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Spin depolarization for excitons in quantum wires

D. Larousserie and R. Ferreira
Laboratoire de Physique de la Matie`re Condense´e, Ecole Normale Supe´rieure, 24 Rue Lhomond, F-75005 Paris, France

~Received 14 September 1998; revised manuscript received 16 February 1999!

We consider theoretically the exchange coupling for independent excitons in quantum wires. The one-
dimensional dispersions are complicated because the confinement energy due to the wire and the kinetic energy
along the wire axis are comparable in such structures. For weakly confining structures, we discuss different
contributions for the spin depolarization in the presence of spin-conserving scatterings, which depend on the
exchange couplings between the various confined center-of-mass exciton motions. We also find that the spin
coupling for free excitons increases with decreasing wire cross sections in the strong confinement regime.
Finally, we show for a gas of independent excitons that the localization effects increase the spin-depolarization
time and alters its temperature dependence.@S0163-1829~99!08227-2#
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I. INTRODUCTION

The fine structure of the exciton levels in bulk semico
ductors is governed by the spin-dependent exchange inte
tion, which has two distinct parts: the analytical and t
nonanalytical contributions. For a review of the main sp
dependent features related to the exchange coupling in
semiconductors, see for instance, Ref. 1. Various recent
perimental and theoretical works are devoted to the stud
the role played by the confinement on the spin relaxation
excitons in semiconductor quantum wells.2,3 Maialle et al.
have deduced the effective exchange Hamiltonian acting
the ground-heavy excitons of a quantum well.2 For these
structures, one diagonalizes the bulk exchange coupling
the basis of the pure-spin exciton levels with the same
plane center-of-mass wave vectorK'5(KX ,KY). In fact, the
translation invariance implies that only states with the sa
in-plane free motion are coupled by the exchange interact
Also, for thin wells one can neglect the analytical term whi
introduces only weak nonresonant couplings between
low-lying heavy states with excited light excitons. In add
tion, the resonant nonanalytical interaction between
heavy excitons does not couple the optically ‘‘active’’@s
561 ~Ref. 4!# and the inactive (s562) states. Under
these approximations one obtains the effective excha
Hamiltonian acting on the only active ground-heavy excito
of a thin quantum well by averaging the nonanalytical bu
exchange perturbation over the independent electron
hole confined motions in the well and over the 1S-like rela-
tive motion for the electron/hole pair. Maialleet al.2 ob-
tained a spin-diagonal term proportional toK' and a spin-
mixing term proportional to (KX6 iK Y)2/K' , besides a
K'-dependent form factorF(K') reflecting the electron and
hole independent confinements by the quantum well po
tials ~with F@0#'1!. Thus, for thin wells, the diagonal an
spin-mixing exchange couplings between the optically ac
61 ground-heavy exciton states are equal in magnitude
roughly proportional to the in-plane exciton wave vec
K' .5 Various experimental works were reported concern
the spin depolarization of photocreated excitons in intrin
wells @see for instance Ref. 3 and references therein#. One
generally assumes that the exchange-related spin coupli
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weak enough, as compared to the scattering broadening
plying a motional narrowing-like regime for the spin dep
larization. In this regime, for a nondegenerate gas of in
pendent excitons, the linear-in-K' ~Ref. 5! coupling leads to
a linear-in-T dependence for the spin-depolarization rate w
temperature.

We consider theoretically in this work the exchange co
pling for excitons in two different quantum wire structure
~i! in weakly confining wires~such as the ones built out of
thin quantum well by, say, a lithographic technique6! and~ii !
in strongly confining wires~such as the ones obtained b
direct growth on a substrate, as in V-groove structures7!. By
weak or strong confinement we mean that the energy shi
the low-lying exciton levels due to the wire perturbation
small or large as compared to the binding energy of
ground exciton of the underlying quantum well exciton.
the first case, one assumes that only the center-of-mass
tion is affected by the wire potentials: this is the confin
center-of-mass~CCM! regime. In the second case, the ele
tron and hole confinements are independent: confined e
tron and hole~CEH! regime. The motion is free along th
wire axis and, in the absence of spin-dependent coupling
one-dimensional parabolic dispersion is associated to e
CCM or CEH level. The wire states then form a series
one-dimensional subbands.

