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Carrier spin dynamics in CdTe/Cd;_,Mn,Te quantum wells
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We investigated the carrier spin dynamics in diluted magnetic semiconductor quantum wells,
CdTe/Cd _,Mn,Te (x~0.35), using femtosecond time-resolved circular dichroic spectroscopy. When the
heavy-hole exciton was resonantly excited by the circularly polarized laser pulse, the positive and negative
circular dichroism appeared at the heavy-hole— and the light-hole—exciton energy, respectively. They decay
with different time constants, from which we succeeded in determining the spin dynamics of electrons sepa-
rately from that of holes. Furthermore, we found that the electron-spin-relaxation time decreases dramatically
with decreasing the well width, while the heavy-hole—spin relaxation is relatively insensitive to the variation of
the well width. This strongly suggests that the electron-spin-relaxation process is governedsoy the
change interaction in the magnetic barrier layer, while the heavy-hole—spin relaxatipadbgxchange
interaction is regulated by the degree of the mixing between the heavy- and light-hole subbands.
[S0163-182697)05840-3

I. INTRODUCTION simultaneously, to the spin-relaxation at the hh-exciton en-
ergy. A possible way to isolate the electron-spin relaxation

In recent years, much interest has been aimed at the phyfom the hh spin relaxation in GaAs/Aba, _,As QW's, is to
ics of carrier spin dynamics in semiconductor quantumuse p-doped QW's for the electron-spin relaxation and
well’® (QW’s) and its potential application for ultrafast de- n-doped QW's for the hh spin relaxatiGnHowever, the
vices using a spin-dependent optical nonlinedfit}* espe-  spin-relaxation mechanism in the doped QW's should be
cially for the nonmagnetic 1ll-V semiconductor QW’s. The quite different from that in undoped QW'’s due to carrier-
resent development of molecular beam epit&4BE) has  impurity scattering, the Coulomb screening of the carriers,
allowed us to obtain the high-quality 11-VI diluted magnetic and so on. Actually, the hh spin relaxation was measured
semiconductofDMS) QW's, in which it is possible to con- directly in undoped AlGa _,As/AlAs QW'’s having type-II
trol an interacting region between the carrier spin and thetructure by using the fast intervalley scattering of electron
magnetic ion spin embedded in the structures, and variouom theI” point of the well layer to the point of the barrier
spin-dependent optical properties such as the giant Zeemaayer? This is, however, the specific case applicable only for
effect and the magnetic polaron effect and have been oldhe AlLGa, _,As/AlAs QW'’s and is not the general case. We
served in the structure-controlled manner. The photoinducegresent a different approach to measure the electron-spin re-
magnetization experiment&3in which the injection of the laxation separately from the hh-spin relaxation by using the
spin-polarized carriers induces the magnetization of the magiemtosecond time-resolved circularly dichrd¢i€D) spectra.
netic ions, has confirmed the existence of the spin-flip prolt has been shown that the time-resolved CD enables to sepa-
cess between the carrier spin and the embedded magnetizte completely the effect of screening and phase-space
ions. In connection with those experiments, the carrier spinfilling.** So, we can examine the population difference be-
relaxation process is expected to be modified strongly by théveen the degenerate electron- and hh-spin state, and their
magnetic ion through the spin-flip process. time evolution in time resolved CD spectra.

