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Intrasubband spin-flip relaxation by one-magnon processes in Cd ,Mn,Te quantum wells

E. Souto, O. A. C. Nunes, F. M. S. Lima, D. A. Agrello, and A. L. A. Fonseca
Institute of Physics, University of Bréisi, P. O. Box 04455, 70919-970, Bréia) Brazil
(Received 27 November 2002; revised manuscript received 20 May 2003; published 18 Septemper 2003

The “s-d model” which contains a description of band electrons coupled to localized spins is used to
calculate the intrasubband spin-flip lifetime due to scattering of electrons by magnons igM®Te quantum
well structures. We found that the low-temperature resylt~1 ps agrees nicely with the low-temperature
time-resolved photoluminescence measurements. Furthermore, the spin-flip lifetime broadening was found to
scale withL ™%, L being the quantum well width.
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[. INTRODUCTION The data for the low-temperature time-dependent intensity
for circularly polarized components of luminescence from an
During the past decade, the physics of carrier spin dynamg8é A Cd,_,Mn,Te/Cd _yMn, Te QW (x<y) have
ics in GaAs/AlGaAs quantum wellQWs) has been the fo- showrt®® that for low detection energietclose to the
cus of much interest,” and its potential applications for ground satg the response is virtually instantaneous indicat-
ultrafast devices using a spin-dependent optical nonlinaritying very rapid electron-spin relaxation which has been asso-
as well as spin-polarized electronideed, the high optical ciated with spin-orbit effects in the valence band. At higher
and electronic qualities of these quantum structures and thedtetection energies, which are thought to reflect free-carrier
very well-known properties make them ideal candidates tdehavior, the spin dynamics is very slow, corresponding to
explore spin-related properties. However, despite this intenrecombination in the initial nonequilibrium population of
sive work the spin relaxation processes are still not fullyfree electrons and holes. The 1.88 eV detection-energy®tlata
understood. give an orientation-decay time of 5 ps and suggests a strong
Type 1I-VI QWs spin properties have been the focus offree-carrier-ion—spin-spin-exchange relaxation mechanism.
much less attention. However, the possibility to incorporateThe data have also shown similar short spin-relaxation times
magnetic ions, such as manganese, opens possibilities of sgim quantum wells containing no magnetic materials which
control, which, for example, have been recently used to demindicates that the electron spin relaxation times are insensi-
onstrate the spin injection from a diluted magnetic semicontive to the presence of Mn ions in the QW, a rather surprising
ductor (DMS) into a GaAs light emitting diod&’ In this  result indeed since-d exchange scattering should be very
emerging field of spin-dependent electronics it becomes inefficient. Latter studied have revealed that these so-called
creasingly important to unravel the spin relaxation processesionmagnetic QW’s may exhibit magneto-optical splittings,
in particular for quantum structures containing magneticwhich in some instances may be larger than those from the
ions. Furthermore, recent progress in the growth of DMS-magnetic barriers. This effect results mainly because of mag-
based QW's by molecular beam epitaxy allows great flexibil-netic dilution at the interface and because of the fact that the
ity when elaborating new structures. The interest in elecmagnetic susceptibility decreases as the Mn concentration
tronic spin polarization in DMS quantum well systems hasbecomes larger than 10—15 %. Therefore, in our opinion, the
grown since thel?~**fueled by the possibility of producing conclusions of Freeman and Awschaf§mand Freeman
spin memory devices and spin transistors as well as exploitt al®in early studies must be reconsidered. More recently,
