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Intrasubband spin-flip relaxation by one-magnon processes in Cd1ÀxMn xTe quantum wells
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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 in Cd12xMnxTe quantum
well structures. We found that the low-temperature resulttflip'1 ps agrees nicely with the low-temperature
time-resolved photoluminescence measurements. Furthermore, the spin-flip lifetime broadening was found to
scale withL21, L being the quantum well width.
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I. INTRODUCTION

During the past decade, the physics of carrier spin dyn
ics in GaAs/AlGaAs quantum wells~QWs! has been the fo-
cus of much interest,1–7 and its potential applications fo
ultrafast devices using a spin-dependent optical nonlinea8

as well as spin-polarized electrons.9 Indeed, the high optica
and electronic qualities of these quantum structures and
very well-known properties make them ideal candidates
explore spin-related properties. However, despite this in
sive work the spin relaxation processes are still not fu
understood.

Type II-VI QWs spin properties have been the focus
much less attention. However, the possibility to incorpor
magnetic ions, such as manganese, opens possibilities of
control, which, for example, have been recently used to d
onstrate the spin injection from a diluted magnetic semic
ductor ~DMS! into a GaAs light emitting diode.10 In this
emerging field of spin-dependent electronics it becomes
creasingly important to unravel the spin relaxation proces
in particular for quantum structures containing magne
ions. Furthermore, recent progress in the growth of DM
based QW’s by molecular beam epitaxy allows great flexi
ity when elaborating new structures. The interest in el
tronic spin polarization in DMS quantum well systems h
grown since then10–14 fueled by the possibility of producing
spin memory devices and spin transistors as well as exp
ing the properties of spin coherence for quantum comp
tion. The determination of spin-flip scattering rates betwe
s-p electrons and the 3d electrons of the localized magnet
moments in Mn-based QW’s is extremely important for sp
tronic devices, because if the spins relax too rapidly,
distances traveled by spin-polarized currents will be
short for practical applications. Photoinduced magnetiza
and spin-dependent absorption experiments15–17in which the
injection of spin-polarized carriers induces the magnetiza
of the magnetic ions, have confirmed the existence of s
flip process between the carrier spin and the embedded m
netic ion. Time-resolved measurements18,19 of the Mn mag-
netization in Cd12xMnxTe due to the creation of spin
polarized photoelectrons, pointed out a strong electr
energy dependence of the spin-relaxation rate. The ti
resolved measurement is particularly interesting becaus
addresses the question of what spin-flip scattering me
nism determines the relaxation of the injected carrier sp
0163-1829/2003/68~12!/125317~6!/$20.00 68 1253
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The data for the low-temperature time-dependent inten
for circularly polarized components of luminescence from
86 Å Cd12xMnxTe/Cd12yMnyTe QW (x,y) have
shown18,19 that for low detection energies~close to the
ground sate!, the response is virtually instantaneous indic
ing very rapid electron-spin relaxation which has been as
ciated with spin-orbit effects in the valence band. At high
detection energies, which are thought to reflect free-car
behavior, the spin dynamics is very slow, corresponding
recombination in the initial nonequilibrium population o
free electrons and holes. The 1.88 eV detection-energy da18

give an orientation-decay time of 5 ps and suggests a str
free-carrier-ion–spin-spin-exchange relaxation mechani
The data have also shown similar short spin-relaxation tim
in quantum wells containing no magnetic materials wh
indicates that the electron spin relaxation times are inse
tive to the presence of Mn ions in the QW, a rather surpris
result indeed sinces-d exchange scattering should be ve
efficient. Latter studies20 have revealed that these so-call
nonmagnetic QW’s may exhibit magneto-optical splitting
which in some instances may be larger than those from
magnetic barriers. This effect results mainly because of m
netic dilution at the interface and because of the fact that
magnetic susceptibility decreases as the Mn concentra
becomes larger than 10–15 %. Therefore, in our opinion,
conclusions of Freeman and Awschalom18 and Freeman
et al.19 in early studies must be reconsidered. More recen
Akimoto et al.21 measured electron and heavy-hole spin
laxation times in CdTe/Cd12xMnxTe QW’s (x50.35) by
time-resolved circular dichroism. They found a steep d
crease of the electron spin relaxation timete as the QW
width decreases, which they related to the increase of
overlap betweens and d orbitals. This was the first direc
hint that exchange scattering acts efficiently to flip the el
tron spin. Although the arguments given in those works18,19

to explain the intriguing results seem perfectly sensible, n
ertheless, the interesting diversity of results suggests a n
for theoretical enquiry.

