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Phonon-induced exciton spin relaxation in semimagnetic quantum wells
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Theoretical results are given for spin relaxation in semimagnetic semiconductor quantum wells due to
longitudinal optical(LO) phonon-induced flips of exciton spins at zero temperature and modest magnetic
fields. Relaxation in this scenario is due to spin-flip transitions within the heavy-hole exciton subbands which
are mediated by the coupling of excitonic spin states via the electron-hole exchange interaction. Relaxation
rates are found to depend strongly on a magnetic field, exciton momentum, and size of the quantum well.
Results are illustrated by evaluations for the ZnSe-based semimagnetic quantum wells. In longitudinal mag-
netic fields(Faraday geometiya maximum in the relaxation rate is found for zero-momentum excitons at a
Zeeman splitting of~60 meV. In transverse magnetic fieldigt geometry the LO-induced spin relaxation
is strongly suppressed.
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I. INTRODUCTION and hole spin—a two-step relaxation process. The second
one is a result of simultaneous flips of electron and hole
The achievements in spin injection technology with thespins—the direct exciton spin-flip process. For the former
possibility of successful spin functionality for diluted mag- case, the magnetic exchange mechanism can still be efficient
netic semiconductor€dMS’s) (see Refs. 1-3 and references and the exciton spin-relaxation rate is control_led_by.the slow-
therein, have renewed interest in the study of the spin relax&st step. For example, a short electron spin lifetimerof
ation of electrons and holes. The required techniques fof”4 PS was estimated theoretically in Ref. 22 for a 10 nm
such investigations are given by methods of ultrafast spedStrained ZnMnSe QW, and a few times longer spin lifetime

: in thi 25
troscopy which allow to observe the electron and hole spifS ©Ptained in this case for holés2° For the latter case, the
kinetics in semiconductor quantum structures over a wid&Xclton spin and energy change simultaneously and therefore

g a direct exciton spin-flip process occurs by the phonon par-
range of temperatures and _magnenc_ﬂé‘h_ié.Also the ticipation. Actually, this relaxation channel was discussed as
theory of the electrorthole) spin relaxation is well estab-

. . . . a possible process for observed spin relaxation in Ref. 22.
lished in terms of thésp-d) exchange scattering by magnetic BuF;, such approcess was viewed ag a high order process re-

ions124° _ _ quiring some magnetic mediator between the LO phonons

Since some prominent proposélfor the achievement of g4 the carrier Spin&
spin-based information processing are based on optical gen- Qur aim is to give a microscopic model calculation for
eration, detection or control of spin states, one needs to cofifirect spin-flip transitions within exciton subbands including
sider the dynamics oéxcitonic spins in particular also in the dependence on an external magnetic field. The basic
DMS structures. Experimental measurements of the excitomechanism is the Maialle-Andrada-ShaiMiAS)%* mecha-
spin relaxation times are performed by various groups imism of the electron-hole exchange interaction in QWs. This
different DMS systems. Exciton-spin relaxation times of or-interaction is responsible for the coupling between the
der tens of picoseconds, for example, were observed for thieeavy-hole(hh) exciton spin states with a finite center-of-
CdTe- and ZnSe-based quantum weé®BN’s).1"18A strong  mass momentum and allows direct transitions between the
increase in the spin lifetime, however, was found in thespin-split excitonic branches by a spin-independent perturba-
ZnSe-based strained epilayers and quantum W&#$ Re-  tion. We shall limit our consideration to the exciton interac-
cent experimental findings in Refs. 22 and 23 indicate a dition with LO phonons. We will show that the proposed
rect involvement of longitudinal optic&LO) phonons in the mechanism is able to explain qualitatively experimental find-
exciton spin-relaxation in CdSe/ZnMnSe superlattices andngs in Refs. 22 and 23. This spin relaxation is actually rather
ZnMnSe DMS layers. In spite of intensive work, the exciton efficient and is thus able to compete with the above men-
spin-relaxation processes are still not fully understood. Ondéioned mechanism related to the magnetic exchange. We also
of the reasons is a deficiency in the present theory. The exdiscuss some possibilities to verify experimentally both the
ception is the exchange-induced precession mechanism leaatagnetic exchange and the exciton exchange spin-relaxation
ing to exciton spin-relaxation in quantum wel@Ws).2*But  models.
this mechanism cannot be directly applied to the case of
semimagnetic QWs with a giant spin splittiffy.

