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Spin depolarization for excitons in quantum wires
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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 dependeh86163-182609)08227-2

I. INTRODUCTION weak enough, as compared to the scattering broadening, im-
plying a motional narrowing-like regime for the spin depo-
The fine structure of the exciton levels in bulk semicon-larization. In this regime, for a nondegenerate gas of inde-
ductors is governed by the spin-dependent exchange interapendent excitons, the linear-K; (Ref. 5 coupling leads to
tion, which has two distinct parts: the analytical and thea linear-inT dependence for the spin-depolarization rate with
nonanalytical contributions. For a review of the main spin-temperature.
dependent features related to the exchange coupling in bulk We consider theoretically in this work the exchange cou-
semiconductors, see for instance, Ref. 1. Various recent exling for excitons in two different quantum wire structures:
perimental and theoretical works are devoted to the study ofi) in weakly confining wiregsuch as the ones built out of a
the role played by the confinement on the spin relaxation othin quantum well by, say, a lithographic techniGuandii)
excitons in semiconductor quantum wélfsMaialle etal.  in strongly confining wiressuch as the ones obtained by
have deduced the effective exchange Hamiltonian acting odirect growth on a substrate, as in V-groove structregy
the ground-heavy excitons of a quantum weFor these  weak or strong confinement we mean that the energy shift of
structures, one diagonalizes the bulk exchange coupling othe low-lying exciton levels due to the wire perturbation is
the basis of the pure-spin exciton levels with the same insmall or large as compared to the binding energy of the
plane center-of-mass wave vector = (K ,Ky). In fact, the  ground exciton of the underlying quantum well exciton. In
translation invariance implies that only states with the samehe first case, one assumes that only the center-of-mass mo-
in-plane free motion are coupled by the exchange interactionion is affected by the wire potentials: this is the confined
Also, for thin wells one can neglect the analytical term whichcenter-of-mas$CCM) regime. In the second case, the elec-
introduces only weak nonresonant couplings between thgon and hole confinements are independent: confined elec-
low-lying heavy states with excited light excitons. In addi- tron and hole(CEH) regime. The motion is free along the
tion, the resonant nonanalytical interaction between thevire axis and, in the absence of spin-dependent couplings, a
heavy excitons does not couple the optically “active¥  one-dimensional parabolic dispersion is associated to each
=+1 (Ref. 4] and the inactive §==*2) states. Under CCM or CEH level. The wire states then form a series of
these approximations one obtains the effective exchangene-dimensional subbands.
Hamiltonian acting on the only active ground-heavy excitons Let us take the free wire axis along tivedirection. The
of a thin quantum well by averaging the nonanalytical bulk CCM levels can be thought of as formed by combining, say,
exchange perturbation over the independent electron antie +K, and —Ky quantum well plane waves. A¢,=0,
hole confined motions in the well and over th&-ike rela-  the single well exchange coupling is the same for thié€y
tive motion for the electron/hole pair. Maiallet al? ob-  propagative states. Consequently, as we show below, the
tained a spin-diagonal term proportional Ko and a spin- edge states of the wire subbands are spin lifted. This is in
mixing term proportional to Ky+iKy)%K,, besides a striking contrast to the quantum well case where the spin
K, -dependent form factdf(K ) reflecting the electron and splitting vanishes at the two-dimensional subband edge.
hole independent confinements by the quantum well potenwith respect to the spin depolarization at low temperatures
tials (with F[0]~1). Thus, for thin wells, the diagonal and (low enough compared to the wire confinement energy and
spin-mixing exchange couplings between the optically activesuch that, say, only the ground wire subband is populated
+1 ground-heavy exciton states are equal in magnitude anthis important result has two main consequen¢egshe cal-
roughly proportional to the in-plane exciton wave vectorculated exciton spin-depolarization time does not diverge, as
K, .° Various experimental works were reported concerningn the quantum well case, but is governed by the exchange
the spin depolarization of photocreated excitons in intrinsiccoupling of the ground subband eddié) increasing the wire
wells [see for instance Ref. 3 and references thér&dme  confinement leads to a larger spin splitting of the wire edge
generally assumes that the exchange-related spin coupling s¢ates and thus to a larger spin-depolarization rate. The exci-
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ton levels and spin depolarization in the weak confinement 05
regime are discussed in Sec. Il and Sec. Ill. We show in Sec