In a QW, the degeneracy between a heavy-fiofe and a Furthermore, we present the experimental results of the
light-hole (Ih) exciton is lifted owing to the different quan- carrier spin relaxation which is affected by the magnetic Mn
tum confinement between the hh and Ih and the biaxial straigpin through thes-d or p-d exchange interaction. The inter-
effect. Accordingly, electrons and holes can be created witlaction is characteristic of DMS’s such as CdMn, Ter®
a full spin polarization in the conduction and the valenceTheoretical prediction has shown that the electron Mn spin
band, respectively, by the circularly polarized light. In the (s-d) exchange interaction is a very efficient spin-flip scatter
previous studies of the relaxation of spin polarizatimm  for electrons, although the hole-spin scattering caused by the
spin relaxation in the QW's, the time-resolved absorption hole Mn spin -d) exchange interaction becomes inhibited
change using the circularly polarized pump and probe pulsé a strong confinement limit-*8In the CdTe/C¢_,Mn,Te
has been employed, where the wavelengths of the pump amdultiple QW structure studied here, the wave functions of an
probe pulse are the same and are resonant with the h#ectron and a hole in a well layer penetrate into a barrier
exciton~*In addition, the time-resolved luminescence mea-ayer and their spins interact with the Mn spins embedded in
surement has been employed, where the hh exciton is excitede barrier layer through the-d or p-d exchange interac-
resonantly by the circularly polarized pulse and then the detion. So we can control the degree of the carrier penetration
cay of the circular polarization of the luminescence isdepth by changing the QW width and observe the change of
measured=® In the two measurements for the case of thethe spin-relaxation behavior. The experimental data for the
undoped QW'’s, both the electron and hh spin contributeglectron-spin relaxation are clearly accounted for in consid-
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eration of the penetration of the electron wave function intopolarization. The pump and probe pulses are focused onto
the magnetic barrier layer and the subseqeedtexchange samples about 40@m and 100um in diameter, respec-
interaction. On the other hand, the hole-spin relaxation igively, which are held 86 K in a cryostat. The probe beam
explained taking the hh and Ih subband mixing andpgh@  passing through the sample is dispersed by a 0.25-m spec-

exchange interaction into account. trometer equipped with a charge coupled device camera to
obtain differential transmission spectra. The cross correlation
Il. EXPERIMENTAL DETAILS bgtween th_e pump an_d probe pulse is abput 200 fs, which
gives the time resolution. The spectral width of the pump
A. Samples pulse is about 20 nm and its wavelength of the pump pulse is

The (100-oriented CdTe/Cd ,Mn,Te (x~0.35) mul- tuned to the lower-energy side of the hh-exciton absorption
tiple QW’s are grown by a MBE method on a G4ag0)  line in order to excite only the hh exciton resonarithee
substrate with~ 2000-A-thick CdTe and~2000-A-thick Fig. 2b)]. Thus there is no excitation of the Ih excitons. The
Cd,_ Mn,Te buffer layers and capped with an €Xcitation density of the pump pulse is aboytd/cnt.
~2000-A-thick Cd_,Mn,Te layer. A series of samples
consists of 20 periods of alternating an CdTe well layers and
a 45-A-thick Cd_,Mn,Te barrier layers. The width of the The time-resolved and the spin-dependent absorption
CdTe well (,) is varied from 40 A to 123 A in order to measurements are performed using a mode-locked Ti:sap-
sufficiently control the number of the manganese ions interphire laser with the repetition rate of 76 MHz. The duration
acting with the carrier spin through the carrier penetrationof the laser pulse is 130-200 fs depending on the wave-
degree into the barrier layer. For instance, the Zeeman splitength, which is tuned to the lower-energy side of the hh-
ting of the hh exciton absorption band in the sample with aexciton absorption band. The repetition rate of the laser pulse
well width of 40 A amounts to 11.3 meV, while it amounts train is reduced to 3.17 MHz using a pulse picker in order to
to 0.64 meV for the sample of 123 A & K and 5 T. This  reduce the heating of the sampspecially the temperature
result shows that changing the well width is enough to in-of Mn spin systerl?) and to obtain stronger signals of pump-
vestigate the effect of the carrier spin relaxation concerningnduced absorption saturation. The pulse-picked train is di-
the s-d or p-d exchange interaction. The substrate is selecvided into the pump and probe beams. The energy of the
tively etched away to perform the pump-probe absorptiorpump pulse is about 0,ZJ/cnt in front of the sample. The

2. Degenerate pump-probe experiment

measurements with a transmission configuration. pulse energy of the probe beam is reduced to one-tenth of the
pulse energy of the pump pulse. The circular polarization of
B. Time-resolved pump-probe experiments the probe pulsed ™) is fixed, while that of the pump pulse is

hanged tooc™ or ¢~. The pump and probe pulses are fo-
used onto a sample about 120-130 in diameter. The
ump beam is chopped at 1.5 kHz and the signal due to the
ump-induced change in the transmitted probe intensity is
tained using phase-sensitive detection. The sample is held
5 K in thecryostat.