For excitons there are two channels to change its spin. We consider semimagnetic semiconductor quantum well
The first one is due to an independent change in the electraf@W) structures where we first assume that gpd ex-

1. RELAXATION RATE
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E process in the exciton-phonon coupling and the coupling of
I-3/2, 172> \o exciton spin states: see Fig(bl. Only bright exciton states
(07 - active) N exc are involved in the processes abdVe.
K ALK The total relaxation rate at zero temperature is
/'\\{~
_ 2 5
lSJ/rZ’ Ve E \O Wt = h 2 M3 k1o [POAK 2 + 20 o — Bz = AK?),
(0™ - active) z Y K’
‘ exc \:J: +1, K (1)
<
’ whereE; is the Zeeman energy for the bright excit@), o

(@) (b) anddz{é,qz} are the LO phonon energy and moment(gn

FIG. 1. Schematic diagram showiii@ the LO phonon-induced a}ndqz in the glane .and the growth direct.ion of_a QW, respec-
transition within the spin-split bands of th# exciton and(b) the tively), ',A‘h:h /2M '_S the exciton band dl_sperspn parameter,
second-order processes involved E2). the exciton mass i =Me+ My, andmy;, is an in-planehh '
mass. We use dispersionless LO phonons to a good approxi-
mation since the exciton energy band displays, evidently, a

chﬁnﬁel mter_actlog resultj n tlargefacto:s f?_r |t0r|1e _etlek;:tron much stronger dispersion than the optical phonon band. The
and hole spins. For moderate magnetic fields, it becomes_ .00 matrix element is

possible to observe the Zeeman splitting, whereas the field-
induced changes of the subband wave functions and energies

can still be neglected. We calculate the relaxation rate for the |, _1 X IR R Zhid et
9 g =5l UWEJ + IXKIUGIK") = (K|UZIK")

(direct spin-flip transitions within thénh exciton subbands “LK—+1K
which are split by an external magnetic field. These transi- -
tions are accompanied by the energy relaxation to the pho- X(= UWgd + D], 2

non bath, whereas the coupling of exciton spin states by the
MAS interaction is viewed as a perturbation. ZIG e : ' :

For zinc-blend semiconductorpQWs, the structure of exci—\l\/here<K|Ug'“l< ) S the exciton-phonon scattering matrix el-
tons is well knowr?® The single-particle basis from which ement and(~1|W&,J+1) is the exchange interaction matrix
the hh exciton is constructed consists of a heavy hole withelement, see below. The exciton state lg:]_JZ)
spin J,=3/2, J,,=+3/2, and arelectron with spins=1/2,  =|+1)W(f,,1,) whereW(f,, ) is the (ground stateexci-
s,=+1/2 (the z direction is chosen to point along the quan- ton envelope wave function, indicesand h stand for elec-
tum well growth direction From these states four exciton tron and hole.

states are formed which are characterized by their angular To S|mp||fy matters, we perform our calculations under
momentum projectionS,=s,+J, . States witHS|=2 cannot  the following conditions.

couple to the light field, and are therefore optically inactive (i) We assume that theh andlh subbands are well sepa-
(dark excitong while states witiS|=1 are optically active rated (due to the confinement and the lattice mismatch-
(bright excitong. Bright and dark excitons are split by the induced strain in the growth directipbgompared to the Zee-
(short-rangg electron-hole exchange interactioisinglet-  man splittings, so that theh-lh mixing can be neglected. For
triplet splitting Ag). An external magnetic field causes a the hh exciton, the subband envelope wave function is sepa-
further splitting of the excitonic subbandby the Zeeman rated into a product of electron and hole subband states for
interaction depending on the magnetic field orientation, seethe growth direction and a component for the in-plane mo-
Appendix. For semi-magnetic QWs and moderaté~Br),  tion, which we assume to be two-dimensional exciton
the Zeeman energies are much larger than an exchange gatestt

ergy Ag; which is typical of a few tenth of meV.