IV that similar results are obtained in the strong confinement 04
regime. Finally, the effect of localization on the spin-

depolarization rate is discussed in Sec. IV within a simpleg 03 =
model. H £o4
Boat 2
II. WEAKLY CONFINING WIRES: ENERGY
DISPERSIONS 01 b 02 b

For weakly confining quantum wires we assume that the
relative motion of the electron-hole pair is “frozen” in the 000 001 002 003 004 00 o0 002 003 oos
1S quantum well state and only the center-of-mass motion is K (A K, (A"
affected by the wire perturbations for the electron and hole. ) ) )

The exact form of the confining wire potentials depends on FIG. 1. Full lines: energy dispersionsie(Ky)=e(Ky)
the growth parametefd. In order to evaluate the role of the —#1(Kv) for a GaAs-based wirel; =35 A). Dotted lines: inde-
weak one-dimensional confinement on the spin propertieéiendenf&.CCM aEproxmatlon(a) Parabolic conflr)ement:l_.x
we consider here two particular profiles for the center-of-_ éggg/&j 52:51;8'83?;2\6/\/' (b) Square well confinement:
mass confinement along, say, tkedirection: a parabolic rm2 T '

wire and a hard square well wire. Within the effective mass ) ) ) )
approximation, in the absence of exchange interaction, thalong the wire axis are coupled by the exchange interaction.

low-lying heavy exciton(pure spin levels of the wire redti I addition, we neglect the analytical term, which introduces
weak nonresonant couplings between the low-lying heavy

] states we are interested in here with excited light exciton
W = p(2e) X(20) 1s(p) Fa(X)eXp(iKyY)/\Ly, (13 states. We neglect also the inactive heavy stétes + 2
dispersiong which are not coupled to the optically “active”

en(Ky) = Eo+ Ep—Eqgt+ En+h2K2/2M, (1 [o==*1 (Ref. 4] ones by the resonant nonanalytical inter-
action. Finally, for eaclKy value, the numerical basis for the

where the first two terms account for the ground confineo‘:"’um"l_atlons S spanned by theN2states|n=1,..N; o
electron and heavy hole levels of the wabnfinement en- - il_’ Ky) with .N large enough tq ensure a convergence_for
ergiesE, andE,,, respectively, the third one for the relative the first few m.|xed states. In this basis, .the nonanalytical
motion (binding energyE;s),° the fourth one for the confined exchange matrix elements are of the form:
center-of-mas$CCM) states and, finally, the last one for the

free center-of-mass motion along the wire axis. The CCM . .
energies are, to a good approximatidh,= 7,%%/(2ML%) (n,oHexdKy)In', o >:COJ dQxFLax,v]fa(Qx)

with 7,=(2n—1)(M/u) (n,=n?x?) for the parabolic

(vertica) wire? n=1; M and x are the total and reduced XF0(Qx) T o 1Ax,v s 2

in-plane exciton masseky is the effective wire width. We
assume for the relative motion a variational wave functionwhere Co=(3/16)AE 1| W15(0)/$3p(0)|% ¢3p(0) is the
I (p) =N, exp(—p/\) where\ is the variational parameter three-dimensional exciton envelope function at zero relative
andN, the normalization constaftn the weak confinement distance;AE, 1 is the bulk longitudinal-transverse splitting;
or center-of-mass confinement regime there,ig>\ (=100  qxy=(Q%+K%)¥% T, ,,=(Qx—0iKy)(Qx+0'iKy) and
A for GaAs based structuresThe heavy states in E¢L) are  f,(Qy) is the Fourier transform df,(X). Equation(2) was
fourfold degenerate when we consider the electron and holebtained after averaging the bulk nonanalytical perturbation
spins(o=*+1,+2 for thez component of the exciton spin  over the independent electron and hole confined motions in
For a given underlying quantum wefixed z., z, and rela-  the well and over the $-like relative motion for the electron/
tive electron-hole motionsthe quantum wire states are hole pair, like in the quantum well case, as well as over the
specified by three quantum numbelrs,o;Ky), and are or- F,(X) and F,,(X) CCM motions. Note that the exchange
ganized in adense series of parabolic dispersions as func- matrix element(n,o|He{Ky)|n’,o’) has both intra- if
tion of Ky. In the calculations below we use the following =n’) and inter- i#n’) confined level elements. Note also
parametergwhich correspond to those of the GgA®osi- that for a given ,n’) pair, both spin-conservingo(= o)
tion independent massesmgy y z)=0.06Tg; Myx y) and spin-mixing ¢# o) couplings are present. Note finally
~0.1Im, and myz~0.38M,. The position independent that the diagonal £=o¢') and spin-mixing ¢+ ') terms
relative dielectric constant is equal to 12.5 in the calculatiordo not necessarily vanish Kt,— 0. Altogether, these differ-
of the ground exciton level. Offset discontinuitie¥z  ent contributions lead to the full energy dispersiofKy)
~277meV andVy~142 meV (except in the last section, shown as solid lines in Fig. 1(For clarity, in Fig. 1 the
where these discontinuities are assumed infinitéhe sub- ground parabolic ternz;(Ky) was subtracted frone(Ky)
script “E” holds for electrons and H” for heavy holes. and also only the first ten wire dispersions are shownthe