We use two different types of femtosecond time-resolve
pump-probe experiments. One is the pump-probe experi:
ment, in which the probe pulse has a continuum spectrum t
measure a transient CD spectrum. From this we can exami
selectively the population differences between the degenerafg
spin states of an electron and a hh, and their time evolution.
The other is the degenerate pump-probe experiment, in
which the wavelength of the probe pulse is the same as that ll. SELECTION RULES FOR THE OPTICAL
of the pump pulse. The degenerate pump-probe experiment TRANSITIONS AND CARRIER SPIN RELAXATION

is employed to obtain a better signal-to-noise ratio in the The electronic energy levels of the conduction- and
measurement of the carrier spin dynamics at the hh excitopajence-band edges at thepoint in the CdTe/Cg ,Mn, Te

energy. QW structure is shown in Fig. 1. Because of the selection
. rules for the optical transitions, the circularly polarized light
1. Pump-probe experiment for the measurement couples the distinct angular momentum states between the
of the time-resolved CD spectrum conduction and valence bands. When the strerigpump

The pump-probe experiments are performed using a lasdulse resonantly excites the hh-exciton level, th#/2 elec-
system of an optical parametric generator and amplifietron state and the-3/2 hh state are instantaneously created.
(OPG/OPA excited by a Ti:sapphire regenerative amplifier Due to the occupation of these states and their phase-space
with a repetition rate of 1 kHz. The output pulse from the filling effect,* the absorption of the-* probe pulse saturates
OPG/OPA with 0.15 mJ/pulse is passed througbarium-  at the hh-exciton energy. Subsequently, the electron spin re-
borate crystal and the resultant second-harmonic and remaitaxes from the 1/2 state to the 1/2 state and the hh spin
ing fundamental beams are split by a dichroic mirror. Therelaxes from the- 3/2 state to the+ 3/2 state. As a result, the
second-harmonic beam is used as a pump pulse, while ttgaturation of thes™ probe pulse starts to decrease and si-
fundamental beam is focused into the sapphire plate in ordenultaneously the absorption of the probe pulse starts to
to generate a probe pulse having a continuum spectrum. Tgaturate at the hh exciton energy owing to the occupation in
obtain a circularly polarized continuum probe pulse, the lin-these state by both the electron- and the hh-spin relaxation.
early polarized probe pulse is passed through a quarter-wavihe difference of the absorption saturation betweendthe
Fresnel rhomb. The polarization of the pump pulse is fixed tand o~ probe pulse and their time dependence makes the
right circularly polarization ¢*), while that of the probe transient CD spectrum. At the same time, the absorption of
pulse is switched either to lefo(") or right (¢*) circularly ~ the o~ probe pulse at the Ih exciton energy is also saturated
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FIG. 1. Angular momentum staté,J,) of the conduction and
valence bands at tHe point in a CdTe/C¢l_,Mn, Te quantum well.
The selection rule for the optical transition is shown. The initial
dynamical process of the carrier spin relaxation is also shown, after
the resonant excitation of the heavy-hole exciton by dtiecircu-
larly polarized pump pulse.

od

instantaneously with the same resonant condition. Only the
—1/2 electron state contributes to this saturation because lh 1.60 1.65 1.70 1.75

excitons are not excited and hence there is no occupation of Photon Energy (eV)

the |h state. Since the electron spin relaxes from B2

state to thet+ 1/2 state, the absorption of the" probe pulse FIG. 2. (a) Differential transmission spect®TS) for several
saturates owing to the occupation of the/2 electron state. pump-probe delay times at 6 K. The pump pulseris circularly
Therefore, we can measure directly the electron-spin relaxpolarized. The solid line and the dashed lines show the DTS for the
ation by observing the time dependence of the CD spectrurm ™ and o circularly polarized probes, respectivelys) The linear

at the |h-exciton energy, while we measure the convolutiorfbsorption spectrunisolid line) and the pump laser spectrum
of the electron-spin and hh spin relaxation by observing thédashed lingare also shown.