[8
A. Faraday geometry Wi (Fe, M) = ey 2020 Ry (26) {n(z0). 3

-> X
In the presence of a longitudinal magnetic figBl z)

both the bright and dark excitons are split by the Zeema
energies which are determined by the electron and tiote
gitudinal g factors, g, and g,,. No mixing between the
bright and dark states occurs in this case. We consider spi
flip transitions within optically active states from the
—%é) (|11>) uppeg splin state with the 9enter-of—mass mo-_ V21L sin(mz/L).
mentumK to the 3,=3) (|+1) lower spin state with the (i) For the considered case, the Frohlich interaction of
momentumK’, see Fig. 1a). Such a transition is a result of bulk LO phonons with carriers is dominant, so that the
two second-order processes, each of them being a first-ordexciton-phonon coupling matrix is given ¥y

r?—|ere,aex is the (bulk) exciton Bohr radius an@ andR are
two-dimensional vectors describing the relative and the
Ig_enter-of—mass motion of excitons, respectively. For the mo-
tion in the confining directiof0<z=<L), we use an infinite
(hard-wal) potential approximation: {.(2)=¢(2)=(2)
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phonon-related exponential functions, the following expres-

- q >, . 27Te2hQ|_o(1/8oc - 1/80) E E
(KUK =i V(e + Q)
LT |-8/2, +1/2>

X(Wg(Fe, )€€ 'qrh)l‘l’kf(re, ), (4) ( 6= active)
whereV is the system volumes, and e,, denote the static
and high-frequency limits of the dielectric function. For the |
exciton-phonon scattering process, the total in-plane momen- |+312’ 172> - ot
tum is conserved(K|U}|K") < & -g. Note that for the (o - active) (67)

hot excitons
; (o)

sions hold: \
o= cizegFFginss, bl
— —
L IR . a Exciton Distributi
e'qrh:e'qzzhe'QRe"Q(”/mhh)p, (5) @ K xeiton Distribution

where u=mgmy/ (Mmg+my,) is the reduced exciton mass.
(i) Maialle et al** have shown that both the short- and | g5 4125
long-range exchange interactions contribute to the coupling
of excitonic spin states in a QW, but the latter one is typically
dominant. As a result, the matrix element of {feng-range

E z
exchange interaction acting on the spins of titeexciton T\
ground state is given bjsee Eq(3.4) in Ref. 24 |+3/2, —1/25 =

. i N2
R N I R

where A 1 is the longitudinal-transversal splitting{:|IZ|,
and the form factor is

3 ) ) - (b) K
f(K) == fdzf dz FA(2){3(2)e Kz 21, (7

2aex &12)¢ FIG. 2. Schematic diagram showiiig the two optically active
hh exciton bands of the DMS QW ik space and the exciton
energy distribution under optical pumping in the hot PL experi-
ments according to Ref. 22 affio) the LO phonon-induced spin-flip

_ EZ — ﬁQLO - ALT process.

Ah/aﬁzex , o Ah/agx’

(iv) Finally, we introduce the following dimensionless pa-
rameters:

if LO-assisted spin relaxation from the upper state with a
&2 momentumK =0 is allowed, the states in the lowest exciton
K= ;a’*(l/sm - 1leg), (8)  band with a momenturK # 0 become occupied resulting in

h a sharp hot PL line which is fullg™ polarized.