In the following we diagonalize the exchange couptfhg following, we discuss separately these different contribu-
on the basis of the pure spin exciton levels with fix¢d  tions. In particular, the dashed curves in Fig. 1 represent the
[Eqg. (1a)]. In fact, only states with the same free motion independent CCM dispersions discussed below.
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Let us neglect initially the coupling between different characteristic extent Ly principally affects the states in the
CCM states (' =n). In this approximation the wire states reciprocal space withir=1/Ly .
are spin mixed but have a well-defin&dparity [the one of It is interesting to point out that all these results for the
F.(X) for thenth independent subbahdrhe energies of the independent CCM dispersions can be easily recovered within
independent CCM dispersions are, . (Ky)=&,(Ky) @ simple frame, as follows. For threh level, the|f,(Qx)|®
FA(KY) F[A(KY)| with Ay(Ky)=(n,0|HedKy)|n,0)  terms in Eq.(2) are even inQy and hgavily peaked around
the diagonal and\ ,(Ky)=(n,a|HedKy)In—a) the spin- Qx~*Qxm - The exchange couplings are then roughly
mixing couplings. It is instructive to consider three particular€dual to
situations. ) 5 s

(i) Spin splitting at the subband edgegrst of all, note (M |Hexd Ky)In, ") Flaxn) vI{ Qk(n) + o0 KiH Ux(n) v
that at the subband edgeK{—0) the diagonal and spin- 3
mixing couplings between the optically activel heavy ex- with qX(n),Y:(Q)Z((n)+K\2()1/2- This formula displays clearly

F:ltpns are equal and do not yan|9t};(0)=An(O)¢O. This the main characteristics of the energy dispersion discussed in
is in striking contrast to the single quantum well case, whergqe yhree sjtuations above and, in addition, fits reasonably
only moving excitons are spin mixedinear-in«, cou-  \ye|l the full numerical results shown as dashed lines in Fig.
pling). We find numerically that the resulting energy splitting 1 (the agreement is better for the vertical confinement)case
Dn=2|A(0)| depends om (it increases monotonously with |t is worth noticing that the exchange coupling at firkte
n) and on the characteristic wire widthy (it is roughly  can become larger than the center-of-mass confinement en-
proportional to 1Ly). In fact, we have found numerically ergy due to the wire. This leads to a series of energy cross-
thatD,~\E, and thatD,, is roughly equal to the exchange ings between levels belonging to different CCM subbands:
splitting of the single well states witl, =(+Qx(,),Ky  for instance, the high energy spin-mixed level of thi
=0) whereQyy is such thati’Qy,?/2M =E,,, namely, ~subband and the low energy one of tinth subband, with
Qx(my= 7" Lx. Thus, the splitting at thath band edge is M>n:e, (Ky)=em _(Ky). Let us consider now the
rough|y equa| to the one of the quantum well p|ane Waveggaxchange-induced Couplings between different CCM states
which most heavily contribute to theth CCM stationary (0’ #n). We distinguish two contributions: the term diago-
wire level. nal in spinT, , and the term inQ{—K% of T, _, couple

(i) Intermediate K, states At Ky+0 the integrals involy- ~ States of the samx parity, whereas the terms iyQy of
ing the ~K,Qy terms of T, ,, vanish and only theQ? T, —, couple states of different parities. We can ne\_/ertheless
n K\Z( (the Q)z(_ K\z() terms contribute to the diagonéb the show on general grounds that only the latter can lift the en-