ing the properties of spin coherence for quantum computaAkimoto et al?! measured electron and heavy-hole spin re-
tion. The determination of spin-flip scattering rates betweerdaxation times in CdTe/Cd ,Mn,Te QW's (x=0.35) by
s-p electrons and the®electrons of the localized magnetic time-resolved circular dichroism. They found a steep de-
moments in Mn-based QW's is extremely important for spin-crease of the electron spin relaxation timg as the QW
tronic devices, because if the spins relax too rapidly, thevidth decreases, which they related to the increase of the
distances traveled by spin-polarized currents will be tocoverlap betweers and d orbitals. This was the first direct
short for practical applications. Photoinduced magnetizatiotint that exchange scattering acts efficiently to flip the elec-
and spin-dependent absorption experimentdin which the  tron spin. Although the arguments given in those w8
injection of spin-polarized carriers induces the magnetizatiorio explain the intriguing results seem perfectly sensible, nev-
of the magnetic ions, have confirmed the existence of spinertheless, the interesting diversity of results suggests a need
flip process between the carrier spin and the embedded mafpr theoretical enquiry.
netic ion. Time-resolved measureméfits of the Mn mag- Ferromagnetic ordering inp-doped diluted magnetic
netization in Cd_,Mn,Te due to the creation of spin- semiconductors has attracted much attention from both
polarized photoelectrons, pointed out a strong electronexperimentalisté and theorist€® In particular carrier in-
energy dependence of the spin-relaxation rate. The timeduced ferromagnetism has been observed in modulation
resolved measurement is particularly interesting because dioped p-type Cd_,Mn,Te QW'’s with Curie temperatures
addresses the question of what spin-flip scattering mechaetween 1 and 5 K*?° |t has been proven that the antifer-
nism determines the relaxation of the injected carrier spinscomagnetic coupling of the hole spin with the magnetic spin
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gives rise to a ferromagnetic coupling among the localized Although a realistic profile of magnetic quantum wells is
spins. The photoluminescence studfés on MBE-grown  one with finite barriers we suppose, for the sake of simplicity
samples, containing a single modulation-doped, 8 nm quarthat the QW barriers are infinitely high. Such an approxima-
tum well of CdMnTe/CdMgZnTe: N, have revealed a ferro-tion is supported by a band offset calculafibin CdTe/
magnetic transition occurring between 1.8 and 2.5 K, de{Cd,Mn)Te quantum wells in which a large conduction-band
pending on the Mn molar fraction. On the other hand, earlieoffset of 400 meV|[the band gap of Cd ,Mn,Te is linear
studies on Cg_,Mn,Te QW’s have also shovihia magneti-  with x (Ref. 18] was deduced for a Mn molar fraction
cally ordered low-temperature phase for O<Ix<<0.60. Fur- ~ =0.24 in the barrier layer with an accuracy better than 10
thermore, Raman spectroscopy experiméritshave shown meV. In this model, the QW occupies the space between
that a transition from the paramagnetic to the magnetically=—L/2 and z=+L/2 and the Q2D electron energy is
ordered phase is accompanied by the appearance of a neWin)=7#2k2/2m* + Eon?, whereEy=%2m2/2m* L2 andm*
Raman feature at low temperatures. Since this excitation ig the electron effective mass which is assumed to be con-
associated with magnetic order it has been attributed 0 &tant along the growth direction. Electrons are assumed to be
magnon. _ concentrated on thath sub band of the quantum well de-
In this paper we report on a calculation for the low- gcriped by the usual wave functiab(z)exp(kr)/AY2, where
temperature scattering rate of an electron by one magnoR—| | " is the normalizing area and ¢,(2)
(spin-flip) process in Cg_,Mn, Te QW structures. We argue _ J2IL sin(zlL) is the usual envelope functidh.
that the “s-d model” allows reasonable estimates for the  gjnce the system order ferromagnetically in account of

