comparison of Figs.(®) and 2b) ~ f=0.9. In order to findw, we extrapolatedy,=1.91 and
shows that, for the sample NMSL-7, the orientation-to-gj,=2.43 for NMSL-7 from Ref. 19. One can see that the
alignment effect is reversible: the experimental dependencesnticrossing features superimposed on the experimental de-
p51dBy) and p'(T+(BH) are close to each other. pendences in Fig. 2 are indeed small, and do not prevent the

We attribute the fast low-field increasepsﬁ+ in Fig. 2a)  evaluation ofw,, Ja, and f. The least-squares analysis

to spatially separated electron-hole pairs characterized b3OWs that these parameters are determined within accuracy
small values of exchange splittingln the following analy- ~ 0f 3% for f, 12 % for Va, and 8% forw,. o
sis this contribution is taken into account by adding a con- The magnetic-field dependencesgf , piio, p110, @nd

stant value of 5% to the theoretical curp§ (B,). Except p,,, for the sample NMSL-3 are shown in Fig. 3. The main

for this narrow region the four dependences of Fig. 2 can bge|d-induced effects, namely, the restoration of optical ori-
described by using Eq12) and neglecting the influence of entation, suppression of optical alignment and polarization
the field on the exciton polarization at the intermediate stag@onyersion, are also observed in NMSL-3. However, as com-
before the exciton is trapped into a localized state. If exciton%ared to Fig. 2, one should note two remarkable differences.
are generated resonantyhich is virtually impossible if First, the effective polarization degrep§, , and p', reach

o4

there is inhomogeneous broadeningP? and bP? in Eq. _ _ )
(12) would be given by theory. Since the photoexcitationtn€lr maxima at different values &, 1 and 0.7 kG, respec-

here is only quasiresonafite., at slightly higher energy t|yely. In othe_r Wor_ds, the ori_entation-to-alignment and
they are treated as fitting parameters since excitons can #gnment-to-orientation conversions are nonequivalent. Sec-
formed both by direct excitation and by binding of an elec-0nd, the characteristic magnetic fields governing the increas-

tron and hole with uncorrelated spins, i.e., excited by twoing orientation 5 ) and decreasing alignmenpiy) also
separated photon absorption events. One can deduce the felffer by a factor of~1.5. As shown in Appendix B, this

lowing relations from Eq(12): result can be related to a two-step or multistep process of
. | | localized-exciton formation. We explain the different shapes
Po, 1Q, Po, Q, map, | | of the curvesp§,(B;) and pI(H(BH) in Fig. 3 by the Hanle
P50 fw' Pl wa' pd0) 243’ effect on the free-exciton alignment described by Ed).
(16) To further test the cascade model, we performed measure-
ments of the linear polarization in the axesl0] and[110]
which can be used to evaluate unambigoushy/(g},—de),  under linear[100]-to-{010] modulated excitationFig. 4).

Ja and f. The curves in Fig. 2 are calculated for According to Eqgs.(12) and (14) this kind of polarization
bP%=7.6%, bP’=6.1%, hw,=1.8 ueV, a=0.45 and conversion is described by
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FIG. 4. The effective polarization degre:é10 as a function of %20
the longitudinal magnetic field for the samples NMSL(Gpen A .
squaresand NMSL-3(full square$. The[100]-to{110] conversion 0 1 5 3 4
occurs due to the Hanle effect at intermediate stage of the cascade Transverse magnetic field (kG)
localized-exciton formation. The solid curvasandb are the best
fit to Eq. (17) obtained forr;=190 and 230 ps, respectively. FIG. 5. Effect of the transverse magnetic field on the exciton
alignment in the samples NMSL«&) and NMSL-3(b). The solid
g 0 wg Q7 curves are calculated in the one-step modelifar=5.8 u eV (a)
p11d B =bP, (177  and 19ueV (b).

a0f+ w% 1+ QfT% '
field polarizationP,, under circularly polarized excitation. In

-1 0
and, for comparable, andr; *, exceeds by far the,, — Py fact, from Eq.(A6) the zero-field value ofp$,J is given by

conversion obtained in the one-step model, see (B§).
One can conclude that, for the sample NMSL-7, heQ]-
to-{110] conversion is ineffective, whereas in the sample |P§o<>(0)|:|Pg|—T, (18
NMSL-3 the longitudinal magnetic field induces a rather @212

strong transformation from tH&00] to[110] linear polariza- and is proportional to the first power ob§T,) 1. We mea-
tion. The set of parameters for the sample NMSL-3 used taure for the sample NMSL-807,40)|~2.8% and for the
calculate the solid curves in Fig. 3 from E§$2) and(14)is  sample NMSL-7 |pS(0)|=(0.8+0.05)%, which gives

as follows:g,=1.91 andg}, = 2.6° bPd=32%, bP’=29%, T,=1.1 nsand,=3.0 ns, respectively, whe® is defined
fiw,=5pueV, a=0.74,f=0.77, andr;=110 ps. Just as for by Eq. (A4).