Y ) . : ergy degeneracy &y#0 between two levels of different
spin-mixing part. Thus, the spin-conserving coupling energyinggpengent CC>I/\/I st;\tes This means that only the crossings
increases monotonously with increasiigy,. The spin- X

o I ! between levels of CCM subbands with different parities are
mixing term, on the contrary, initially decr.eases, \{anlshes abossibly lifted. More than that, since they are roughly pro-
a given wave vectoKy=Qyy, changes sign and increases ,tional to the intersubband “velocity” matrix element
again in absolutel value .whehy—mo.. Thls result is in Vpm={(Fn(X)| = d/dX|F (X)), we find that in the case of a
marked contrast with the single well situation, where the SPiharabolic wire, only the energy crossings between consecu-
splitting increases monotonously with increasin@%, tive oscillators(those between any two states with different
+K\2()1’2 for fixed Qx(,) . Also, for finite wave vectors we parities for a vertical wirg are replaced by anticrossings.
obtain|\,(Ky)|#|A,(Ky)], in contrast again with the quan- These trends are observed in Fig. 1. In conclusion, in spite of
tum well situation, where the diagonal and spin-mixing cou-the fact that the full dispersions in Fig. 1 are complicated,
plings are equal in absolute value for ady value. For 0 their main qualitative aspects can be satisfactorily anticipated
<Ky<Qy(n the spin splitting decreases roughly quadrati-by just considering a few intra- and intersubband exchange-
cally from its edge value: |A (Ky)|=D,—A,(Ky)?. At related couplings. Note finally that in the absence of\the,
Ky=Qy(n the spin coupling vanishes\,(Qy)=0, the terms, the CCM wire states would have a well-defined parity.
two eigenenergies cross and the eigenvectors are, in this iloth the quantum well plane-wave limit for the envelopes
dependent CCM model, purel states, whereas they are along thex direction and the linear-ik, quantum well spin
completely mixed forKy# Qyn . We have found numeri- splitting can only be properly recovered af—o when
cally thatQy,~Qxn - The existence of the energy cross- these spin- and parity-mixing couplings are accounted for.
ing atQy(, can be traced back to the fact that in our struc-

tﬁre the Enetli_energy along thégwectlon is comp_ara_bl_e to IIl. WEAKLY CONFINING WIRES:

the weak confinement energy ue.to the wvehile it is SPIN DEPOLARIZATION

much smaller than the energy confinement along the quan-

tum well growth axi$. The o= =1 pure spin levels are not eigenstates of the full

(iii) Large Ky states.Let us finally consider the behavior Hamiltonian with exchange interaction. An exciton initially
of the wire energies for large wave vectoks;> Qv . In in the|n; ;o ;Ky) state would evolve in time because of the
this limit |\ ,| =| A ,| =linear-inKy and the spin splittings for intra- and the intersubband couplings. The former leads to a
the different decoupled CCM states are roughly the same arfitarmonic evolution with frequency|Q,(Ky)|, where
equal to the one linear-iK~, for the single underlying quan- Q,(Ky)=2A,(Ky)/%. The latter render the time evolution
tum well state with the sami€y andKy~0. This is consis- more complex. Let us here neglect the intersubband téams
tent with the fact that a perturbation in the real space withfair approximation for not too wide wirgsand consider the
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FIG. 3. Average spin-flip time for a thermal distribution of ex-

average spin-flip rate for nondegenerate gas of independefifons in the ground independent CCM subbataks text

free excitons:
It is well known that scattering processes sensitively af-
fect the spin-depolarization rate of free carriers and excitons
Q, = Q;|exp|— Be; expl— Bei}, 4 X ) g
([ inea) Z |Qilexe '88'}/ 2.: A-Beit ) in bulk!* and quantum well$3'? Let us consider their im-
where the summations are performed over all the subbancfl)sﬁrtance on the spin relaxation of excitons in quantum wires.
P e full problem is quite complex, because the disorder and

and wave vectors:i={n,Ky}, ei=g,(Ky), and Q; ) : v
—Q,(Ky). We show in Fig. 2 the temperature dependencethe exchange perturbations have both intrasubband and inter