electron-spin lifetime due to one magnon scattering. USin%arriers we write the spin operatér in the second term of
this model, the low-temperature electron spin-flip relaxation : Spin-op S . .
Eqg. (1) in terms of rising and lowering operators of spin

time is predicted to be of the order of 1 ps for the Mn molar

fraction x=0.19 and a density of cation sites of 2.783 deviation
X 107 cm 3, agreeing with the experimett!® Further- 1 o
more, we found that the low-temperature spin-flip decay rate S*(R)= > eiQ‘Ri[aQ‘+...],
scales withL ~1, L being the QW width. V2SN G
- 1 - -
1. HAMILTONIAN MODEL S (R) 2 o-iQ Ri[at-i- ]

. I - - Q
The generic Hamiltonian for thes*d model” couples 2SNe

electron bandkn with erJergys(IZn) (independent of spin, HereaQJE andag are magnon creation and destruction opera-
so fa)) to localized spinsS; of Mn ions (S=5/2) located on  tors. We used the well-known representation of the spin op-

Cd sublattices, at lattice sitefs: erators in terms oag andag and left the first terms of the
series. Th(ﬁzo tem in lowest order gives the spin splitting

H=2> e(kn)c*(kno)c(kna) (see below’* AE, lowering the energy of bands with spin

kno parallel to the localized spi@wS”z and raising the other

N bands equally. Th&" terms give rise to spin-flip scattering

-3 X Sect(imy)7,e(impu). (1) events and)=(q,q,), whereq is the in-plane magnon wave
bomve vector andg, its component along the confinement direction

The electron bands derive from the outer atomic orbitaldz axis).

limy) with wave functionsy,(F — ﬁi)X where y., is the In terms of magnon creation and annihilation operators
v Y + . . .

spin part. The conduction electrons have a magnetic intera@q »@q. the second terniinteraction in Eq. (1) after some

tion with the well-localizedS=5/2 half filled 3d shell. The algebraic manipulations now reads

s-d exchange constardt comes from the atomic Hund rule

trying to keep conduction electron spins parallel to “core” Heg= —(NOaS)dZ)E oct (Kna)c(kno)

spins and electron bands acquire a spin splitiirig) propor- Kno

tional toJ. In Eg. (1), N¢ is the total number of cation sites,

7 is the Pauli spin matrix, and* (kno) andc(kno), respec- —NgaxyVS2Ne>, > (M, nr(qz)CE+~ , Ciniag
tively, create and destroy a conduction electron in the quasi- kg .n.n’ an’t

two-dimensionalQ2D) band staten that is characterized by

_ _ ~ _ +H.c}, (2
a two-dimensional Bloch wave vect&rand spino.

In DMS literatureJ is usually defined as a random ex- where o=+1(—1) for the up (down spin state and
change integral which takes the valdeNoax with prob- My .(Q,) is the usual overlap integral of the electron enve-
ability x. Here Ng is the number of cation sites per unit lope wave functionp(z) of thenth state in the potential well
volume andw is thes-d exchange coupling. Also, as is usual given b
in DMS, x is the molar fraction of magnetic atoms to replace
the Cd atoms. In this way, as we shall see below, the spin M, n,(qz):f
splitting will be written asAE=NgaSx

+L/2

, b (2)€972¢,(2)dz. 3
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The first term of Eq(2) gives the spin splitting of electron sion and absorption of thermal magnons. Each process
bands which is to be added to the first term in EQ). The  (emission or absorptiorhas a time-reversed process that en-
second ternjoff diagona) is the one responsible for electron hances the population, namely, the “scattering-in” terms
spin-flip scattering by one magnon process. Here we considwith opposite sign. In thermal equilibrium, scattering out and
ered the quantum confinement of electrons in the magnetim occur at equal rates. This “principle of detailed balance”
Cd,_,Mn,Te QW and neglected any confinement of theguarantees that the two parts B{emission) cancel each
magnons. By using a similar approach that was proposed bgther when the distributiond andf become the equilibrium
Zhanget al3? the magnon dispersion relation is assumed tadistributionsN(® and f°, and similarly forF (absorption).

be the simple isotropic parabolic spectrum. This kind of ap- We now make the assumption that all electrons are in

proximation has been used successfully for many electrongquilibrium except for the particular staten() of interest,
phonon scattering calculations in semiconductor thin fitths. \yhose populationf() deviates from equilibriumfC) by an

amountaf(IZnT). Then the rate equatio@) takes the form
I1l. SPIN-FLIP TRANSITION RATE

df(kn . -

In this section we shall estimate the rétery, at which a (d—tT) =—of(knT)/=(knT), (7)
single out-of-equilibrium electron in a conduction spin sub-
band relaxes back toward equilibrium by a spin-flip-one- where
magnon process. This can be found using the standard
“golden-rule” rate equations of Boltzmann theaty. 1 27(aNgx)?S

Suppose the up-spin component of statehas popula- -
tion f(knt). If it deviates from the equilibrium distribution
function fo(knt), then it will evolve back toward equilib- X(N"+1)=N'f'%(1-%]+ (e —¢&' +w)
rium according to