Ferromagnetic ordering inp-doped diluted magnetic
semiconductors has attracted much attention from b
experimentalists22 and theorists.23 In particular carrier in-
duced ferromagnetism has been observed in modula
dopedp-type Cd12xMnxTe QW’s with Curie temperature
between 1 and 5 K.24,25 It has been proven that the antife
romagnetic coupling of the hole spin with the magnetic s
©2003 The American Physical Society17-1
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gives rise to a ferromagnetic coupling among the localiz
spins. The photoluminescence studies24,25 on MBE-grown
samples, containing a single modulation-doped, 8 nm qu
tum well of CdMnTe/CdMgZnTe: N, have revealed a ferr
magnetic transition occurring between 1.8 and 2.5 K,
pending on the Mn molar fraction. On the other hand, ear
studies on Cd12xMnxTe QW’s have also shown26 a magneti-
cally ordered low-temperature phase for 0.17,x,0.60. Fur-
thermore, Raman spectroscopy experiments27,28 have shown
that a transition from the paramagnetic to the magnetic
ordered phase is accompanied by the appearance of a
Raman feature at low temperatures. Since this excitatio
associated with magnetic order it has been attributed
magnon.

In this paper we report on a calculation for the low
temperature scattering rate of an electron by one mag
~spin-flip! process in Cd12xMnxTe QW structures. We argu
that the ‘‘s-d model’’ allows reasonable estimates for th
electron-spin lifetime due to one magnon scattering. Us
this model, the low-temperature electron spin-flip relaxat
time is predicted to be of the order of 1 ps for the Mn mo
fraction x50.19 and a density of cation sites of 2.78
31021 cm23, agreeing with the experiment.18,19 Further-
more, we found that the low-temperature spin-flip decay r
scales withL21, L being the QW width.

II. HAMILTONIAN MODEL

The generic Hamiltonian for the ‘‘s-d model’’ couples
electron bandskWn with energy«(kWn) ~independent of spin
so far! to localized spinsSW i of Mn ions (S55/2) located on
Cd sublattices, at lattice sitesRW i :

H5(
kWns

«~kWn!c1~kWns!c~kWns!

2J(
i

NC

(
mgm

SW i•c1~ img!tWgmc~ imm!. ~1!

The electron bands derive from the outer atomic orbit
u img& with wave functionscm(rW2RW i)xg , wherexg is the
spin part. The conduction electrons have a magnetic inte
tion with the well-localizedS55/2 half filled 3d shell. The
s-d exchange constantJ comes from the atomic Hund rul
trying to keep conduction electron spins parallel to ‘‘cor
spins and electron bands acquire a spin splittingDE propor-
tional toJ. In Eq. ~1!, NC is the total number of cation sites
tW is the Pauli spin matrix, andc1(kWns) andc(kWns), respec-
tively, create and destroy a conduction electron in the qu
two-dimensional~Q2D! band staten that is characterized by
a two-dimensional Bloch wave vectorkW and spins.

In DMS literatureJ is usually defined as a random e
change integral which takes the valueJ5N0ax with prob-
ability x. Here N0 is the number of cation sites per un
volume anda is thes-d exchange coupling. Also, as is usu
in DMS, x is the molar fraction of magnetic atoms to repla
the Cd atoms. In this way, as we shall see below, the s
splitting will be written asDE5N0aSx.
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Although a realistic profile of magnetic quantum wells
one with finite barriers we suppose, for the sake of simplic
that the QW barriers are infinitely high. Such an approxim
tion is supported by a band offset calculation29 in CdTe/
~Cd,Mn!Te quantum wells in which a large conduction-ba
offset of 400 meV@the band gap of Cd12xMnxTe is linear
with x ~Ref. 18!# was deduced for a Mn molar fractiony
50.24 in the barrier layer with an accuracy better than
meV. In this model, the QW occupies the space betweez
52L/2 and z51L/2 and the Q2D electron energy
«(kWn)5\2kW2/2m* 1E0n2, whereE05\2p2/2m* L2 andm*
is the electron effective mass which is assumed to be c
stant along the growth direction. Electrons are assumed t
concentrated on thenth sub band of the quantum well de
scribed by the usual wave functionf(z)exp(ikr)/A1/2, where
A5LxLy is the normalizing area and fn(z)
5A2/L sin(npz/L) is the usual envelope function.30