P : . subband couplings. In the following we discuss three limit-
Of- the spiniip time defined aST/<|Qi”“aI> for d|ffere|jt - éng situations for the time evolution of the polarization in the
variation, namely, the average time initially increases slowly,presence of spip-copserving elastic scatteri.ngs' and slpin-flip
reaches a maximum value and thus decreases with increasif§change couplingsi) exchange and scattering in the inde-
temperature. The presence of the maximum is due to the€ndent CCM modelii) intersubband scattering among the
vanishing of the spin coupling at a given finkg value. The  different subbands and intrasubband exchange couling;
temperature for the maximum time is roughly proportional tointersubband exchange coupling and intrasubband scattering
the CCM confinement energy and is larger for the verticalPrOCESSES.
confinement casgFig. 2(b)]. These trends can be fully un- (i) Independent CCM subbandset us initially focus on
derstood if we consider the average depolarization rate foihe one-subband model. An elastic scattering can only
the ground independent subband within the approximatiomhange the sign oKy. Since forn=n’ the spin-mixing
given in Eq.(3). In this casen=1 in Eq.(4) and the average coupling depends only updKy/|, no interference is possible
spin-flip time defined as= /(| Qipyan-1)|) reads between the spin precession and the center-of-mass motion

in the presence of scatterers, which in bulk and quantum

wells leads to the well known D’yakonov-Perel mechanism
T(O)/T(T)=2[a/77]1/2f dXF[ Qy1)(1+x3)Y2] for the spin relaxation! This means that the total spin po-
larization at= |Ky| never decays but oscillates in time with a
xexp{—ax?}|1-x?/[1+x*]Y2  (5)  period proportional to 12,(Ky)|. In a semiclassical pic-

ture, the exciton spin precesses around an effective magnetic
with a=E;/KgT and 7(0)=7/|Q;(0)|. We present as a field Q,(|Ky|)&, pointing always along the direction, inde-
solid line in Fig. 3 the temperature dependence of the ratipendently of its propagation direction along the wire axis. In
7(T)/7(0). Wetake F[q]=1 in this figure. In this case, at other words, in the independent CCM picture the spin-
low temperature £>1) we have approximately(T)/7(0)  depolarization rate is not affected by the elastic scatterings.
~1+3/(4a) and at high temperatureacl), there is This result is in sharp contrast with the single quantum well
7(T)/7(0)~[ ma]"% These results are shown, respectively,case where such scatterings sensitively modify the spin de-
as dotted and dashed lines in Fig. 3. Thus, the spin-flip timgolarization rate as compared to the situation without
7(0)=%A/D1%Ly is finite atT=0K, increases slightly with  disorder*3*?It can be understood if we remember that even
T at low temperatures, reaches a maximum n@g in quantum wells the depolarization rate remains unaffected
=E,/Kgx1/L%, and then decreases like °° at high tem- by the forward and backwardK( < —K,) scattering pro-
peratures. These approximate results fit quite well the fulcesses, which leaves unchanged the spin-mixing effective
calculated curves in Fig. 2. Note, however, that the solid linenagnetic field: the irreversibléD’yakonov—Perel-likg de-
in Fig. 3 approaches its asymptotic decrease at high temperpelarization appears because of the scatterings in different
ture rather slowly. In fact, for ¥KgT/E;=<100, its decrease in-plane directions, which processes become quenched in
is best fitted by a ~ %6 law. quantum wires because of the confinement along(tlieec-
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polarization (vertical log scalg within the four-level model(see

tion. Finally, for a gas of independent excitons, the averag ggnu&the zrn%sznvc;uc;fsassusted scattering £ 2 ps) and for dif-
inter .

spin-flip rate in the presence of disorder is equal to the one
for free excitond Eq. (4)].