characterizing the strength of the phonon detuning, the long-. FOF K=0, only the second term in Eq2) contributes

range exchange interaction, and the Frohlich coupling, resince there is no coupling between exciton spin states with

spectively. zero center-of-mass momentum. The corresponding relax-

(a) Zero-momentum excitand/e consider first the spin- &tion process is sketched in Fighgwhere theU,y and We,
flip transitions from theK=0 upper spin state to th¢’ #0 _determlne the_ exmton-p_honon_couplmg and tbx_change-
lower spin state of théh exciton. A similar situation is re- induced coupling of exciton Spin states, res_pectlvely.
alized in the hot—exciton luminescence experiments in Ref. After some algebra, we obtain the following result:
22_ for (ZnMnSe DMS Iayers. In_this exp_eriment, the upper W(e) = Wy (e)O (), 9)
spin state of the DM®h exciton is selectively generated by
o -polarized light atk =0, see Fig. &). The polarization of 9 -

a hot PL line opposite to that of the pumping lighe., of the Wo = S—QLOAETK, (10
same sign as the lower spin states observed when the &
splitting of excitonic subbandg, exceeds the LO phonon

energyn() o. The energy position of a hot PL line in this d(g) = L e D2(£)D2(e)D4(e) (12)
case is exactly at one LO phonon energy below the pumping Agy (e + &) ! 2 ’

energy. These observations clearly indicate an efficient exc'\;\lh ere

ton spin relaxation aE, > (), o when the spin-flip process

is accompanied by the emission of one LO phonon. Indeed, d(x) =64 fr(x) — fo(X)], (12
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E E served for small values of exciton momenta.

Using the assumption@)—(iv), we found that the exciton
spin relaxation rate foK # 0 is still described by the char-
acteristic rateW,, Eq. (10), but displays a rather intricate
dependence on andK. As an illustration, we consider the

contribution of the(illlz (¢=0) phonons for which the relax-
ation rate is given by

|-3/2, 1/2>
|-3/2, 1/2>

[372, -1/2>

812, 172> | E,

(b) a0,F(65)O(e), £>0,
“1 2 aF@0E+k), <o 20

i=1,2

(a)

FIG. 3. Schematic illustration to Eq19) showing the LO
phonon-induced transitions of thgh exciton with a momentunkK

(a) antiparallel to the phonon momenu@(cos:,o:—l), relaxation where dimensionless momentumks (Ka.,) and

occurs atE;>7%Q, o, and (b) parallel to@ (cosp=1), relaxation |_
occurs atE; <A, o. F(x) = 2mag (e + )2 DX D3(x), (21)
X
fn(%) = (16 +xmfiyM?) =2, (13 Fo(e,k) = Do(k2)k — Dy(e + k) e + K2, (22
fo(X) = (16 +xmg/M?)~32, (14) Qro=k* e+ K2, (23)

4 (7 ™ Functions®;(x) are defined by Eq¢12)—(18).
Dy(x) = ;f dé sir? §f dysir 9f(¢,m), (19
0 0 B. Voigt geometry

f(&n) = e-\"?\&n\uﬂfaex, (16) The eigenstates and energies of (tﬁ@ 0) hhexciton in a
titted magnetic field are calculated in the Appendix and are
gA(y) shown schematically in Fig. 5. In transverse magnetic fields
P00 = J W 2 2 2+XL2/aex (17) (éJ_z), the hh exciton band is split into the two Zeeman

subbands, each are twofold degenerate. The Zeeman splitting
E. =|0e, . |ugB is determined by the transverse electgfac-
gly) = (- = )smy (18)  tor, g, since thehh spin is locked along thégrowth) z axis
y due to the lifting oflh-hh degeneracy by confinement and
Here, the dimensionless energyeis=hQ, oaZ, /A, and@(e)  Strain® The excitons withS,=-1 (S,=+1) and $,=-2 (S,
is the step function. =+2) are hybridized and the upper state and the lower state
(b) Hot excitonsLet us now consider exciton states in the ¢an be excited by both the™- and o"-polarized light. The
upper Sp|n branch with a finite center-of-mass momentum phonon induced relaxation, however, occurs Only within the
For such states, spin-flip transitions occur even when thétates of the opposite polarization. The spin relaxation rate
Zeeman splitting is smaller than the LO phonon energyhas the same structure as for the case of Faraday geometry.
From momentum and energy conservatieae Eq.(1)], we  According to Eq(A13), it is given(for zero-momentum ex-
have citons by