time evolution of the CD at the hh exciton energy. Further-
more, we can deduce even the hole spin relaxation by com
paring the time evolution of the CD spectrum observed at the
Ih-exciton energy with that observed at the hh-exciton en-

excnon energy is due to the occupation of both the electron
and the hh states, while the DT at the Ih-exciton energy is
Bue to the occupation of only the electron state. The effect of
ergy. the phase-space filling determines the DT intensity. There-
fore, if the effect of the phase-space filling for the hh state is
much stronger than that for the electron state, it makes the
IV. RESULTS AND DISCUSSION different DT intensity between the hh- and the Ih-exciton
energies.
Figures 3a) and 3b) show the time evolution of the DT
Several differential transmission spectlrsS) for differ-  at the hh- and the Ih-exciton energies, respectively, for
ent pump-probe delay times are shown in Fig)2The solid (¢",0") and (¢",o7). It should be emphasized that the
curves are the DTS where the hh exciton is pumped resdT intensity for (¢*,0 ") is larger than that for¢™,o ") at
nantly by thes " -polarized pulse and DTS are measured bythe hh-exciton energjfFig. 3a)], whereas the DT intensity
the o™ -polarized probe pulse, namelyr;(ump, Oprore), While  for (07,0 7) is smaller than that for€™,o") at the Ih-
the dashed curves are the DTS in the caseoof,¢). The  exciton energyFig. 3(b)] in the early times after the excita-
linear absorption and pump spectra are also shown in Figion. These experimental results clearly indicate that the ini-
2(b). The DTS signal oberved at 1.655 eV and 1.695 eV intial populations of the-1/2 electron state and the3/2 hh
Fig. 2(a) correspond to the hh exciton and the lh-excitonstate are larger than those of thel/2 electron state and the
energies, respectively. The DTS within 4 ps after the excita-+ 3/2 hh state, respectively. It is consistent with the selection
tion show the different spectral response depending on theules of the optical transition and the spin relaxation as
circular polarization of probe pulse around the hh- and |h-shown in Fig. 1; we actually observe the difference of the
exciton energy and this spectral difference makes the trarpopulation and its time evolution between these spin states.
sient CD spectrum. Further, the transient CD spectrum dis- The DT intensities for §*,o ) at the hh-exciton energy
appears at 12 ps. This means that the carrier spin relaxatiaand for (¢*,0 ") at the Ih-exciton energy, which are shown
is completed during this time scale. by the open circles in Fig.(4) and the closed circles in Fig.
The peak intensity of the DTS at the hh exciton is much4(b), respectively, also rise within the pump pulse-duration.
larger than that at the lh exciton. It can be partly attributed taHowever, this doeaot mean that the- 1/2 electron state and
the difference in the oscillator strength between the hh anthe +3/2 hh state are also almost instantaneously populated
the Ih exciton. Moreover, the effect of the phase-space fillingvithin the pumping time, although we assume that the pump
for the electron and the hh state also accounts for the resulpulse produces only the population at théd/2 electron state
The origin of the differential transmissiofDT) at the hh- and the—3/2 hh state. The line-shape analysis on the hh-

A. Separation of electron-spin and hh-spin dynamics
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FIG. 3. Time evolution of the differential transmissiébT) at FIG. 4. Time evolution of the circular dichrois(@D) at (a) the

(a) the heavy-hole—exciton energy and tfi® light-hole—exciton  heavy-hole—exciton energy arftl) the light-hole—exciton energy.
energy. The closed and the open circles denote the DT fosthe The CD is obtained by the subtraction of the differential transmis-
and o~ circularly polarized probes, respectively, when the heavy-sion for (¢*,0 ") from that for (¢*,0 ") of the data in Fig. 3. The
hole exciton is excited by the™ polarized pump pulse. The energy curves in the figure are the results of the fitting.

diagrams show the relation between the pump and probe pulse re-

garding their energy and circular polarization.