(i) Role of the intersubband scatteringset us discuss Thus, in the general case, the time evolution is harmonically
now how the disorder induced coupling between differentyamped. For the exciton energies where the mean field van-
CCM motions affects the spin depolarization. Because of thgshes, the spin polarization decays with the réfE?)7*/2.
elastic processei&n,KY(n),a>—>|n’¢n,K;(n,),a’=o), an  Such inhibition of the spin depolarization in the frequent
exciton spends its time among the different levels at constargcattering regime is due to the interplay between scattering
energy. The random sequence of intersubband scatterirand spin coupling for an ensemble of independent wire sub-
events gives rise to a random variation of the exciton wavéands. This interplay is at the origin of the motional narrow-
vector and thus of the magnitude and direction of the effecing effect which characterizes the D’yakonov—Perel-like ir-
tive magnetic field),(|Ky|)&, “seen” at each subband. In reversible spin relaxation in single welfsin fact, both the
fact, as shown above, for fixed, the sign of the spin- amplitude and the energy period of the oscillations in Fig. 4
coupling termA ,(Ky) changes aK,,, so that for a fixed decrease when the wire confinement decreases: for a fixed
exciton total energy the effective fields can have differentreduced exciton energys —E;]/(E,—E;), one finds that
signs for different subbands. As a consequence, in the regin{é))—0 whenLy—o. In addition, for a fixed exciton en-
of frequent elastic intersubband scatterings, the mean spi®rgy &, we can show that the mean field goes to zero, in
mixing coupling “felt” by one exciton with fixed total en- agreement with the isolated well situation, where the in-
ergy & is ((&)) =2 Qn(Ky(n) Pn/2nPy, whereP,=60[¢  plane angular average vanishes for a fixed in-plane kinetic
—&n(0)1/Ky(ny is proportional to the one-dimensional den- energy. The mean squared coupli@?(¢)), on the con-
sity of states of thenth parabolic subband at the exciton trary, remains finite wheh y—o [these two results can be
energye,(Ky(n) =& and @ is the step function. We show as readily obtained by using Ed3) with F[qx( v]~1]. In
solid lines in Fig. 4(Q(¢)) as a function of the reduced conclusion, Fig. 4 and E6) show that the spin-flip process
energy [e—E,]/(E,—E;) for two parabolic wires:Ly  due to the disorder-induced coupling between different CCM
=500 and 1000 A. In the semiclassical pictut€)(e))g, ~ motions is enhanced with increasing wire confinement, since
plays the role of a mean effective field around which theboth [(Q(e))| and(Q?(e)) increase wher decreases?
exciton spin precesses. The spin evolution takes place in the (i) Role of the intersubband exchange couplingmally,

z-y plane, sincé),(Ky)&, always points out along thg@osi- @ motional narrowinglike relaxation of the exciton polariza-
tive or negative x axis. As a consequence, the polarizationtion is obtained when we consider the intersubband exchange
lost in one subband would be partly recovered after one scagoupling between states with the sakigin the presence of
tering which reverses the sign of the effective field. We carintrasubband assisted scatterings. In fact, as shown above, a
show that at timery=N7* (afterN collisions the semiclas- linear-inKy coupling exists between CCM states with dif-

sical z component of the spir§(ry), reads in the frequent ferent parities and spins. This implies, in particular, the ex-
scattering regime: istence of a nonvanishing interference between, say, the

states|A)=|n,o,Ky) and |B)=|n+1,—0,—Ky), corre-
sponding to the two different paths connect{ay to |B): (i)

one elastic scattering followed by the intersubband coupling
at —Ky and(ii) one intersubband coupling atKy followed

by one scattering inside the+ 1 dispersion. We show in
Fig. 5 the results for the time-evolution of the polarization
2I1g(e)~([Q(e)—(Q(e))]?) 7*. (6b)  obtained by solving numerically the coupled set of equations

Sz(7n) =Sz(0)exp{ — 7w/ 7sfcog (Q(e))7n], (63
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for the 4x 4 density matrix for two coupled CCM motions spin polarization appears also when the intersubband ex-
(four level model{n,=1) and|n+1,+1)). The scattering is change couplings are considered in the presence of intrasub-
accounted for by introducing a random variation of the signband assisted scatterings. For the study of the spin-
of Ky with probability 1£*, when solving the free evolution depolarization of a distribution of photoexcited excitons, a
inside each consecutive intervat<7* (assuming for sim- more detailed model, incorporating simultaneously these dif-
plicity the same scattering probability for the two subbands ferent contributions, is necessary; this is, however, beyond
We see clearly that the polarization decreases exponentiallpe scope of this paper. Our main aim here was to discuss the
to zero in the strong scattering regim@;,, 7 <1), where three contributions to the spin depolarization, which all in-

the spin relaxation timey is roughly given by crease when theweak wire confinement increases.
Urs=(12) 7™ (Ve /[ 1+ (7* 0)?], (7) IV. STRONG CONFINING WIRES
With % Qe the inter-CCM linear-inky coupling energy. We are interested here in the low-lying exciton states as-

We recognize the inhibition of the depolarization due to theSociated to the first interband transition. The corresponding
energy separatiohiw of the interacting “up” and “down” electron and hole levels are confined by the wire potentials

levels. These results emphasize the existence of two co@ond thezandx directions(the wire axis is taken as before
plings governing the spin depolarization in this regime,along they _d|rect|or)_. In order to evaIuaFe the rolg of these
namely, the spin-mixing intersubband coupling and the spinStrong(vertica) confinements on the spin properties we as-
conserving intrasubband scatterings. We can show that E§UMe in the following that the conduction and valence dis-