> {d(s—s'—w)[fU1-f"°)
7(knT) iNc ﬁf,nr{ TEe

X[FO(A-TON=(N+DFO(1-O)]}. (8
df(knt) 2w

a 72 [C(knT;K' =k+Qn"])|? IV. EVALUATION OF SPIN-FLIP LIFETIME
X {F (emission+ F (absorption}. 4) In» order to provide an estimate of the sc_atte.rin_g rate
1/7(kn7T) we need to make some reasonable simplifying as-
Here sumptions. First, we assume tHatis so small that no tran-
o sitions between the levels can take place due to thermal
F(emission=6(¢—&'—w)[f(1-f")(N'+1) agitation, or phonons. For CdTent =0.096n,) E, is about
—N'fI(1- )], (5) 35 meV, forL=10 nm, andkBTzo._345 meV. That is, we
consider that all the carriers are in the lowest subband
F(absorption= (s — &’ + w)[ f(1—f')N =n'=1. This state, at Iqw temperature, is domingntly spin
up and the subband splitting enerdgy¥=NyaSx s in this
—(N+1)f'(1—-1)]. (6) case greater than the Fermi energy (note that Ny«

. =0.22 eV which givesAE=NyaSx=0.1eV for x=0.19
.)|2= 2 2 0

In Eq. (4) |C(--)] _[(aNOX). SINcIMp nr(d,)|* is the .and ec=2.5meV assumin§ an electron concentration
squared modulus of the matrix element for the process Nt em 2 and a density of states>410"YmeV cn?). The
which an electron in statek(T) is scattered to the state conditionNyaSx>er means that the firsé function in Eq.
(k"=k+Qn’"|) by emission of the magnon—Q) or ab- (8) (magnon emission processloes not contribute to

sorption of the magnon+ (3) as represented by the interac- 1/7-(IZnT). This process is forbidden since it decreases the
tion Hamiltonian(2). Since we are restricted to the in-plane electron energy below the lowest energy stagmund. We
electron-magnon scattering only those magnons with wavalso assume that the magnons are in thermal equilibrium
vectors in this plane will interact with electrons. In this case,which means tha=N(®. In this case Eq(8) is simplified
assuming in-plane propagation for magnogs=0 and considerably:

|Mn,n’(o)|2: 1.

A shorthand notation is used wheseand f stand for the 1 27(aNgx)*S S S+ w)f1—f ONO
energy and occupancy of the electron st&te](), ¢’ andf’ (kn?T) NG . eme o ’
stand for the energy and occupancy of electron state ( 9

+Qn’]), w andN itand for the energy and occupancy of where fO(e)={exf(s—er)/ksT]+ 1"t and N©={exp@/
the magnon state{Q), andw’ andN'" stand for the energy  k,T)—1}~ are the fermion and boson distribution functions
and occupancy of the magnon state @). Physically, the for electrons and magnons, respectively.

electron-magnon process occurring in E4. may be under- The low-temperature intrasubband’ & n) spin-flip scat-
stood as follows. At low temperatufe>0, depletion of an tering rate 1fy;, due to the electron-magnon interaction is
excess population toward equilibrium occurs both by emisthen given by
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R 27T(aN0x)ZS N©) % 1'% Intrasubband transition 1->1 '
Urg,= >, 7(knt) 1= 0184 | 1 1l | 2100A - ¥=0.19: N = 2t
flip = £ AN L1} L=100A; x=0.19; N = 2.783X10"cm-3
k,n c 0.1 I'. F ]
151 N
XQZ Se—¢&'+w)fO(1—1'0). (10 0.124 -
k,k",n

’a 4
_ . 2 009-
We now perform the summation ovieiandk’ by making the <

substitution 0.06 -
A A 0.03 "\ b
— d?k f d?k’ e
REQ’ (277)2 f (277)2 0.004 B e

. . i 0.0 0.5 ' 1.0 1f5 2?0 25 3.0 3.5
into Eq.(10), A being the QW surface area. One then obtains

he (meV)
Ure :(aNoX)ZASNO)E J’ Kdk FIG. 1. Intrasubband fl— 1| spin-flip relaxation rat¢Eq. (13)]
flip 27hN,L ~ expressed in terms &% (L/a), as a function of magnon energy in
a 100 A wide guantum well. The solid line is far=1.0 K, the
AL , 0 0, 1 dashed line is fol =2.5 K, the dotted line is folf =4.0 K, and the
Xf K'dk'o(e—&'+w)f7(e)[1-f7(e")]. dash-dotted line is fol =5.0 K.