Since the system order ferromagnetically in account
carriers we write the spin operatorSW i in the second term of
Eq. ~1! in terms of rising and lowering operators of sp
deviation

S1~RW i !5
1

A2SNC
(
QW

eiQW •RW i@aQW 1¯#,

S2~RW i !5
1

A2SNC
(
QW

e2 iQW •RW i@a
QW
1

1¯#.

Herea
QW
1

andaQW are magnon creation and destruction ope
tors. We used the well-known representation of the spin
erators in terms ofa

QW
1

andaQW and left the first terms of the

series. TheQW 50 tem in lowest order gives the spin splittin
~see below!31 DE, lowering the energy of bands with spi
parallel to the localized spinSW i'Sẑ and raising the other
bands equally. TheS6 terms give rise to spin-flip scatterin
events andQW 5(qW ,qz), whereqW is the in-plane magnon wav
vector andqz its component along the confinement directi
(z axis!.

In terms of magnon creation and annihilation operat
aqW

1 ,aqW , the second term~interaction! in Eq. ~1! after some
algebraic manipulations now reads

Hs-d52~N0aSx/2!(
kWns

sc1~kWns!c~kWns!

2N0axAS/2NC(
kW ,qW

(
,n,n8

$Mn,n8~qz!ckW1qW n8↓
1

ckWn↑aqW

1H.c.%, ~2!

where s511(21) for the up ~down! spin state and
Mn,n8(qz) is the usual overlap integral of the electron env
lope wave functionf(z) of thenth state in the potential wel
given by30

Mn,n8~qz!5E
2L/2

1L/2

fn8~z!eiqzzfn~z!dz. ~3!
7-2
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The first term of Eq.~2! gives the spin splitting of electron
bands which is to be added to the first term in Eq.~1!. The
second term~off diagonal! is the one responsible for electro
spin-flip scattering by one magnon process. Here we con
ered the quantum confinement of electrons in the magn
Cd12xMnxTe QW and neglected any confinement of t
magnons. By using a similar approach that was propose
Zhanget al.32 the magnon dispersion relation is assumed
be the simple isotropic parabolic spectrum. This kind of a
proximation has been used successfully for many elect
phonon scattering calculations in semiconductor thin film30

III. SPIN-FLIP TRANSITION RATE

In this section we shall estimate the rate\/tflip at which a
single out-of-equilibrium electron in a conduction spin su
band relaxes back toward equilibrium by a spin-flip-on
magnon process. This can be found using the stand
‘‘golden-rule’’ rate equations of Boltzmann theory.31

Suppose the up-spin component of statekWn has popula-
tion f (kWn↑). If it deviates from the equilibrium distribution
function f 0(kWn↑), then it will evolve back toward equilib-
rium according to

d f~kWn↑ !

dt
52

2p

\ (
kW8,n8

uC~kWn↑;kW85kW1QW n8↓ !u2

3$F~emission!1F~absorption!%. ~4!

Here

F~emission!5d~«2«82v!@ f ~12 f 8!~N811!

2N8 f 8~12 f !#, ~5!

F~absorption!5d~«2«81v!@ f ~12 f 8!N

2~N11! f 8~12 f !#. ~6!

In Eq. ~4! uC(¯)u2[@(aN0x)2S/NCuMn,n8(qz)u2 is the
squared modulus of the matrix element for the process
which an electron in state (kWn↑) is scattered to the stat
(kW85kW1QW n8↓) by emission of the magnon (2QW ) or ab-
sorption of the magnon (1QW ) as represented by the intera
tion Hamiltonian~2!. Since we are restricted to the in-plan
electron-magnon scattering only those magnons with w
vectors in this plane will interact with electrons. In this ca
assuming in-plane propagation for magnonsqz50 and
uMn,n8(0)u251.