Let us take the free wire axis along theY direction. The
CCM levels can be thought of as formed by combining, s
the 1KX and 2KX quantum well plane waves. AtKY50,
the single well exchange coupling is the same for the6KX
propagative states. Consequently, as we show below,
edge states of the wire subbands are spin lifted. This is
striking contrast to the quantum well case where the s
splitting vanishes at the two-dimensional subband ed
With respect to the spin depolarization at low temperatu
~low enough compared to the wire confinement energy
such that, say, only the ground wire subband is populat!,
this important result has two main consequences:~i! the cal-
culated exciton spin-depolarization time does not diverge
in the quantum well case, but is governed by the excha
coupling of the ground subband edge;~ii ! increasing the wire
confinement leads to a larger spin splitting of the wire ed
states and thus to a larger spin-depolarization rate. The e
1892 ©1999 The American Physical Society
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PRB 60 1893SPIN DEPOLARIZATION FOR EXCITONS IN QUANTUM WIRES
ton levels and spin depolarization in the weak confinem
regime are discussed in Sec. II and Sec. III. We show in S
IV that similar results are obtained in the strong confinem
regime. Finally, the effect of localization on the spi
depolarization rate is discussed in Sec. IV within a sim
model.

II. WEAKLY CONFINING WIRES: ENERGY
DISPERSIONS

For weakly confining quantum wires we assume that
relative motion of the electron-hole pair is ‘‘frozen’’ in th
1S quantum well state and only the center-of-mass motio
affected by the wire perturbations for the electron and ho
The exact form of the confining wire potentials depends
the growth parameters.6,7 In order to evaluate the role of th
weak one-dimensional confinement on the spin propert
we consider here two particular profiles for the center-
mass confinement along, say, thex direction: a parabolic
wire and a hard square well wire. Within the effective ma
approximation, in the absence of exchange interaction,
low-lying heavy exciton~pure spin! levels of the wire read8

C5f~ze!x~zh!c1S~r!Fn~X!exp~ iK YY!/ALY, ~1a!

«n~KY!5Ee1Eh2E1S1En1\2KY
2/2M , ~1b!

where the first two terms account for the ground confin
electron and heavy hole levels of the well~confinement en-
ergiesEe andEh , respectively!, the third one for the relative
motion~binding energyE1S!,9 the fourth one for the confined
center-of-mass~CCM! states and, finally, the last one for th
free center-of-mass motion along the wire axis. The CC
energies are, to a good approximation,En5hn\2/(2MLX

2)
with hn5(2n21)A(M /m) (hn5n2p2) for the parabolic
~vertical! wire;8 n>1; M and m are the total and reduce
in-plane exciton masses;LX is the effective wire width. We
assume for the relative motion a variational wave functi
cl(r)5Nl exp(2r/l) wherel is the variational paramete
andNl the normalization constant.9 In the weak confinemen
or center-of-mass confinement regime there isLX@l ~'100
Å for GaAs based structures!. The heavy states in Eq.~1! are
fourfold degenerate when we consider the electron and
spins~s561,62 for thez component of the exciton spin!.
For a given underlying quantum well~fixed ze , zh and rela-
tive electron-hole motions! the quantum wire states ar
specified by three quantum numbers,un;s;KY&, and are or-
ganized in a~dense! series of parabolic dispersions as fun
tion of KY . In the calculations below we use the followin
parameters~which correspond to those of the GaAs!. Posi-
tion independent masses:mE(X,Y,Z)50.067m0 ; mH(X,Y)
'0.11m0 and mH(Z)'0.38m0 . The position independen
relative dielectric constant is equal to 12.5 in the calculat
of the ground exciton level. Offset discontinuities:VE
'277 meV andVH'142 meV ~except in the last section
where these discontinuities are assumed infinite!. The sub-
script ‘‘E’’ holds for electrons and ‘‘H’’ for heavy holes.

In the following we diagonalize the exchange coupling10

on the basis of the pure spin exciton levels with fixedKY
@Eq. ~1a!#. In fact, only states with the same free motio
t
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along the wire axis are coupled by the exchange interact
In addition, we neglect the analytical term, which introduc
weak nonresonant couplings between the low-lying he
states we are interested in here with excited light exci
states. We neglect also the inactive heavy states~s562
dispersions!, which are not coupled to the optically ‘‘active’
@s561 ~Ref. 4!# ones by the resonant nonanalytical inte
action. Finally, for eachKY value, the numerical basis for th
calculations is spanned by the 2N states un51,...,N; s
561; KY& with N large enough to ensure a convergence
the first few mixed states. In this basis, the nonanalyti
exchange matrix elements are of the form:

^n,suHexc~KY!un8,s8&5COE dQXF@qX,Y# f n~QX!*

3 f n8~QX!Ts,s8 /qX,Y , ~2!

where CO5(3/16)DELTuC1S(0)/f3D(0)u2; f3D(0) is the
three-dimensional exciton envelope function at zero rela
distance;DELT is the bulk longitudinal-transverse splitting
qX,Y5(QX