electrons or holes constituting excitons that are participating

in the collision. In our analysis, it is also found that the
exciton absorption band shows that CD spectrum comebroadening of hh-exciton band is more efficient for'(o )
from the fact that the blueshift, the decrease of the oscillatothan that for ¢*,o*). This means that the efficiency of the
strength, and the broadening occur spin dependently. Fucollision between two particles having opposite spin states is
thermore, the unexpected initial rise of the DT intensity forlarger than that for two particles having parallel spin states.
(o",07) is due not to the peak shift but to the decrease ofThis conclusion is consistent with the result presented by
the oscillator strength and the broadening. The blueshift foKawazoeet al, in which they insist that up-spin holes selec-
(o%,07) increases gradually from zero and coincides withtively collide with down-spin holes in AGa, _ As/AlAs
the blueshift for ¢+, ") after a time delay longer than QW'’s having type-Il structuré.
10-20 ps, while the blueshift foro(",o*) occurs suddenly Figures 4a) and 4b) show the time evolution of the CD
after the excitation, which is clearly seen on the dispersivespectrum at the hh- and Ih exciton energy, respectively. The
line shape of DTS in Fig. (@). These peak shifts are directly sign of the CD spectrum is positive at the hh-exciton energy,
confirmed by the peak position of the time-resolved absorpwhile it is negative at the Ih exciton energy. Although a DT
tion band for the hh exciton. These blueshifts suggest that theriginates from the effect of both screenifgpin indepen-
o pump pulse produces only the population at thé/2  deny and phase-space fillingspin dependeita CD spec-
electron state and the 3/2 hh state just after the excitation trum comes from only the phase-space filliidt should be
and the blueshifts in the time-resolved absorption band appointed out that the CD at the hh-exciton enefgig. 4(a)]
pear to reflect the population dynamics more directly tharreflects the time evolution of both the population difference
the decrease of the oscillator strength and the broadeningetween the electron-spin states and the difference between
The physical origin of the blueshift is known as a repulsivethe hh-spin states. Therefore, at the hh-exciton energy, we fit
part of many-body effect having its origin in the Pauli exclu- the shape of the decay with the double exponential curves
sion principle acting on the Fermi particlesectron and hh  and their time constants are deduced to be 8823 ps and
forming the hh excitort® The attractive part of the many- 10.0+4.3 ps. To determine which time constant the electron-
body effect(van der Waals interactigrcan be considered to and hh-spin relaxation contribute to, it is useful to observe a
be approximately zero since the time-resolved absorptiol€D decay at the Ih-exciton energy since the CD decay at the
band for @*,0”) shows no redshift but a blueshift from Ih-exciton energy reflects only electron-spin dynamics. In
zero gradually after the excitation. This is consistent with thefact, there is no steep decrease of the CD signal at the Ih-
theory concerning the renormalization of exciton energy dueexciton energy, while it is observed at the hh-exciton energy.
to the many-body effect in an ideal two-dimensional So we attribute the fast decay component at the hh-exciton
system'® The broadening comes from a collision betweenenergy to the hh-spin relaxation and consequently the slow
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TABLE 1. Comparison of the electron-spin and the heavy-hghé)—spin-relaxation time in
CdTe/Cd _,Mn, Te quantum well§QW'’s) with those in GaAs/Al_,GaAs QW's, superlattice$SL’s), and
other 1I-VI nonmagnetic QW'’s. The determination of the electron-spin and hh—spin-relaxation time in un-
doped GaAs/Al_,GaAs QW’s and SL’s is based on the assumption that the hh-spin relaxation should be
much faster than the electron-spin-relaxation time due to the strong spin-orbit coupling and the band mixing
at the valence band.