- = 2 W,
Fz-hlho+2AKQeosp=AQ">0. (19 W) =~ d(e,)O(s,), (24
, , 4
where ¢ is the angle between the exciton and phonon mo-
mentaK and Q, respectively. Hence phonons with momen- E —%0
tum Q in forward direction(cos¢>0) with respect toK e =lA/—2LO, (25
contribute to the spin-flip events B, <%, ; see Fig. 3. h Bex

Hot photoluminescence experiments combined with tunwhere the functionP(x) is defined by Eqs(11)—<(18).
able excitation spectroscopy indicate that spin-preserving en-
ergy relaxation of exciton@ypically around 1 p%) precedes lIl. DISCUSSION
interband  spin-flip  transitions in  CdSe/ZnMnSe
superlattice$® Experimental results presented in Ref. 23 re-  In Eq. (9) for the relaxation rate of excitons with=0 the
fer to the case when the LO phonon energy exceeds the sp#iep function®(e) indicates that the spin-flip transitions are
splitting (i.e., the phonon detuning is negative<0). For  only possible when the spin-splitting exceeds the LO phonon
this case, a strong suppression of spin relaxation was otenergy(s>0). Likewise, the step functio®(s+k?) in Eq.

155320-4
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(20) indicates that folK # 0 the spin-flip transitions are al-

lowed already at <0, but whenk?>|e| (KIIQ).
According to Eq.(10), the characteristic relaxation rate

W, is determined by the material parameters, in particular, by

the longitudinal-transversal splitting, + and the Frohlich
coupling(1/e,—1/gg). The relaxation rate€) and(20) de-
pend also on the electron and thie (in-plane mass via the
functiond(x) as given Eq(13). This function tends to zero
with me— myp,, due to the exciton neutrality. We conclude
that DMS’s based on B, semiconductorgwith typical
values of A;t~1 meV, (1/e,—1/eg)~0.1, and my,/m,

~ 10] display fastefLO phonon-inducedexciton spin relax-
ation than DMS’s based on /B, semiconductordwith
typical values ofA +~0.1 meV, (1/e,—1/gp)~0.01, and

mhh/me~ 1]

Here, we estimate the dependence of the relaxation rates

on the phonon detuning parameteand the(dimensionless
exciton momentunk=Ka,, Note that®,(x)~1 for L <a,,
Whereas®3(x)~1/\&. As a result, we find fokk=0 (and
Me<Myp)

—

W@@~{ei& oot (26)
(eve)™, &> maxwy,16},
whereas for largés |s|

| %3, e<l1,

ek~ { k>, &>maXwp,16}. @7

Note that the exciton momenta are effectively limited by
Kmax=VEQ o/ Ay (Kmax= V&) When the spin-flip relaxation is

PHYSICAL REVIEW B 71, 155320(2005

0.1

(a)

L=053,

0.05

Wt (1/ps)

0.01 g T T T T T

slower than the spin-preserving one. In this case, for an ex- FIG. 4. Calculated exciton spin-flip relaxation rate as a function

citon with a momentunkK =K, (and hence with an energy
equal or larger thahi{}), o), the relaxation occurs more likely

of (a) the phonon detuning parameteat k=0 and(b) the (dimen-
sionles$ exciton momentunk at £ >0, L=0.58,, (For material

within the upper spin band, by an emission of one LO pho-parameters given in text, the energy difference Eg-7%() o

non, than to the lower spin band.

For numerical calculations, we use the material param
eters for ZnSe crystals adopted from Ref. 32€),
=32 meV, A =2 meV, m,=0.13ng, m,,;=0.52n,, ag,
=4.5 nm, gy=9.6, ande..=5.4 (dimensionless energy i
=12). The relaxation rateWs{(e) calculated with Egs.
(9)—<(16) is shown in Fig. 4a) as a function ofe: Wy(e)
increases witte >0 and saturates at~10-15. Also, for a
fixed value ofe, the relaxation rate is larger in QWs with a
small width L than for largerL due to the raising of the
exchange interaction E@6).