21KY
2)1/2; Ts,s85(QX2s iK Y)(QX1s8iK Y) and

f n(QX) is the Fourier transform ofFn(X). Equation~2! was
obtained after averaging the bulk nonanalytical perturbat
over the independent electron and hole confined motion
the well and over the 1S-like relative motion for the electron
hole pair, like in the quantum well case, as well as over
Fn(X) and Fn8(X) CCM motions. Note that the exchang
matrix element^n,suHexc(KY)un8,s8& has both intra- (n
5n8) and inter- (nÞn8) confined level elements. Note als
that for a given (n,n8) pair, both spin-conserving (s5s8)
and spin-mixing (sÞs8) couplings are present. Note finall
that the diagonal (s5s8) and spin-mixing (sÞs8) terms
do not necessarily vanish atKY˜0. Altogether, these differ-
ent contributions lead to the full energy dispersion«(KY)
shown as solid lines in Fig. 1.~For clarity, in Fig. 1 the
ground parabolic term«1(KY) was subtracted from«(KY)
and also only the first ten wire dispersions are shown.! In the
following, we discuss separately these different contrib
tions. In particular, the dashed curves in Fig. 1 represent
independent CCM dispersions discussed below.

FIG. 1. Full lines: energy dispersionsd«(KY)5«(KY)
2«1(KY) for a GaAs-based wire (LZ535 Å). Dotted lines: inde-
pendent CCM approximation.~a! Parabolic confinement:LX

51000 Å; E22E150.088 meV.~b! Square well confinement:LX

53000 Å; E22E150.07 meV.
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1894 PRB 60D. LAROUSSERIE AND R. FERREIRA
Let us neglect initially the coupling between differe
CCM states (n85n). In this approximation the wire state
are spin mixed but have a well-definedX parity @the one of
Fn(X) for thenth independent subband#. The energies of the
independent CCM dispersions are«n,6(KY)5«n(KY)
1ln(KY)6uLn(KY)u with ln(KY)5^n,suHexc(KY)un,s&
the diagonal andLn(KY)5^n,suHexc(KY)un2s& the spin-
mixing couplings. It is instructive to consider three particu
situations.

~i! Spin splitting at the subband edges.First of all, note
that at the subband edges (KY˜0) the diagonal and spin
mixing couplings between the optically active61 heavy ex-
citons are equal and do not vanish:ln(0)5Ln(0)Þ0. This
is in striking contrast to the single quantum well case, wh
only moving excitons are spin mixed~linear-in-K' cou-
pling!. We find numerically that the resulting energy splittin
Dn52uLn(0)u depends onn ~it increases monotonously wit
n! and on the characteristic wire widthLX ~it is roughly
proportional to 1/LX!. In fact, we have found numericall
that Dn'AEn and thatDn is roughly equal to the exchang
splitting of the single well states withK'5(6QX(n) ,KY

50) whereQX(n) is such that\2QX(n)
2/2M5En , namely,

QX(n)5hn
1/2/LX . Thus, the splitting at thenth band edge is

roughly equal to the one of the quantum well plane wa
which most heavily contribute to thenth CCM stationary
wire level.

~ii ! Intermediate KY states.At KYÞ0 the integrals involv-
ing the 'KYQX terms of Ts,s8 vanish and only theQX

2

1KY
2 ~the QX

22KY
2! terms contribute to the diagonal~to the

spin-mixing! part. Thus, the spin-conserving coupling ener
increases monotonously with increasingKY . The spin-
mixing term, on the contrary, initially decreases, vanishe
a given wave vectorKY5QY(n) , changes sign and increas
again in absolute value whenKY˜`. This result is in
marked contrast with the single well situation, where the s
splitting increases monotonously with increasing (QX(n)

2

1KY
2)1/2 for fixed QX(n) . Also, for finite wave vectors we

obtainuln(KY)uÞuLn(KY)u, in contrast again with the quan
tum well situation, where the diagonal and spin-mixing co
plings are equal in absolute value for anyK' value. For 0
,KY!QY(n) the spin splitting decreases roughly quadra
cally from its edge value: 2uLn(KY)u'Dn2An(KY)2. At
KY5QY(n) the spin coupling vanishes:Ln(QY(n))50, the
two eigenenergies cross and the eigenvectors are, in thi
dependent CCM model, pure61 states, whereas they a
completely mixed forKYÞQY(n) . We have found numeri-
cally thatQY(n)'QX(n) . The existence of the energy cros
ing at QY(n) can be traced back to the fact that in our stru
ture the kinetic energy along theY direction is comparable to
the weak confinement energy due to the wire~while it is
much smaller than the energy confinement along the qu
tum well growth axis!.

~iii ! Large KY states.Let us finally consider the behavio
of the wire energies for large wave vectors:KY@QY(n) . In
this limit ulnu'uLnu' linear-in-KY and the spin splittings for
the different decoupled CCM states are roughly the same
equal to the one linear-in-KY for the single underlying quan
tum well state with the sameKY andKX'0. This is consis-
tent with the fact that a perturbation in the real space w
r
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characteristic extent'LX principally affects the states in th
reciprocal space within'1/LX .