(7) leads to a constant raterl/whenLy— s andn—o for continuities in bothz and x directions are infinite. The mo-
fixed Ky and fixed exciton energyi.e., with 7 /L)Z( con- tions alongz andx are then separable and, in the absence of
e, n

stany, as expected for the isolated well limit. We have alsoexphange interaction, the low-lying heavy excitgpure
obtained that for fixedh andKy the spin-flip rate increases spin) levels of the wire read

whenLy decreases in the weak confinement regime, in spite

of the fact thathw also increase¥ W= h(Zo) x(Zp) €(Xe) r;(xh)QJls(y)exp(iKYY)/\/L_,

Let us finally stress a last point concerning the wire states. (8a)
We have assumed up to this point that the wire confinement
was along theX axis. Let us consider now a confinement
along an arbitrary axis in thex(Y) plane and define the

(X’,Y") frame withX’ along the new confinement direction ) ,
andY’ the new wire axis. In this new frame the exchangeWhere the first two and the last terms are the same as in Eq.

coupling interaction is exactly the same as in E2). (with (2). The third and fourth_ terms account for the \évire confine-
Y=Y’ and X—X') except for a multiplicative constant Ments(total energy confinements,=#*m?/(2uL) for the
phase factor equal to efifr—o')al, where is the angle eleptrpn-hole pajr We_ assume for the relative motion the
between theéX andX’ axis. Consequently, the energy disper- Variational wave function®;s(y) = N, exp(—y*/\?) wherex
sions(and the absolute value of the spin couplings not IS the vsarlatlonal parameter anbl) the normalization
depend uponx. Concerning the spin-depolarization effects constant® The heavy states in E¢8) are fourfold degener-
discussed above, the new effective field around which th@te€ when we consider the electron and hole spins +1,
spin precesses always has the same magnitude but points ga€ for the z component of the exciton spinFor a given
along a different direction. When the confinement axi¥,is Wire (fixed ¢, x, & », and®,g) the quantum wire states are
a=m/2, the spin-splitting changes sign and the effectivespecified by two quantum numbergr;Ky), and form a
field points out along the opposite direction with respect toparabolic dispersion as a function kf, .

the one obtained for a confinement alodgFor a = /4, it Following the same lines leading to E@), the nonana-
points out along th& direction and so on.... The depolariza- lytical exchange matrix elements in the strong confinement
tion mechanisms discussed above are however insensitive tggime are of the form

the value ofe.

en(Ky)=Eg+En+E—E gt A2KZ/12M, (8b)

In conclusion, we summarize our results for the exciton
spin states in weakly confining wire€) In the absence of <0'|Hexc(KY)|0',>:le dQxFlax v1If(Qx)[?
scatteringsKy is a good quantum number and the stationary
states are mixed spin levels forming complicated dispersion x{Qi+aa'KiMay v, (9a)

subbands.(ii) When the intersubband couplings are ne-
glected, we find in the time domain that the spin oscillates

irrespective of possible intrasubband elastic scatteriiiis. f(Qx) =(&(x)|exp{iQxx}| 7(x))
When elastic intersubband scatterings are considered and the ) 2, 2
intersubband exchange couplings are neglected, the semi- =sin( Ox)/[ Ox(1— 05/ 7], (9b)

classical time evolution for the exciton spin is harmonically

damped: it oscillates around an effective average field whiclwvhere C,=(3/327)AE 1|®15(0)/35(0)|%, Ox=QxLx/2
points along the wire confining axis and whose direction andand the other quantities are defined in Sec. Il. The diagonal
magnitude depend upon the exciton energy. The depolarizand the spin-mixing couplings in E) differ from the cor-
tion rate is inversely proportional to the scattering ding. A responding ones in Eq2) by the multiplicative constant
motional narrowinglike contribution to the relaxation of the related to the relative motion and by the functibfQy) in
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FIG. 6. Temperature dependence of the average spin-flip time FIG. 7. Temperature dependence of the spin-flip time for differ-
for a nondegenerate exciton gas in different vertical wieg:  ent broadenings and potential depths. Solid lipe:0. Dotted line:
=100 A andLy=200 A (lower), 250 A (middle), and 300 A(upper  y=1.5meV; Vy=5 meV. Dashed lineyy=3 meV; V=10 meV.
curve. Ly=300A andL,=100A.