A shorthand notation is used where« and f stand for the
energy and occupancy of the electron state (kWn↑), «8 and f 8
stand for the energy and occupancy of electron statekW

1QW n8↓), v and N stand for the energy and occupancy
the magnon state (1QW ), andv8 andN8 stand for the energy
and occupancy of the magnon state (2QW ). Physically, the
electron-magnon process occurring in Eq.~4! may be under-
stood as follows. At low temperatureT.0, depletion of an
excess population toward equilibrium occurs both by em
12531
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sion and absorption of thermal magnons. Each proc
~emission or absorption! has a time-reversed process that e
hances the population, namely, the ‘‘scattering-in’’ term
with opposite sign. In thermal equilibrium, scattering out a
in occur at equal rates. This ‘‘principle of detailed balanc
guarantees that the two parts ofF(emission) cancel each
other when the distributionsN and f become the equilibrium
distributionsN(0) and f 0, and similarly forF(absorption).

We now make the assumption that all electrons are
equilibrium except for the particular state (kWn↑) of interest,
whose population (f ) deviates from equilibrium (f 0) by an
amountd f (kWn↑). Then the rate equation~4! takes the form

d f~kWn↑ !

dt
52d f ~kWn↑ !/t~kWn↑ !, ~7!

where

1

t~kWn↑ !
5

2p~aN0x!2S

\NC
(

kW8,n8
$d~«2«82v!@ f 0~12 f 80!

3~N811!2N8 f 80~12 f 0!#1d~«2«81v!

3@ f 0~12 f 80!N2~N11! f 80~12 f 0!#%. ~8!

IV. EVALUATION OF SPIN-FLIP LIFETIME

In order to provide an estimate of the scattering r
1/t(kWn↑) we need to make some reasonable simplifying
sumptions. First, we assume thatL is so small that no tran-
sitions between the levelsn can take place due to therma
agitation, or phonons. For CdTe (m* 50.096m0) E0 is about
35 meV, for L510 nm, andkBT50.345 meV. That is, we
consider that all the carriers are in the lowest subbann
5n851. This state, at low temperature, is dominantly sp
up and the subband splitting energyDE5N0aSx is in this
case greater than the Fermi energy«F ~note that N0a
50.22 eV which givesDE5N0aSx50.1 eV for x50.19
and «F52.5 meV assuming18 an electron concentration
1011 cm22 and a density of states 431010/meV cm2). The
conditionN0aSx.«F means that the firstd function in Eq.
~8! ~magnon emission process! does not contribute to
1/t(kWn↑). This process is forbidden since it decreases
electron energy below the lowest energy state~ground!. We
also assume that the magnons are in thermal equilibr
which means thatN5N(0). In this case Eq.~8! is simplified
considerably:

1

t~kWn↑ !
'

2p~aN0x!2S

\NC
(

kW8,n8
d~«2«81v! f 0~12 f 80!N(0),

~9!

where f 0(«)5$exp@(«2«F)/kBT#11%21 and N(0)5$exp(v/
kBT)21%21 are the fermion and boson distribution functio
for electrons and magnons, respectively.

The low-temperature intrasubband (n85n) spin-flip scat-
tering rate 1/tflip due to the electron-magnon interaction
then given by
7-3
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1/tflip5(
kW ,n

t~kWn↑ !215
2p~aN0x!2SN(0)

\NC

3 (
kW ,kW8,n

d~«2«81v! f 0~12 f 80!. ~10!

We now perform the summation overkW andkW8 by making the
substitution

(
kW ,kW8

→ A

~2p!2 E d2k
A

~2p!2 E d2k8

into Eq.~10!, A being the QW surface area. One then obta

1/tflip5
~aN0x!2ASN(0)

2p\N0L (
n
E kdk

3E k8dk8d~«2«81v! f 0~«!@12 f 80~«8!#.

~11!