It is interesting to point out that all these results for t
independent CCM dispersions can be easily recovered wi
a simple frame, as follows. For thenth level, theu f n(QX)u2

terms in Eq.~2! are even inQX and heavily peaked aroun
QX'6QX(n) . The exchange couplings are then rough
equal to

^n,suHexc~KY!un,s8&}F@qX~n!,Y#$QX~n!
2 1ss8KY

2%/qX~n!,Y ,
~3!

with qX(n),Y5(QX(n)
2 1KY

2)1/2. This formula displays clearly
the main characteristics of the energy dispersion discusse
the three situations above and, in addition, fits reasona
well the full numerical results shown as dashed lines in F
1 ~the agreement is better for the vertical confinement ca!.

It is worth noticing that the exchange coupling at finiteKY
can become larger than the center-of-mass confinemen
ergy due to the wire. This leads to a series of energy cro
ings between levels belonging to different CCM subban
for instance, the high energy spin-mixed level of thenth
subband and the low energy one of themth subband, with
m.n:«n,1(KY)5«m,2(KY). Let us consider now the
exchange-induced couplings between different CCM sta
(n8Þn). We distinguish two contributions: the term diag
nal in spinTs,s and the term inQX

22KY
2 of Ts,2s couple

states of the sameX parity, whereas the terms inKYQX of
Ts,2s couple states of different parities. We can neverthel
show on general grounds that only the latter can lift the
ergy degeneracy atKYÞ0 between two levels of differen
independent CCM states. This means that only the cross
between levels of CCM subbands with different parities
possibly lifted. More than that, since they are roughly p
portional to the intersubband ‘‘velocity’’ matrix elemen
Vn,m5^Fn(X)u2]/]XuFm(X)&, we find that in the case of a
parabolic wire, only the energy crossings between conse
tive oscillators~those between any two states with differe
parities for a vertical wire! are replaced by anticrossing
These trends are observed in Fig. 1. In conclusion, in spit
the fact that the full dispersions in Fig. 1 are complicate
their main qualitative aspects can be satisfactorily anticipa
by just considering a few intra- and intersubband exchan
related couplings. Note finally that in the absence of theVn,m
terms, the CCM wire states would have a well-defined par
Both the quantum well plane-wave limit for the envelop
along thex direction and the linear-in-K' quantum well spin
splitting can only be properly recovered atLX˜` when
these spin- and parity-mixing couplings are accounted fo

III. WEAKLY CONFINING WIRES:
SPIN DEPOLARIZATION

Thes561 pure spin levels are not eigenstates of the f
Hamiltonian with exchange interaction. An exciton initial
in the uni ;s i ;KY& state would evolve in time because of th
intra- and the intersubband couplings. The former leads
harmonic evolution with frequencyuVn(KY)u, where
Vn(KY)52Ln(KY)/\. The latter render the time evolutio
more complex. Let us here neglect the intersubband term~a
fair approximation for not too wide wires! and consider the
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PRB 60 1895SPIN DEPOLARIZATION FOR EXCITONS IN QUANTUM WIRES
average spin-flip rate for nondegenerate gas of indepen
free excitons:

^uV intrau&5(
i

uV i uexp$2b« i%Y (
i

exp$2b« i%, ~4!

where the summations are performed over all the subba
and wave vectors: i 5$n,KY%, « i5«n(KY), and V i
5Vn(KY). We show in Fig. 2 the temperature dependen
of the spin-flip time defined asp/^uV intrau& for different
wires. Note that all the curves display the same qualita
variation, namely, the average time initially increases slow
reaches a maximum value and thus decreases with increa
temperature. The presence of the maximum is due to
vanishing of the spin coupling at a given finiteKY value. The
temperature for the maximum time is roughly proportional
the CCM confinement energy and is larger for the verti
confinement case@Fig. 2~b!#. These trends can be fully un
derstood if we consider the average depolarization rate
the ground independent subband within the approxima
given in Eq.~3!. In this case,n51 in Eq.~4! and the average
spin-flip time defined ast5p/^uV intra(n51)u& reads

t~0!/t~T!52@a/p#1/2E dxF@QX~1!~11x2!1/2#

3exp$2ax2%u12x2u/@11x2#1/2, ~5!

with a5E1 /KBT and t(0)5p/uV1(0)u. We present as a
solid line in Fig. 3 the temperature dependence of the r
t(T)/t(0). We takeF@q#51 in this figure. In this case, a
low temperature (a@1) we have approximatelyt(T)/t(0)
'113/(4a) and at high temperature (a!1), there is
t(T)/t(0)'@pa#1/2. These results are shown, respective
as dotted and dashed lines in Fig. 3. Thus, the spin-flip t
t(0)5\/D1}LX is finite atT50 K, increases slightly with
T at low temperatures, reaches a maximum nearTM

5E1 /KB}1/LX
2, and then decreases likeT20.5 at high tem-

peratures. These approximate results fit quite well the
calculated curves in Fig. 2. Note, however, that the solid l
in Fig. 3 approaches its asymptotic decrease at high temp
ture rather slowly. In fact, for 1!KBT/E1<100, its decrease
is best fitted by aT20.6 law.