Evaluation of the relaxation tim&V.(e,k) [calculated
with Egs. (20<23)] is shown in Fig. 4b). (For the above
material parameters,..= Ve;=3.4) The relaxation rat#\.,
decreases with an increasekoénd is almost independent of
¢ at large momenta ne&r~ 3.

According to our numerical results presented in Figs. 4

=2.9¢ meV)

~10nm and the energy difference ofE,—#AQ o)
~10 meV. For such parameters, we obtain the spin lifetime
of ~70 ps. A direct quantitative comparison of our proposed
model to experiment$23is, unfortunately, hardly possible,
since no spin relaxation times are given. Trends as well as
numerical estimates of our model agree qualitatively well
with the experimental findings. The value of the spin relax-
ation time between the spin-preserving relaxatianound
1 ps and the decay rate of the DMS excit@round tens of
ps is reproduced. We correctly explain the experimental
findings that spin relaxation is strongly suppressed for exci-
tons with a small momentum when the spin-splitting is
smaller than the LO phonon energy.

For Zn(Cd)Se-based semimagnetic QWs, Faraday geom-
etry is mostly favorable, since the spin splitting is much

Jarger atBliz than atB L z in these structures. The reason is

we conclude that zero-momentum excitons display the moghat the strength of the exchange interaction with magnetic

efficient (LO phonon-inducedspin relaxation in thin QWs

ions is larger for hol& than for electrons resulting in a large

which have spin-splittings larger than the LO phonon energydhz and Ez compared toge, (~0e 1) andE,, respectively.

For the ZnSe-based semimagnetic QW4 of 3 nm, for ex-
ample, the spin relaxation time drops from50 ps at(E;
-7Q.0)~9 meV to ~12 ps at(Ey—7% o) ~40 meV. Ex-
perimental findings in Ref. 22 refer to the well width bf

Therefore an efficien(LO) phonon-induced spin relaxation
in a longitudinal magnetic field will be totally suppressed by

the change of the magnetic field orientation frdz to
Blz

155320-5
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Within our model of direct spin-flip transitiond-araday served in the motional narrowing effect in nuclear spin re-
geometry, the exciton spin-relaxation rat¥Vy; depends laxation in metal® and also in the Dyakonov-Perel
strongly on a magnetic field, in particular, because of themechanism for the electron spin relaxation in bulk
phonon density of states. A strongonotonicincrease in the semiconductord? The motional narrowing type of a spin re-
relaxation occurs when the exciton spin-splitting starts tdaxation is suppressed by an external magnetic fialdng
exceed the LO phonon energy, i.e., at snealFor hot exci- the growth direction®® in contrast to the case considered
tons, Wy decreases with an increase of the center-of-maskere.
momentumK. Different results can be expected for spin-flip  Our results explain qualitatively the experimental findings
transitions mediated by the spin scattering via magnetic ionghat spin relaxation is strongly suppressed for excitons with a
Namely, asteplike dependence om (at smalle), and an  small momentum when the spin-splitting is smaller than the
increase withK must be typical in this case. Indeed, the LO phonon energy??3 The rates increase strongly with a
magnetic exchange-induced spin-relaxation is a result ofmagnetic field and they decrease with the exciton momen-
combined spin-flip processdwhich are almost elastic be- tum, findings that would be interesting to verify experimen-
cause of the small Zeeman splitting of magnetic joasd tally. They also depend on material. For exampit;
the LO-assisted energy relaxation process within the lowest AET, where A7 is the longitudinal-transversal splitting.
excitonic band? The latter(spin-preservingprocess is in- Thus, for DMS’s based on the /8,, semiconductorgA, +
dependent of the spin-splitting, except that it startsEat ~1 meV) spin relaxation rates will be orders of magnitude
>h{ o, i.e., ate>0. Since the hole spin-flip process re- larger than those for DMS'’s based on thg By, semicon-
quires thehh-lh mixing,!® the former process is more effi- ductors (A7 ~0.1 me\). The rates are relatively low at
cient the largeK is.23 In addition, the well width dependence small phonon detuning,=#%%, o, but~20 picoseconds can
is different, namely, the calculated here relaxation rates inpe achieved aE,~ 24,0, €.g., in ZnSe-based quantum
crease when L decreases, while for the spin relaxation by thgells with a widthL ~5 nm. These values lie between the
magnetic scattering the opposite trend is typical due to thepin-preserving relaxatiotaround 1 psand the decay rate
reduction of the valence-band mixing. of the DMS exciton(around tens of psFor ZnCd)Se-based