the sample NMSL-7, the anticrossing features play a minor The other characteristic times can be determined by trans-
role. The NMSL-3 curve in Fig. 4 is calculated for the sameverse magnetic-field measurements. Figure 5 displays the
values ofa and w, as in Fig. 3, and foer?,=5.5% and variation ofp'llo in a transverse magnetic field measured on
=230 ps. The difference by a factor ef2 between the the samples NMSL-7a) and NMSL-3(b), respectively. In
values ofr; obtained from Figs. 3 and 4 can be explained ashoth cases the value @fuo eventually decreases by a factor
follows. Under quasiresonant excitation, localized excitonsof ~2. In agreement with the theory, the shape of the curve
are partially generated from low-energy free excitons Withp'110 is insensitive to the vector direction &, in the inter-
comparatively long lifetimes, and they are partially createdface plane.

from hot excitons or electron-hole pairs characterized by |n contrast top},,, the PL intensity exhibits no remark-
short lifetimes. The polarization conversion shown in Fig. 4gple change in the magnetic-field range studied. According
is completely due to the cascade via long-lived free excitonsy Eq. (A9) the near equality of(0) andl(B, —=) can be
whereas the polarization signal in Fig. 3 has contributionsyaturally explained by an inefficient nonradiative channel,

from all localized excitons irrespective of their generationj e by assumingy> 7, 75;. In this case one has, instead of
mechanism. The true value of the free-exciton lifetime fol-gq. (A9), ’

lows from fitting the data of Fig. 4, and the effective time
deduced from Fig. 3 can be shorter. The observation of the P,(0) 1

signalp'l'lo(BH) is a direct evidence of the exciton cascade Pi() - 1+(T;f2/27)'
kinetics. The NMSL-7 curve in Fig. 4 is calculated for
7¢=190 ps, which is of the same order of magnitude as for . 1 Tes 7-2’2 1+(7el41) [Q,)?
the sample NMSL-3. h*=s 5 |1+ 5 m(w— . (19
e e . s,2 s 0

The absolute values of characteristic lifetimes can also be ‘ '
determined. According to EqA2) the zero-field value of From Fig. §a) and the above equation, one can obtain
P, excited by the light linearly polarized alorid00] or  7.,/7=0.21. In order to estimate the ratio of the electron and
[010] is of the order of (,T;) 2. In order to determind@; in  hole spin-relaxation times further, we will ignore their pos-
absolute units, it is more convenient to measure the zercsible anisotropy and assumg = 75,= 7% and 7, = 7,=1% .
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Then, from parametea, we find |7, |/7¢ =2.3 for the kinetic parameters of the localized-exciton ground-state
sample NMSL-7, and, under a reasonable assumptioguartet in the regime of low-intensity excitation where ef-
P 7-2, come t07-2/7-§: 0.4. The solid curve in Fig.(® is  fects of exciton-exciton and free carrier-exciton interactions
calculated by using EqYA8) and (19) for gi~g!'® and are excluded. The linedn00]-to{110] conversion induced
hwo=5.8 weV as a fitting parameter. This value of exchangeby the longitudinal magnetic field is a signature of the exci-
splitting betweerj+1) and|=2) is in agreement with the N cascade kinetics. The field-induced linear-to-circular po-
theory* as well as with the position of level-anticrossing Ianzatlon.conversmn provides an effeclt|ve. method to mea-
features on the,(B,) dependences. Now we can use theSure th_e interface preference fact_‘orwhlch_ is expected to
measured value of, to determine other characteristic times P& an important diagnostic tool in studying quantum-well
for NMSL-7 in absolute units:ir=32ns, 7¢=12ns, and interfaces.