(D) flip lifetime broadening we use parameters believed to be
> : 3,34 —
By solving the integral irk’ in Eq. (11) with the help of the apiproprlate forCd,MnTe QWsamples®** aNy=0.22 eV,
& function, substituting the electron distribution function by amlgz(l)-O%”Qo ,( a= 6.4,%7 /—\‘,1 / 3?= 5/2,0 19N0= 2d.783
. . . C . X cm ° (assuming Np=4x/a”), x=0.19, and eg
step function, and performing the integratiorkinwe obtain ~ ~ ! . .
the low-temperature spin-flip lifetime broadening of elec—_z'5 meV=ne/D. (According to Ref. 18, the highest exci-

. - tation powers in experiment generate approximatel
trons in then=1 ground subband, due to magnon Scatte”n91011 cmPZ electrons in tﬁe quanturr?well and thrt)apdensity ofy

namely. states in the ground state i4.0'%meV cm 2). Hence, tak-
A(aNx)3S?Dm* NO(T, w) ing the above parameters into H4.3) considering yet that
il Thip~ 22N , (12 #Zw=1meV andT=4K (N©®=0.3), and taking.=86 A
0

and A=1mn?, we obtainfi/7g,~0.001 eV which gives
providedNyaSx>er ,Eq. HereD=m*/=#? is the constant Tip~1 Ps. In Fig. 1 we give a plot oNO(T,w)/(L/a) ap-
density of states at the Fermi level. The temperature comesearing in  Eq. (13), rewritten as W,=(1/7p)
into the spin-flip lifetime broadening via the magnon distri- X N(O(T,w)/(L/a), where 1#,=mwA(aNx)?SDnikgT/
bution function N©O(T,w). Alternatively, if one uses the 7#3Nya, versus the magnon energy for different values of
Fermi distribution functionf®(e)={exf(s—ep)/ksT]+1} 1 temperature considering the case of a 10 nm wide quantum

instead of the step function, we obtain well. We notice from this plot that for different fixed tem-
perature the spin-flip decay rate decreases as the magnon
I 7A(aNex)’SDMNOY(T,w)  kgT energy increases as consequence of a decrease of the magnon
I Thip~ 72NoL e eF/KeT 1" occupation number. Moreover, as the temperature decreases,

(13)  for a fixed magnon energy, the decay r&i&) decreases,
which is also associated with the decrease of the magnon
V. NUMERICAL RESULTS occupation number. In Fig. 2 we give a plot of
NO(T,w)/(L/a) as a function of magnon energy fdr
Equations(12) and(13) give the spin-flip lifetime broad- =4 K and different quantum well width values. From this
ening of electrons by scattering with magnons in the grounglot we see the decrease of the electron spin-flip relaxation
subband of Cd_ ,Mn,Te QW’'s. We notice from Eqs(12) time as the QW width decreases. Figure 3 shows a plot of
and (13) that A/ ry, is proportional to the 2D constant den- NO(T,w)/(L/a) as a function of the inverse of the dimen-
sity of statesD and scales with. 1. It then follows that by  sionless QW widtH./a for a fixed magnon energy and two
decreasing the QW widthi/ 7y, gets large, a feature which different temperature values. We notice that fb=1K
is characteristic of low-dimensional systems. It also follows(dashed lingthe decay rate is small over the entire interval
from Eqgs.(12) and(13) that for T—0, the magnon contribu- of QW widths indicating very low magnon occupation
tion to the lifetime broadening is zero since in this case thenumber.
magnon occupation numb&t®(0)—0. It is convenient to
note that in degenerate electron systems, the exponent in Eq.
(13) is usually negligible in comparison with unity. In this
case, lq‘ﬂipochDszT which is a Korringa-like relaxation We shall now compare our results with the experimental
rate of the Mn ion near the two-dimensional electron gas. Talata on C¢_,Mn,Te QW'’s. Systematic experiments have
get an order of magnitude estimate of the size of this spinbeen lacking in the literature about spin-flip scattering time