The spin relaxation dependence on spin-splitting of thesemimagnetic QWs in transvergmodest magnetic fields,
DMS exciton was studied in Ref. 22 by optical spin injectionthe (LO) phonon-induced exciton spin relaxation is strongly

experiments in CdSe/ZnMnSe superlattices. It was founduppressed due to the small Zeeman splittings compared to
that spin relaxation exhibits a pronounced increase when thge LO phonon energy.

energy separation of the two spin states crosses the LO pho-

non energy. The change in spin relaxation in this region is

rathermonotonicthan of a step type. The time-resolved Far- ACKNOWLEDGMENTS
aday rotation experiments indicate, however, the dominant
role of the carrier-magnetic ions spin-flip interactiongam-
,Mn,CdSe QWSs. The spin-relaxation times of the same or
der were deduced for the excitoBaraday geometjyand
the electrons or holes(Voigt geometry in these
experimentd. More measurements are necessary in order to

test further the theory, looking, e.g., at the magnetic-field APPENDIX: TITLED MAGNETIC FIELD
dependence OfVg;.
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For the hh exciton, the main part of the spin-related
Hamiltonian (small exchange- and magnetic field-induced
terms are neglecteds given by®

Our intent has been to point out the importance of direct ) . 1
spin-flip transitions within exciton subbandsplit by exter- H=-2AJg+= B. + S B )+ B
nal magnetic fieljl in semimagnetic quantum wells. The 3ROt ke (Gez0B: * Ge 171 BL) 3By |
exciton-spin relaxation is considered in terms of the coupling (A1)
between exciton spin states with a finite center-of-mass mo-

mentum via the electron-hole exchange interaction in a QW here the first term stands for the electron-sleort-rangg
(the MAS mechanisin A specific case of spin-splittings gy -hange interaction, ant, is the (singlet-triple} exchange
larger than the LO phonon energy is considered and the res,erqy Terms in the square brackets stand for the interaction

laxation is induced by LO phonons. The proposed mechaas ihe'electron and hole spins with an external magnetic field
nism is also relevant for the opposite case of small spin-

splittings when (instead of optical phonohsacoustic ~B-B(COS¢sind,singsind,cos), ug is the Bohr magne-
phonons come into pla¥. The phonon-induced relaxation N @Ndde, (Qe, 1) andgy, is the electron and hole gyromag-
considered here is similar to the Elliott-Yafet mecharfs#fi  netic ratio(g factor, respectivelyJ is the hole total angular
for the electron relaxation in metals and semiconductors. momentum(spin), o, anda, (o, 0y) are the Pauli matrices.
Note that the MAS mechanism dominates the exciton spin In the basis of théah-exciton stateg|-1), |-2), |+ 1), and
relaxation for conventional quantum welsThe spin dy- |+2)), the Hamiltonian(Al) is represented by the following
namics in this case, however, is analogous to the one obmatrix:

IV. CONCLUSIONS
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(ge,z + gh’Z)COSB‘l' Ast ge,ie_iw sin 6 0 0
1 €?sing - g.,)COSH 0 0
H=l,s| % (Onz~ e, 0 , (A2)
2 0 0 —(Gez*+ On)COSO+ Ay Qo €¢siNG
0 0 O €¢siNG (Je 2~ On ) COSH