By solving the integral inkW8 in Eq. ~11! with the help of the
d function, substituting the electron distribution function by
step function, and performing the integration inkW , we obtain
the low-temperature spin-flip lifetime broadening of ele
trons in then51 ground subband, due to magnon scatteri
namely,

\/tflip'
A~aN0x!3S2Dm* N(0)~T,v!

4\2N0L
, ~12!

providedN0aSx.«F ,E0 . HereD5m* /p\2 is the constant
density of states at the Fermi level. The temperature co
into the spin-flip lifetime broadening via the magnon dist
bution function N(0)(T,v). Alternatively, if one uses the
Fermi distribution functionf 0(«)5$exp@(«2«F)/kBT#11%21

instead of the step function, we obtain

\/tflip'
pA~aN0x!2SDm* N(0)~T,v!

\2N0L

kBT

e2«F /kBT11
.

~13!

V. NUMERICAL RESULTS

Equations~12! and ~13! give the spin-flip lifetime broad-
ening of electrons by scattering with magnons in the grou
subband of Cd12xMnxTe QW’s. We notice from Eqs.~12!
and ~13! that \/tflip is proportional to the 2D constant den
sity of statesD and scales withL21. It then follows that by
decreasing the QW width,\/tflip gets large, a feature whic
is characteristic of low-dimensional systems. It also follo
from Eqs.~12! and~13! that forT→0, the magnon contribu
tion to the lifetime broadening is zero since in this case
magnon occupation numberN(0)(0)→0. It is convenient to
note that in degenerate electron systems, the exponent in
~13! is usually negligible in comparison with unity. In thi
case, 1/tflip}J2D2kBT which is a Korringa-like relaxation
rate of the Mn ion near the two-dimensional electron gas.
get an order of magnitude estimate of the size of this sp
12531
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flip lifetime broadening we use parameters believed to
appropriate for~Cd,Mn!Te QWsamples:33,34 aN050.22 eV,
m* 50.096m0 , a56.487 Å, S55/2, N052.783
31021 cm23 ~assuming N054x/a3), x50.19, and «F
52.5 meV5ne /D. ~According to Ref. 18, the highest exc
tation powers in experiment generate approximat
1011 cm22 electrons in the quantum well and the density
states in the ground state is 431010/meV cm22). Hence, tak-
ing the above parameters into Eq.~13! considering yet that
\v51 meV andT54 K (N(0)>0.3), and takingL586 Å
and A51 mm2, we obtain \/tflip'0.001 eV which gives
tflip;1 ps. In Fig. 1 we give a plot ofN0(T,v)/(L/a) ap-
pearing in Eq. ~13!, rewritten as 1/tflip5(1/t0)
3N(0)(T,v)/(L/a), where 1/t0[pA(aN0x)2SDm* kBT/
\3N0a, versus the magnon energy for different values
temperature considering the case of a 10 nm wide quan
well. We notice from this plot that for different fixed tem
perature the spin-flip decay rate decreases as the ma
energy increases as consequence of a decrease of the m
occupation number. Moreover, as the temperature decrea
for a fixed magnon energy, the decay rate~13! decreases,
which is also associated with the decrease of the mag
occupation number. In Fig. 2 we give a plot o
N(0)(T,v)/(L/a) as a function of magnon energy forT
54 K and different quantum well width values. From th
plot we see the decrease of the electron spin-flip relaxa
time as the QW width decreases. Figure 3 shows a plo
N(0)(T,v)/(L/a) as a function of the inverse of the dimen
sionless QW widthL/a for a fixed magnon energy and tw
different temperature values. We notice that forT51 K
~dashed line! the decay rate is small over the entire interv
of QW widths indicating very low magnon occupatio
number.