VI. COMPARISON WITH EXPERIMENTS
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0.20 ; 0.20
': Intrasubband transition 1->1 Intrasubband transition 1->1
: hw=1.0meV
0.151 : T=4.0K;L=100 A 0.154 x=0.19; No=2.783X1021cm"
x=0.19;N,=2.783X10”'cm™ a=6.487A
g o104: £ 0104
0.05 oos{ /
0.00 T T "“T T T T 0.00 facz=zrm" T T T T T
000 025 050 075 100 125 150 175 0 3 6 9 12
he (meV) (L/a)"(X10™)
FIG. 2. Intrasubband {l— 1] spin-flip relaxation ratéEq. (13)] FIG. 3. Intrasubband fl— 1] spin-flip relaxation ratéEq. (13)]

expressed in terms % (L/a), as a function of magnon energy at expressed in terms dfi®(L/a), as a function of quantum well
T=4.0K. The solid line is fol.=10 A, the dashed line is fdc width for two values of temperatur€=4.0 K (solid line) and T
=50 A, the dotted line is fot. =100 A, and the dash-dotted line is =1.0 K (dashed ling The magnon energy was taken fixed and
for L=150 A. equal to 1.0 meV.

by one-magnon processes in CdMn,Te quantum wells. N . .
However, the data which are closest to our calculations arB'0cesses and complications must await further, systematic
provided by the study of the decay of the polarization on€XPerimental results. .

the photoluminescence when the sample has been excited 1€ contribution of spin-flip processes to the relaxation
with circularly polarized light®1%3*The excitation creates time dge to confined and/or interface magnons can be esti-
spin-polarized photoelectrons. If one assumes that thf'atéd in the same way as for bulk magnons. The only dif-
photogenerated holes immediately lose their orientations, thi€NCe IS the change in the magnon density of states, due to
decay of the photoluminescence polarization should reflec e different dispersion _relat|on an_d to t.he Iovx_/ d|men3|onal-
ity. In fact, as reported in Ref. 36 in which spin-flip scatter-
c N Te-C No«sTe quantum well the photo- ing in magnetic junctions was investigated, the effect of. sur-
Iu(rng'i#(\a/lscoélr?ce pgl);rzil\z/lat?ér%LP)qdecays with a time copnstant face_ magnons shows up at the scale of the new coupling at
of 9 ps® On the other hand in an 8e-A theinterface.
Cdy g3MNng gesTe-Cd,) Mg 3gTe well the PLP(Ref. 34 de-

cays with a time constant of 3—4 ps. Our calculations, using

Egs.(12) and (13) in the approximation of infinite barriers

for an 86-A Cd g:Mno 15Te QW, lead to a spin-flip relaxation e have calculated the magnon contribution to the low-
time of ~1ps which corresponds to an orientation decaytemperature electron spin-flip relaxation process in CdMnTe
time of ~0.5 ps(the limiting value for polarized lumines- magnetic semiconductor QW’s in the approximation of infi-
cence is 50% for fully polarized electrons and unpolarizedytely high barriers. The-d model was used to estimate the
holes.™ This is roughly within an order of magnitude agree- gecay rate at which a single out-of-equilibrium electron in a
ment with experiment. Moreover, the data of the time-quantum well with infinite potential barrier relax back to-
resolved magneto-optical Kerr effect in a pump-probeéyarg equilibrium by a spin-flip one magnon process. We
experimenit’ in modulation-dopedCd,Mn)Te QW's indicate  found the dependence of this rate on magnetic-ion concen-
that the electron spin lifetime shortens as the Mn molar fractration, magnon occupation number, temperature, and quan-
tion x increases in the QW’s. Our calculation predicts thaty,m well width. The resultr,~1 ps is in complete agree-
the electron spin-flip lifetime shortens as the Mn contentpent with experiment. Furthermore, sinde/ry, is a
increases, agreeing with this experimigrind confirms the  fynction ofNya, the present mechanism could be useful for
predominant role of electron-Mn exchange scatteringnyestigating the electron-magnon coupling constant in Mn
(electron-magnon scatterings the main relaxation channel doped CdTe QW's. The electron spin-flip scattering by the
for the electron spin. Moreover, we found that the eleCtrorbne-magnon process discussed here is expected to play

spin-flip relaxation time decreases as the quantum well widthy, jmportant role in the physics of spin-polarized electron
decreases agreeing with the experiment of Akimetal?! transport.

in which the electron and heavy-hole spin relaxation times in
CdTe/Cd gsMng 3sTe have been measured by time-resolved
circular d|phr0|sm. . o ACKNOWLEDGMENTS
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that of the electron spin orientation. In an 86-A

VIl. SUMMARY
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