Sample Well/BarriefA) Electron(ps hh(ps TemperaturgK)
p-doped GaAs/AJGa As QW's" 60/280 150 10
n-doped GaAs/A| Ga, As QW' 50/280 4 10
undoped GaAs/AlGa, -As QW'S 80/210 150 1 45
undoped GaAs/A|Ga, ;As QW's" 80/300 120 50 4.2
undoped GaAs/AlGa, /As SL's 30/30 250 35 4.2
undoped Zg;Cdy ,:5€/ZnSe single QW 120/ 27 4.6 4.6
undoped CdTe/CgigMng 3sTe QW'S® 66/45 10 0.92 6

8Reference 9.
bReference 8.
‘Reference 2.
dreference 24.
®Present study.

decay component to the electron-spin relaxation. Furtherresonant with the hh-exciton energy to obtain the CD signal
more, to check whether the assignment is appropriate, we fivith a better signal-to-noise ratio.

the CD decay at the Ih-exciton energy with a single expo-

nential curve and the time constant is determined to be B. Well width and temperature dependence

5.6+ 2.6 ps. Since this time constant coincides with the slow of the carrier spin relaxation

decay time constant observed at the hh-exciton energy within Figure 5 shows the time evolution of the CD spectrum at

the _expenm(_ental accuracy, we can reconfirm that the abov%e hh-exciton energy for all the samples at the present study.
asmgnmenfc is appropriate and the slow decay component the time evolution of the CD spectrum is measured by the
the hh-exciton energy comes from the electron-spin relaxdegenerate pump-probe experiment at 5 K. The decay profile

ation. . can be characterized by the fast and the slow components.
Table | shows the comparison of the electron- and hh-

spin-relaxation times in CdTe/Gd,Mn,Te QW'’s with
those in GaAs/Al_,GaAs QW'’s, superlattices and other

1

[I-VI nonmagnetic QW'’s reported previously. In any case 10 _' ! ! l | 1
the in GaAs system, the relaxation time of hh-spin is much 0 - 7
faster than that of the electron spin. This rapid hh-spin scat- 10 3 3
tering is assumed to be due to very strong spin-orbit effect C ]
and the band mixing in the valence band. Note that the de- _ 107 g Ll A1:e=30.4ps E
termination of the electron- spin and hh-spin-relaxation time & i ]
in the undoped GaAs system is based on this assumption. Ir § 10° | 3
CdTe/Cd_,Mn,Te QW’s, the situation is similar to that in 3 E 3
the GaAs system in that the hh-spin relaxation is much faster 5 107 i _'
than the electron-spin relaxation. However, the absolute A
value in the electron-spin-relaxation time in CdTe/ © | ]
Cd,_,Mn,Te QW'’s is at least ten times and about three 10 | 3
times faster than that in GaAs system and ZiCd,Se/ZnSe S C ]
QW, respectively, at low temperature. So the additional re- 107 g Lz=40 A LZ::Z;&l E
laxation mechanisms contribute to the electron-spin scatter- F te=S3ps P ]
ing in CdTe/Cd_,Mn,Te QW'’s. The electron Mn spin scat- 10° KL ' ' ' ! =
tering is one plausible mechanism. In the process of the spir 0 20 40 60 80 100
scattering, the electron-spin scattering occurs in the barriel Delay Time (ps)

layer as the consequence of the penetration of the electron

wave function into the magnetic barrier layer. In the next g 5. Time evolution of the circular dichrois€D) at the
sub-section we investigate the effect of the carrier penetrameavy-hole—exciton energy for samples with various well widths
tion into the magnetic barrier layer for a series of sampleg|,) at 5 K. The CD is measured by the degenerate pump-probe
having various well widths in order to elucidate the carrierexperiment. The notation, is the time constant for the electron-
spin relaxation due to the carrier Mn spin interaction. Forspin relaxation. The rapid initial decay superimposed on the
this purpose, we employ the degenerate pump probe methagectron-spin relaxation is due to the heavy-hole spin relaxation.
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For instance, the time constants of 2.0 ps and 8.8 ps ar 0.30 F—T , , I I — 020
obtained from. the fitting for the sample with the yvell width %: @ Elcctron-Spin Decay Rate