FIG. 2. Temperature dependence of the average spin-flip
for a thermal distribution of excitons in the independent CCM a
proximation ~see text! for different parabolic~a! or vertical ~b!
wires.LZ535 Å.
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It is well known that scattering processes sensitively
fect the spin-depolarization rate of free carriers and excit
in bulk11 and quantum wells.2,3,12 Let us consider their im-
portance on the spin relaxation of excitons in quantum wir
The full problem is quite complex, because the disorder a
the exchange perturbations have both intrasubband and i
subband couplings. In the following we discuss three lim
ing situations for the time evolution of the polarization in th
presence of spin-conserving elastic scatterings and spin
exchange couplings:~i! exchange and scattering in the ind
pendent CCM model;~ii ! intersubband scattering among th
different subbands and intrasubband exchange coupling;~iii !
intersubband exchange coupling and intrasubband scatte
processes.

(i) Independent CCM subbands.Let us initially focus on
the one-subband model. An elastic scattering can o
change the sign ofKY . Since for n5n8 the spin-mixing
coupling depends only uponuKYu, no interference is possible
between the spin precession and the center-of-mass mo
in the presence of scatterers, which in bulk and quant
wells leads to the well known D’yakonov-Perel mechanis
for the spin relaxation.11 This means that the total spin po
larization at6uKYu never decays but oscillates in time with
period proportional to 1/uVn(KY)u. In a semiclassical pic-
ture, the exciton spin precesses around an effective magn
field Vn(uKYu)êx pointing always along thex direction, inde-
pendently of its propagation direction along the wire axis.
other words, in the independent CCM picture the sp
depolarization rate is not affected by the elastic scatterin
This result is in sharp contrast with the single quantum w
case where such scatterings sensitively modify the spin
polarization rate as compared to the situation witho
disorder.2,3,12 It can be understood if we remember that ev
in quantum wells the depolarization rate remains unaffec
by the forward and backward (K'↔2K') scattering pro-
cesses, which leaves unchanged the spin-mixing effec
magnetic field: the irreversible~D’yakonov–Perel-like! de-
polarization appears because of the scatterings in diffe
in-plane directions, which processes become quenche
quantum wires because of the confinement along thex direc-

e
-

FIG. 3. Average spin-flip time for a thermal distribution of e
citons in the ground independent CCM subbands~see text!.
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1896 PRB 60D. LAROUSSERIE AND R. FERREIRA
tion. Finally, for a gas of independent excitons, the aver
spin-flip rate in the presence of disorder is equal to the
for free excitons@Eq. ~4!#.

(ii) Role of the intersubband scatterings.Let us discuss
now how the disorder induced coupling between differ
CCM motions affects the spin depolarization. Because of
elastic processesun,KY(n) ,s&˜un8Þn,KY(n8)

8 ,s85s&, an
exciton spends its time among the different levels at cons
energy. The random sequence of intersubband scatte
events gives rise to a random variation of the exciton w
vector and thus of the magnitude and direction of the eff
tive magnetic fieldVn(uKYu)êx ‘‘seen’’ at each subband. In
fact, as shown above, for fixedn, the sign of the spin-
coupling termLn(KY) changes atKn , so that for a fixed
exciton total energy the effective fields can have differ
signs for different subbands. As a consequence, in the reg
of frequent elastic intersubband scatterings, the mean s
mixing coupling ‘‘felt’’ by one exciton with fixed total en-
ergy « is ^V(«)&5SnVn(KY(n))Pn /SnPn , wherePn5u@«
2«n(0)#/KY(n) is proportional to the one-dimensional de
sity of states of thenth parabolic subband at the excito
energy«n(KY(n))5« andu is the step function. We show a
solid lines in Fig. 4^V~«!& as a function of the reduce
energy @«2E1#/(E22E1) for two parabolic wires: LX
5500 and 1000 Å. In the semiclassical picture,^V(«)&êx
plays the role of a mean effective field around which t
exciton spin precesses. The spin evolution takes place in
z-y plane, sinceVn(KY)êx always points out along the~posi-
tive or negative! x axis. As a consequence, the polarizati
lost in one subband would be partly recovered after one s
tering which reverses the sign of the effective field. We c
show that at timetN5Nt* ~afterN collisions! the semiclas-
sical z component of the spin,S(tN), reads in the frequen
scattering regime:

SZ~tN!5SZ~0!exp$2tN /tS%cos@^V~«!&tN#, ~6a!

2/tS~«!'^@V~«!2^V~«!&#2&t* . ~6b!