the integral. However, most of the qualitative discussion precrude model. We assume the presence of weak attractive
sented in Sec. Il within the independent CCM subbandslefects which are able to bind the exciton center-of-mass
model apply also for the present CEH case. In particular, iglong the wire axis. In this case, we can evaluate to the
follows from Eq.(9) that the exchange splitting is finite at lowest order the spin-mixing perturbation which lifts the spin
the subband edge, decreases and vanishes at a pargular degeneracy of the bound states:
value and then increases again in absolute value with in-
creasingKy . We obtain also similar results for the spin de- /Oy — . \2
polarization rate, as shown in Fig. 6 where we sr?ow the AB(Zv) EKY|g(KY'/Y)| AB(Ky), (10
temperature dependence of the mean spin-flip time for dif-
ferent wire parameter,=100A andLy=200, 250, and Where AE(Ky) is the spin splitting for free wire excitons
300 A) calculated using Eq4) with n= 1. We note the same [S€e, €.9., Eq9)], g(Ky;/y) is the Fourier transform of the
qualitative behavior as in Figs. 2 and 3. For fixed, the bpund Ieve'l envelope, a'nﬂy its.characteristic spatial exten-
spin splitting at bothKy=0 and largeKy values are in- SION. The important point which clearly f_ollows _from Eq.
versely proportional td.y . This explains why the low tem- (10) is that the spin splittings of the quasizero-dimensional
perature and the high temperature asymptotes in Fig. 6 afeound exciton states do not vanish in the general case since
Ly dependent. AE(Ky) is an even function oKy, but can be positive or
Nishimura et al*® and Sogawaet all” have performed negative depending on the localization length (for fixed
experimental studies of the spin-depolarization rate in quank-x andLz thicknesse¥). In order to illustrate this point, we
tum wires. The first authors measured a smaller exciton dedssume a Gaussian-like form for the bound level envelopes.
polarization time in the wires with respect to a single wellIn addition, we take the rough dependeneg~—V,
and obtained qualitatively the same variation as a function oft .%/2M/5<0 for the binding energy in a potential of depth
the temperature for the spin-flip time as the ones in Figs. 2Yo. This follows the work by Bellessat al,'® where the
3, and 6. Their times for a strongly confining wire are, how-localization effects are mainly associated to the presence of
ever, larger(maximum value for the spin-flip time=500—  defects with same deptfthe one due to a one-monolayer
600 p$ than the ones we have calculated. The second adluctuation) but with different widths along the wire axis. We
thors measured a spin-flip time which decreasediave found numerically that the spin-splitting is positive for
quasimonotonously in the investigated temperature range. Ihie deeper states localized in large defdtisge /y), de-
addition, the measured relaxation time is longer in quantunereases wher'y decreases and can become negative for the
wires with respect to the one in a single quantum well. Thesétates localized in narrower defects, depending on the poten-
discrepancies can be due to the presence of disorder in tfi@l depthV,. This can be qualitatively understood as fol-
structures investigated. First, the wire-to-well comparison lows: the deeper levelglocalized in wider defecisare
between the spin-flip times are haphazard, since the quantumainly formed from smalKy plane waves, which have a
well depolarization is in the general case samplepositive splitting, whereas shallow level®calized in nar-
dependent:*?Second, the results of the two groups for therow defect$ contain also contributions of free states with
wire structure can equally be affected by the sample qualitynegative splitting. In the evaluation of the average spin-
The proper analysis of the role played by the defects on thdepolarization rate for a thermal distribution of excitons, we
spin depolarization is beyond the scope of this wirkve  should also consider in E¢4) the contribution of the bound
consider here, nevertheless, very briefly the role of localizalevels. For that we use a model one-dimensional density-of-
tion in the spin depolarization of the wire excitons within a states: p(sY)ZeXp{—(sY/'y)z}/\/; for ey<0 and p(ey)
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=1/e2+ y?}Y*for £y=0, wherey is the broadening param- simple model that the localization effects can sensitively af-

eter. We present in Fig. 7 the temperature dependence of tiiect the spin depolarization for excitons attual quantum

spin-flip time for different broadenings and potential depthswires.

(Ly=300A; L,=100A). For comparison, we redraw the

vy=0 curve (solid line) from Fig. 6. We observe that the ACKNOWLEDGMENTS
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