72=4.7 ns. From Fig. &) we find, for the sample NMSL-3,

7417=1.85, r=2.3 ns, andri~71=4.2ns. The value of ACKNOWLEDGMENTS

hwo=19 ueV deduced from the shape pﬁlo(BL) differs
from the theoretical predictior wo=15ueV,** and from
the result of level-anticrossing analystsp,=14 ueV. This
difference may be related to the anisotropy of spin-relaxation

times as well as to the cascade character of photoexcitation APPENDIX A
neglected while calculating the solid curve in Figh Note . .
that the lifetime 2.3 ns for the 20-A/11-A sample NMSL-3 is We assume the mechanisms of electron and hole spin re-
remarkably shorter than that measured for the 22-/3\/11.5-,&"’1)(atlon in the exciton to be independent, and the exchange

GaAs/AIAs SL by time-resolved spectroscobygince the splitting to be small compared with the thermal energy, in

layer thicknesses in the structure NMSL-3 lie on the borde?’vhICh case the spin relaxation term in the kinetic equation

between the type-lIl and | region4,the exciton lifetime (1) has the form
should be very sensitive to the sample growth conditions.

Support from NSF Divisions of Materials Research and
International Programs is gratefully acknowledged.

Therefore time-resolved measurements on the samples und Ipsjstr 1 1
study are of special interest. e(—> =—0ss = | Psjsi’ ™ 5 2 Psrj sjr
ot or Te1 27
V. SUMMARY
1 1
Polarized steady-state PL spectroscopy has been used to _‘511’;2_1<951,S’J_ 2 E PSJ”,S’J”)

study exciton optical orientation and alignment in type-l| ' .
GaAs/AlAs superlattices. The spin-density matrix formalism 1 1
in the one- and two-step models has been developed to relate - [(1— dsg) = T(1—5j;/) —h—}psj,s,j, ,
the Stokes polarization parameters of the incident and sec- 7s2 Ts2
ondary radiation including the linear-to-circular polarization (A1)

conversion. Experimentally, six of the total nine polarization

relations, namelyPc-P, Pi-P?, Po-PP, Pi-Pg, Pi-Pg,  where the timesS, and 72, (or 71, and 711,) describe the
and P,-Plo, , have been measured as a function of the longirelaxation of spin-density matrix components s/;. diago-
tudinal magnetic field. The transverse magnetic-field effechal and off-diagonal with respect to the electronic indices
on the PL intensity and the linear polarizati®h has pro- s,s’ (or the hole indices,j’).

vided a complementary insight into the excitonic kinetics. Longitudinal magnetic field=rom the explicit solution of
Comparison between the theory and the experimental datag. (1) in a longitudinal magnetic field8llz, we obtain the
obtained in both the longitudinal and transverse magnetifollowing relations between the PL and incident-light polar-
fields has made it possible to determine the fine structure andations:

\ (1+02T2)(P2+ QPY) — f 0, TaPP+ fw,T,P?,
(1+Q2TYH(1-9)+ wlT,T,

C

; N—fwanTg(Pg"‘QBS)+(1+U)§T2?1_3)77P|0+QHT2(1—5)77P|0' 2
= — y A2
! (1+02T2)(1-S) + w2T,T;

—fw,To(PI+QPY) — O, To(1—S) 7P+ (1—S) 7Py,

P=N 212 P
(1+QT5)(1-S)+ w5T,T,
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where P =(G22-G_5-2)/(G11+G_1-1), and P2, PP, tion and intensity may behave in a nonmonotonic resonant

and P, are defined via the generation matrix componenté"’ay These are the so-called anticrossing points where
G just asP,, P, andP,, are related t@,, in Eq.(4) one of the inactive sublevels-2) crosses the sublevels of
mm’ » c y ’ mm’ . .

The interface preference factéris the difference between the radiative doublet. The theory of localized-exciton level

the fractions of excitons with positive and negative values o nticrossing was d_eveloped by Ivc_henko and KamifSki.
,. Other notations are as follows: he anticrossing signals are superimposed on the smooth