FIG. 4. Energy dependence of the average effective field^V&.
Parabolic wire:LX5500 Å ~full line! and 1000 Å~dashed lines!.
LZ535 Å. The reduced energy is@«2E1#/(E22E1).
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Thus, in the general case, the time evolution is harmonic
damped. For the exciton energies where the mean field v
ishes, the spin polarization decays with the rate^V2&t* /2.
Such inhibition of the spin depolarization in the freque
scattering regime is due to the interplay between scatte
and spin coupling for an ensemble of independent wire s
bands. This interplay is at the origin of the motional narro
ing effect which characterizes the D’yakonov–Perel-like
reversible spin relaxation in single wells.11 In fact, both the
amplitude and the energy period of the oscillations in Fig
decrease when the wire confinement decreases: for a fi
reduced exciton energy@«2E1#/(E22E1), one finds that
^V&˜0 whenLX˜`. In addition, for a fixed exciton en
ergy «, we can show that the mean field goes to zero,
agreement with the isolated well situation, where the
plane angular average vanishes for a fixed in-plane kin
energy. The mean squared coupling^V2(«)&, on the con-
trary, remains finite whenLX˜` @these two results can b
readily obtained by using Eq.~3! with F@qX(n),Y#'1#. In
conclusion, Fig. 4 and Eq.~6! show that the spin-flip proces
due to the disorder-induced coupling between different CC
motions is enhanced with increasing wire confinement, si
both u^V~«!&u and ^V2(«)& increase whenLX decreases.13

(iii) Role of the intersubband exchange couplings.Finally,
a motional narrowinglike relaxation of the exciton polariz
tion is obtained when we consider the intersubband excha
coupling between states with the sameKY in the presence of
intrasubband assisted scatterings. In fact, as shown abo
linear-in-KY coupling exists between CCM states with d
ferent parities and spins. This implies, in particular, the e
istence of a nonvanishing interference between, say,
states uA&5un,s,KY& and uB&5un11,2s,2KY&, corre-
sponding to the two different paths connectinguA& to uB&: ~i!
one elastic scattering followed by the intersubband coup
at 2KY and~ii ! one intersubband coupling at1KY followed
by one scattering inside then11 dispersion. We show in
Fig. 5 the results for the time-evolution of the polarizatio
obtained by solving numerically the coupled set of equatio

FIG. 5. Numerical simulation of the time evolution of the sp
polarization ~vertical log scale! within the four-level model~see
text! in the presence of assisted scattering (t* 52 ps) and for dif-
ferentV inter andv values.



s

ig

s
ia

th

co
e
in
E

lso
s
pi

te
e
nt

n
ge

t

r-

ts
th

ts

iv
t

a-
e

o
f
ar
io
e
te

d
em
lly
ic
n

riz

e

ex-
sub-
pin-
, a
dif-
ond

the
in-

as-
ing
ials
e
e
s-
is-

-
of

Eq.
e-

e

e

ent

nal

t

PRB 60 1897SPIN DEPOLARIZATION FOR EXCITONS IN QUANTUM WIRES
for the 434 density matrix for two coupled CCM motion
~four level model:un,61& andun11,61&!. The scattering is
accounted for by introducing a random variation of the s
of KY with probability 1/t* , when solving the free evolution
inside each consecutive intervalDt!t* ~assuming for sim-
plicity the same scattering probability for the two subband!.
We see clearly that the polarization decreases exponent
to zero in the strong scattering regime (V intert* !1), where
the spin relaxation timetS is roughly given by

1/tS5~1/2!t* ~V inter!
2/@11~t* v!2#, ~7!

with \V inter the inter-CCM linear-in-KY coupling energy.
We recognize the inhibition of the depolarization due to
energy separation\v of the interacting ‘‘up’’ and ‘‘down’’
levels. These results emphasize the existence of two
plings governing the spin depolarization in this regim
namely, the spin-mixing intersubband coupling and the sp
conserving intrasubband scatterings. We can show that
~7! leads to a constant rate 1/tS whenLX˜` andn˜` for
fixed KY and fixed exciton energy~i.e., with hn /LX

2 con-
stant!, as expected for the isolated well limit. We have a
obtained that for fixedn andKY the spin-flip rate increase
whenLX decreases in the weak confinement regime, in s
of the fact that\v also increases.14

Let us finally stress a last point concerning the wire sta
We have assumed up to this point that the wire confinem
was along theX axis. Let us consider now a confineme
along an arbitrary axis in the (x,Y) plane and define the
(X8,Y8) frame withX8 along the new confinement directio
and Y8 the new wire axis. In this new frame the exchan
coupling interaction is exactly the same as in Eq.~2! ~with
Y˜Y8 and X˜X8! except for a multiplicative constan
phase factor equal to exp$i(s2s8)a%, wherea is the angle
between theX andX8 axis. Consequently, the energy dispe
sions ~and the absolute value of the spin couplings! do not
depend upona. Concerning the spin-depolarization effec
discussed above, the new effective field around which
spin precesses always has the same magnitude but poin
along a different direction. When the confinement axis isY,
a5p/2, the spin-splitting changes sign and the effect
field points out along the opposite direction with respect
the one obtained for a confinement alongX. For a5p/4, it
points out along theY direction and so on... . The depolariz
tion mechanisms discussed above are however insensitiv
the value ofa.