VI. COMPARISON WITH EXPERIMENTS

We shall now compare our results with the experimen
data on Cd12xMnxTe QW’s. Systematic experiments hav
been lacking in the literature about spin-flip scattering tim

FIG. 1. Intrasubband 1↑→1↓ spin-flip relaxation rate@Eq. ~13!#
expressed in terms ofN0/(L/a), as a function of magnon energy i
a 100 Å wide quantum well. The solid line is forT51.0 K, the
dashed line is forT52.5 K, the dotted line is forT54.0 K, and the
dash-dotted line is forT55.0 K.
7-4
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by one-magnon processes in Cd12xMnxTe quantum wells.
However, the data which are closest to our calculations
provided by the study of the decay of the polarization
the photoluminescence when the sample has been ex
with circularly polarized light.18,19,34 The excitation creates
spin-polarized photoelectrons. If one assumes that
photogenerated holes immediately lose their orientations,
decay of the photoluminescence polarization should refl
that of the electron spin orientation. In an 86-
Cd0.87Mn0.13Te-Cd0.62Mn0.38Te quantum well, the photo
luminescence polarization~PLP! decays with a time constan
of 9 ps.18 On the other hand in an 86-Å
Cd0.935Mn0.065Te-Cd0.62Mn0.38Te well the PLP~Ref. 34! de-
cays with a time constant of 3–4 ps. Our calculations, us
Eqs. ~12! and ~13! in the approximation of infinite barrier
for an 86-Å Cd0.81Mn0.19Te QW, lead to a spin-flip relaxation
time of '1 ps which corresponds to an orientation dec
time of '0.5 ps ~the limiting value for polarized lumines
cence is 50% for fully polarized electrons and unpolariz
holes!.18 This is roughly within an order of magnitude agre
ment with experiment. Moreover, the data of the tim
resolved magneto-optical Kerr effect in a pump-pro
experiment35 in modulation-doped~Cd,Mn!Te QW’s indicate
that the electron spin lifetime shortens as the Mn molar fr
tion x increases in the QW’s. Our calculation predicts th
the electron spin-flip lifetime shortens as the Mn cont
increases, agreeing with this experiment35 and confirms the
predominant role of electron-Mn exchange scatter
~electron-magnon scattering! as the main relaxation chann
for the electron spin. Moreover, we found that the elect
spin-flip relaxation time decreases as the quantum well w
decreases agreeing with the experiment of Akimotoet al.21

in which the electron and heavy-hole spin relaxation times
CdTe/Cd0.65Mn0.35Te have been measured by time-resolv
circular dichroism.

We believe that the calculations put forward in this pap
are of relevance to the fundamental understanding of the
cess of magnon-induced spin-flip scattering. Their appli
bility in realistic situations in the presence of other possi

FIG. 2. Intrasubband 1↑→1↓ spin-flip relaxation rate@Eq. ~13!#
expressed in terms ofN0/(L/a), as a function of magnon energy a
T54.0 K. The solid line is forL510 Å, the dashed line is forL
550 Å, the dotted line is forL5100 Å, and the dash-dotted line i
for L5150 Å.
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processes and complications must await further, system
experimental results.

The contribution of spin-flip processes to the relaxati
time due to confined and/or interface magnons can be e
mated in the same way as for bulk magnons. The only
ference is the change in the magnon density of states, du
the different dispersion relation and to the low dimension
ity. In fact, as reported in Ref. 36 in which spin-flip scatte
ing in magnetic junctions was investigated, the effect of s
face magnons shows up at the scale of the new couplin
the interface.

VII. SUMMARY

We have calculated the magnon contribution to the lo
temperature electron spin-flip relaxation process in CdMn
magnetic semiconductor QW’s in the approximation of in
nitely high barriers. Thes-d model was used to estimate th
decay rate at which a single out-of-equilibrium electron in
quantum well with infinite potential barrier relax back to
ward equilibrium by a spin-flip one magnon process. W
found the dependence of this rate on magnetic-ion conc
tration, magnon occupation number, temperature, and qu
tum well width. The resulttflip'1 ps is in complete agree
ment with experiment. Furthermore, since\/tflip is a
function of N0a, the present mechanism could be useful
investigating the electron-magnon coupling constant in
doped CdTe QW’s. The electron spin-flip scattering by t
one-magnon process discussed here is expected to
an important role in the physics of spin-polarized electr
transport.
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FIG. 3. Intrasubband 1↑→1↓ spin-flip relaxation rate@Eq. ~13!#
expressed in terms ofN0/(L/a), as a function of quantum wel
width for two values of temperatureT54.0 K ~solid line! and T
51.0 K ~dashed line!. The magnon energy was taken fixed a
equal to 1.0 meV.
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