magnetic-field dependences given by E&2); their detailed

/ 2 comparison with experiment lies beyond the scope of the
T01 1+(QTo2) U ;
Q= > present paper. We also neglect the thermal polarization aris-
To1 1+ (Q[To0)?+ 03T, 2To 2 ing due to the temperature dependent difference between the
_ o probability rates for intersublevel transitior§—E; and
Ty TiTos 1+(Q Ty, 2)? E;—E;, where the indices,j enumerate the eigenvalues of
S= Z—l - (12,72 1+(Q|{T02)2+ wlTo oo K (A3)  the Har.niIto'nianh(exchnL Hg. The criterion for validity of this
’ ’ ’ approximation is|E; — E;|<kgT (kg is the Boltzmann con-
== Fi_2 stant, andT is the temperatuje
7= 2 N= 1 T}To'l( 7s1) . p= % Transverse magnetic fielth a transverse fiel®L z, the
T, 14T 7;1)-1p Gi1+G_1_ total radiation intensity and the linear polarizatioR, are
given by
1 1 1 1 1
oIS =ty 1(0)—1(=)
T T PoT Te I(BL)=1()+ — 57— (A7)
1 1 2 1 1 1 (PDo—(P1)
— =t —, ~—=—t— (A4) _ 1o 1) e
Toi 70 7o Toj To Tsi P=(PiDat = (A8)
111 1 1(1+1) 12 where
—_— = — —, —_— = —=| — | =
Tonowl g 20T oy T 14y 1O 1 (779 -p
X)X —— p y = H
7 is the lifetime of the dipole-active statés 1) including T+ 7o (%) T+t 1oy 14p
both radiative and nonradiative decaf),= (g )MoBu N
' (P 1+ (74,/27)
andf (), (ghnL ge),uoB” are the Zeeman spl|tt|ngs between 0 ,_ s,
the stategl) and|— 1) and between the staté® and|— (P~ 14(1,27) "
respectively;g‘('9 and gﬁ] are the longitudinal components of .
the electron and holg factors; andug is the Bohr magne- Z_TeTs,l(TJF ) , (Tt TadTO2
ton. While deriving Eq(A2), we assumed,,,,y =0 for the T ortretr Y =(Ta+To ThdT,
parsm=*1 m'=*x2 orm=*=2, m'=*1 orm=—-m’ ’ (A9)
=+ 2. Note that, under resonant excitation, excitons are gen-
erated directly into the statdst1), so G, #0 only for 1 /1 1 1 /1
m,m’ = = 1. Under off-resonant excitation, an exciton can be Te:ﬁ =T & | h=5 52 + s (A10)
Wo\T Ts2 ‘Uo Ts,2

formed by binding of an electron and a hole which may not
have been generated by the same photon; i.e., their spins a#€), =gs 1B, , gs is the transverse component of the elec-

uncorrelated, so that all of the diagonal component&of tron g factor, and it is taken into account that for the heavy

may be nonzero. holes the transversg factor is zero. EquationgA7) and
Now we take into account that, in type-ll GaAs/AlAs (A8) are derived neglecting terms of the order,T) ~* and
SL's, (w,T)"1<1. In this approximationrP, and P;,=0, and|

and P, are independent of the orientation of the transverse
1<w,Ti, |oi<w,, Oy—0e<0n+0e. (A5)  magnetic field in theX,y) plane.
Neglecting terms of the first and higher orders in
(w,T;) " 1<1, and assuming the generation to occur only into
the optically active states, i.6Gmm, =0 formorm'=+2, The equivalence between the PL polarization degRegs
we can transform Eq(AZ_) into Eq._(12). 'I:hle polarization P,, andP,, and the measured degrees, le andp'a’ [see
P\, appears only in the first order invgT;) ™™ Eq. (15] is a consequence of the linear relation

APPENDIX B

b fw,P+aQ,Py P=A_P%(yy=cll B1
= T2 an—{-w% (AG) v 'y'y- 7(717 1,17 - - ( )
between the PL and incident-light polarizatiofsee Eq.
In the model under consideration the total intensitis ~ (A2)] which is true as long as the thermal polarization and
independent of both the incident polarization and the IongHeVGl anﬂcrossmg effects are neglected. For example, that
tudinal magnetic-field. It should be mentioned, however, thaP % and p51o are the same is demonstrated by using the

in two narrow regions of magnetic field values, the polariza-equation
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|110_ 110 —1i2A°', (B2) 15(B))=15¢—B)). (B3)
that follows from Eq.(B1). Here, for the linear polarizationy=« and, for the circular

In the one-step model used to derive EGs2) or (12, ~ Polarization, a=o~ if a=oc.. The GaAs/AlAs single-
the identity of the function®’*(B,) and PL9B,) or of the interface point symmetr¢Z,, imposes the relation

functionsp,(B,) andp'(,+(BH) is a consequence of the time _

inversion and space symmetries, as well as a result of exclu- I;(B”)= I%( —B)), (B4)
sion of the thermal polarization and level anticrossing effects

from consideration. Recall that wherea= o for the linear polarization alongl10] or [1?0],

o 110110 @=[010] if a=[100], ¥=[100] if a=[010], anda= o if

110 '110 oy oy a=o. . The application of Eq¥B3) and(B4) leads in par-
P10~ 1715 Po. = I110+l11o' ticular to1 77{(By) = 15°4By) andIy;(B))=15YB,). Since it

follows from Eq. (B2) that 151=17°, we finally obtain
Time-inversion symmetry imposes the following relations on

the PL intensitied § measured in the backscattering geom- P11 By) = Pa (By). For two-step or multistep kinetics, re-

etry at normal incidence: striction (B3) is lifted andp{,, can differ frompg .
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