In conclusion, we summarize our results for the excit
spin states in weakly confining wires.~i! In the absence o
scatterings,KY is a good quantum number and the station
states are mixed spin levels forming complicated dispers
subbands.~ii ! When the intersubband couplings are n
glected, we find in the time domain that the spin oscilla
irrespective of possible intrasubband elastic scatterings.~iii !
When elastic intersubband scatterings are considered an
intersubband exchange couplings are neglected, the s
classical time evolution for the exciton spin is harmonica
damped: it oscillates around an effective average field wh
points along the wire confining axis and whose direction a
magnitude depend upon the exciton energy. The depola
tion rate is inversely proportional to the scattering one.~iv! A
motional narrowinglike contribution to the relaxation of th
n
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spin polarization appears also when the intersubband
change couplings are considered in the presence of intra
band assisted scatterings. For the study of the s
depolarization of a distribution of photoexcited excitons
more detailed model, incorporating simultaneously these
ferent contributions, is necessary; this is, however, bey
the scope of this paper. Our main aim here was to discuss
three contributions to the spin depolarization, which all
crease when the~weak! wire confinement increases.

IV. STRONG CONFINING WIRES

We are interested here in the low-lying exciton states
sociated to the first interband transition. The correspond
electron and hole levels are confined by the wire potent
along thez andx directions~the wire axis is taken as befor
along they direction!. In order to evaluate the role of thes
strong~vertical! confinements on the spin properties we a
sume in the following that the conduction and valence d
continuities in bothz and x directions are infinite. The mo
tions alongz andx are then separable and, in the absence
exchange interaction, the low-lying heavy exciton~pure
spin! levels of the wire read

C5f~ze!x~zh!j~xe!h~xh!F1S~y!exp~ iK YY!/ALY ,
~8a!

«n~KY!5Ee1Eh1Ex2E1S1\2KY
2/2M , ~8b!

where the first two and the last terms are the same as in
~1!. The third and fourth terms account for the wire confin
ments~total energy confinementsEx5\2p2/(2mLX

2) for the
electron-hole pair!. We assume for the relative motion th
variational wave function:F1S(y)5Nl exp(2y2/l2) wherel
is the variational parameter andNl the normalization
constant.15 The heavy states in Eq.~8! are fourfold degener-
ate when we consider the electron and hole spins~s561,
62 for the z component of the exciton spin!. For a given
wire ~fixed f, x, j, h, andF1S! the quantum wire states ar
specified by two quantum numbers,us;KY&, and form a
parabolic dispersion as a function ofKY .

Following the same lines leading to Eq.~2!, the nonana-
lytical exchange matrix elements in the strong confinem
regime are of the form

^suHexc~KY!us8&5C1E dQXF@qX,Y#u f ~QX!u2

3$QX
21ss8KY

2%/qX,Y , ~9a!

f ~QX!5^j~x!uexp$ iQXx%uh~x!&

5sin~uX!/@uX~12uX
2/p2!#, ~9b!

where C15(3/32p)DELTuF1S(0)/f3D(0)u2, uX5QXLX/2
and the other quantities are defined in Sec. II. The diago
and the spin-mixing couplings in Eq.~9! differ from the cor-
responding ones in Eq.~2! by the multiplicative constan
related to the relative motion and by the functionf (QX) in
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the integral. However, most of the qualitative discussion p
sented in Sec. II within the independent CCM subban
model apply also for the present CEH case. In particula
follows from Eq. ~9! that the exchange splitting is finite a
the subband edge, decreases and vanishes at a particulKY
value and then increases again in absolute value with
creasingKY . We obtain also similar results for the spin d
polarization rate, as shown in Fig. 6 where we show
temperature dependence of the mean spin-flip time for
ferent wire parameters~LZ5100 Å andLX5200, 250, and
300 Å! calculated using Eq.~4! with n51. We note the same
qualitative behavior as in Figs. 2 and 3. For fixedLZ , the
spin splitting at bothKY50 and largeKY values are in-
versely proportional toLX . This explains why the low tem
perature and the high temperature asymptotes in Fig. 6
LX dependent.