The matrix (A2) has a block diagonal form, so that the following states are mixed via the long-range exchange in-
eigenstates and their energies can be easily obtained. Gengraction(which mixes theSlzl states onff):
ally, the excitons withtS,=-1 (S,=+1) andS,=-2 (S,=+2)
are hybridized and the spectrum is fully split by Zeeman | J\Pm b2(1| J 1), (A9)
interaction. For Faraday geometfg=0), the eigenstates re- ex e
duce to the pure spin states of the bright and dark excitons,
while for Voigt geometry(6=/2), the spectrum remains B ek () )
twofold degenerate. <‘I'2,.{|VV§XJ‘1’2,,Z> b (1] ch D, (AL10)

For the relevant case of the large Zeeman splittings com-
pared to the exchange energy; (As~ 0.3 meV is typical,
e.g., for ZnSe-based semimagnetic GYVand an isotropic

<+) +,_¢€&"
electrong factor, the eigenstates are | X‘J\P >_ bb+<1| X‘J D, (AlD)

1 . )
VY = =[e'%,|- 1) - €% |- 2)], (A3) O i
V2 WWE S = —b b (UMK -1, (A12)
1 . _
v = Tz[é 2 _|1) - e71¥%p,|2)], (A4)  where the matrix elemertt| ch 1) is given by Eq.(6) and
AY

«viyk_qffﬂw(re,rh).
“ - o2 For Faraday geometr§b, =2 andb_=0) the exchange-
vyT= ,_E[e“’ b,|1) +e™¢?b_[2)], (A5)  induced mixing occurs, evidently, for bright excitons only. In
v tited magnetic fields, however, there are additionally the
spin-flip transitions within the states of bright and dark exci-

v = i_[e—i¢/2b_|_ 1) + €92, |- 2)], (A6)  tons; see Fig. 5. Using the assumptidis{(iv) in the main
V2 text and expressionA9)—(A12), we obtain the following
whereb,=vy1+tcosd. The corresponding energies are result
W,
5.1 - 70,4
E(1+) =- E(l ) = EMBB(gh,z C0SO+ge), (A7) Wi4(6) 4 bi®(e11)0O(e14), (A13)
@ o _po-1 _Wo, 25
B, =-E = EMBB( On,2COSO+ o), (A8) Wiy(6) = 7b+b—‘b(812)(812), (A14)
wherege= Oez=e, - o (+) (-)
For Faraday geometiyp=0), Zeeman splittings are deter- 611(6) = Ei -E'-A00 (AL5)
mined by both the electron and hote factors E,=|E"” 1 AJaZ,. '

_E( )|_|ge+gh Z|MBB and Edark_|E(+ )|_|ge gh,z|:uBB
for bnght and dark excitons, respectlvely For Voigt geom-
etry (#=/2), the hh exciton splits into two levels, each
twofold degenerate. The Zeeman spllttmg is determmed by
the electrong factor only: E, =|E\”-E{”|=|EY’-E|
=|gq|ugB.?® For the specific case of the "ZnSe-based semi-
magnetic QW<gy,>0, g.>0, andg;, ;> g2, the energies
Egs.(A7) and(A8) are shown in Fig. 5.

One readily checks that the matrix elements of the
exciton-phonon interaction vanlshe$\1f(+)|uph|\lf(+)> 0, { i
(WU Py =0, (\If(+)|Uph|‘If »»=0, so that there are no 0 2
phonon-induced spin-preserving transitions between Zeeman FIG. 5. Schematic illustration to EqéA7) and (A8) showing
subbands. In other words, the spin-independent perturbatiahe energies of théh exciton (K=0) in tilted magnetic fieldgy, ,
does not couple the stat¢83)—(A6) with one other. The >0, g¢>0 (Je,=Te, 1)-
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EY -ESY -0 process survives. For Faraday geometry, the coefficients are
e12(6) = e : (A16)  p,=\2 andb_=0, so that Eq(A13) reduces to Eq9) in the
h/ @exc main text andV,;,(0)=0. For Voigt geometry, the coefficients

areb,=b_=1, so that Eq(A13) reduces to Eq(24) in the
where the functiorb(x) is determined by Eq$11)—(18). For  main text andwW,,(w/2)=0, since the phonon detuning pa-
both Faraday and \oigt geometry, only one relaxationrameters,,(w/2) is negative g,/ 2) =~hQ 082, J An.
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