Nishimura et al.16 and Sogawaet al.17 have performed
experimental studies of the spin-depolarization rate in qu
tum wires. The first authors measured a smaller exciton
polarization time in the wires with respect to a single w
and obtained qualitatively the same variation as a function
the temperature for the spin-flip time as the ones in Figs
3, and 6. Their times for a strongly confining wire are, ho
ever, larger~maximum value for the spin-flip time'500–
600 ps! than the ones we have calculated. The second
thors measured a spin-flip time which decrea
quasimonotonously in the investigated temperature range
addition, the measured relaxation time is longer in quant
wires with respect to the one in a single quantum well. Th
discrepancies can be due to the presence of disorder in
structures investigated.18 First, the wire-to-well comparison
between the spin-flip times are haphazard, since the quan
well depolarization is in the general case sam
dependent.2,3,12Second, the results of the two groups for t
wire structure can equally be affected by the sample qua
The proper analysis of the role played by the defects on
spin depolarization is beyond the scope of this work.19 We
consider here, nevertheless, very briefly the role of local
tion in the spin depolarization of the wire excitons within

FIG. 6. Temperature dependence of the average spin-flip
for a nondegenerate exciton gas in different vertical wires:LZ

5100 Å andLX5200 Å ~lower!, 250 Å ~middle!, and 300 Å~upper
curve!.
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crude model. We assume the presence of weak attrac
defects which are able to bind the exciton center-of-m
along the wire axis. In this case, we can evaluate to
lowest order the spin-mixing perturbation which lifts the sp
degeneracy of the bound states:

DE~ l Y!5(KY
ug~KY ;l Y!u2DE~KY!, ~10!

where DE(KY) is the spin splitting for free wire exciton
@see, e.g., Eq.~9!#, g(KY ;l Y) is the Fourier transform of the
bound level envelope, andl Y its characteristic spatial exten
sion. The important point which clearly follows from Eq
~10! is that the spin splittings of the quasizero-dimensio
bound exciton states do not vanish in the general case s
DE(KY) is an even function ofKY , but can be positive or
negative depending on the localization lengthl Y ~for fixed
LX andLZ thicknesses20!. In order to illustrate this point, we
assume a Gaussian-like form for the bound level envelop
In addition, we take the rough dependence«Y'2V0

1\2/2M l Y
2,0 for the binding energy in a potential of dep

V0 . This follows the work by Bellessaet al.,18 where the
localization effects are mainly associated to the presenc
defects with same depth~the one due to a one-monolaye
fluctuation! but with different widths along the wire axis. W
have found numerically that the spin-splitting is positive f
the deeper states localized in large defects~large l Y!, de-
creases whenl Y decreases and can become negative for
states localized in narrower defects, depending on the po
tial depthV0 . This can be qualitatively understood as fo
lows: the deeper levels~localized in wider defects! are
mainly formed from smallKY plane waves, which have
positive splitting, whereas shallow levels~localized in nar-
row defects! contain also contributions of free states wi
negative splitting. In the evaluation of the average sp
depolarization rate for a thermal distribution of excitons, w
should also consider in Eq.~4! the contribution of the bound
levels. For that we use a model one-dimensional density
states: r(«Y)5exp$2(«Y /g)2%/Ag for «Y<0 and r(«Y)

e FIG. 7. Temperature dependence of the spin-flip time for diff
ent broadenings and potential depths. Solid line:g50. Dotted line:
g51.5 meV; V055 meV. Dashed line:g53 meV; V0510 meV.
LX5300 Å andLZ5100 Å.



-
f t
th
e
e
tu
,

av

f

af-

us-
s.

PRB 60 1899SPIN DEPOLARIZATION FOR EXCITONS IN QUANTUM WIRES
51/$«Y
21g2%1/4 for «Y>0, whereg is the broadening param

eter. We present in Fig. 7 the temperature dependence o
spin-flip time for different broadenings and potential dep
~LX5300 Å; LZ5100 Å!. For comparison, we redraw th
g50 curve ~solid line! from Fig. 6. We observe that th
presence of defects leads to a rather different tempera
dependence for the average spin-flip rate. In particular
increasesthe mean depolarization time.

In conclusion, we believe that the mechanisms we h
discussed in this work are pertinent for the understanding
the dynamics of the spin depolarization forfree excitons in
quantum wires. In addition, we have shown in the frame o
ics
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simple model that the localization effects can sensitively
fect the spin depolarization for excitons inactual quantum
wires.
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che Associe´e au CNRS~URA 1437! et aux Universite´s Paris
6 et 7.’’
with
-

ibe

.
.
nd

tors

in-

nd

by
-

of
rge
the

-

r

1L. C. Andreani, inConfined Electrons and Photons, New Phys
and Application, Vol. 340 of Nato Advanced Study Institute
Series B: Physics, edited by E. Burstein and C. Weisbuch~Ple-
num, New York, 1995!.

2M. Z. Maialle, E. A. De Andrada e Silva, and L. J. Sham, Ph
Rev. B47, 15 776~1993!.

3A. Vinattieri, J. Shah, T. C. Damen, D. S. Kim, L. P. Pfeiffer, M
Z. Maialle, and L. J. Sham, Phys. Rev. B50, 10 868~1994!; L.
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