of 55 A. We identify the fast decay constant with the hh- = <[ } o )
spin-relaxation time and the slow decay constant with the 737 [ Probability in barrier | o1s ¥
electron-spin-relaxation time, as shown in the preceding sub § 020 5K TS
section by means of the time-resolved CD spectraand asi ., ; §j
the case of the identification for the GaAs{AlGaAs § =
Qw's12%20Decreasing the well width from 123 Ato 40 A, & *P[ ¢ 7010
a dramatic decrease of the electron-spin-relaxation time fron -5 . =
43 ps to 5.3 ps is clearly observed. The rapid initial decay «» 0101 =
superimposed on the electron-spin relaxation is due to the § 00 )
hh-spin relaxation. In contrast with the behavior of the 3 0.05 - ... °

electron-spin relaxation, the hh-spin relaxation time of 5 T B

~2ps is almost unchanged with an increase of the well 000 | I I I I T Y
width from 40 A to 55 A. Increasing the well width further, 4060 80 100 120 140

the hh-spin relaxation shows nonexponential decay for the Well Width (&)

samples withL,=102 and 123 A. This hh-spin-relaxation

behavior will be discussed later. FIG. 6. Well width dependence of the electron-spin-relaxation

We discuss two possible origins of our finding that therate and its probability density integrated over the barrier. The
electron-spin-relaxation time is shortened by decreasing thelectron-spin-relaxation rate bt=66 A is taken from the result in
well width. One is thes-d exchange interaction, which is Fig. 4.
characteristic for DMS QW'’s. The other is the D’yakonov-

Perel(DP) mechanism, by which it is possible to account for

the decrease of the electron-spin-relaxation time with de-

creasing well width in GaAs/AL GaAs QW's?* At first,  for the sample with.,>50 A. It is obvious that the theory
we rule out the latter mechanism for the fOlIOWing reasonscannot exp|ain the well width dependence of the experimen_
The DP mechanism predicts that the decay rate is propoig| results. The reasons for this discrepancy between the
tional to E7, where theE; is the first confined electron theory and the present results is partly attributed to the cou-
energy in the, QW and is the electron momentum relax- pling of the electron wave functions between neighboring
ation time. Our results show that the decay rate is approxiwells since the present QW’s have the 45-A-thick barrier
mately proportional td12* rather tharE3, whereE, is cal-  layer not enough to prevent the coupling. So a bulklike de-
culated by a simple Kronig-Penney model including thescription for the electron Mn spin-flip relaxation should be
biaxial stress effect in the grown lay&?3 Further, the DP  included for the theory. Regardless of the discrepancy, the
mechanism is thought to become efficient for the samplgresent results reveal clearly the direct correlation between
with the high electron mobility, but this is not the presentthe spin relaxation rate of the electron and its penetration
case. These reasons rule out the DP mechanism in thdegree into the magnetic barrier layer, which suggests that
present results. Mn spins should be the spin-flip scatter for the electron. Fur-

Figure 6 shows the well width dependence of the decayhermore a similar trend is observed inyZrCd, ,-Se/ZnSe
rate of the electron-spin relaxation together with the electrorsingle QW's with insertion of the MnSe layer, although the
probability density integrated over the barrier. The electrorexact correlation between the carrier spin relaxation time and
probability density is calculated by the same model dis-ts overlap on Mn ion is not show#. This result supports our
cussed above. As seen in Fig. 4, the decay rate of thiterpretation that the electron spin-relaxation is shortened
electron-spin relaxation is scaled linearly with the electronby the interaction between carriers and Mn ions.
probability density integrated over the barrier. This strongly We turn our attention to the hh-spin relaxation behavior
suggests that the electron-spin relaxation is caused by thes shown in Fig. 5. There is no decrease of the hh-spin-
electron penetration into the barrier and the subsequent interelaxation time with decreasing well width. Although the hh
action with the origin that lies in the barrier: theed ex-  probability density integrated over the barrier is increased
change interaction between the electron spin and Mn spirwith decreasing well width, thep-d exchange interaction
The s-d exchange interaction has terms such asdoes not seem to affect the hh-spin relaxation compared to
s, S_+s_S, of the s-d exchange Hamiltonian, which en- the electron-spin relaxation. This is qualitatively reasonable,
ables the electron spin to flip froms,=—1/2(+1/2) to taking the following reason into account. The hh-spin relax-
s,=+1/2(-1/2) and Mn spin to flip fromS, to  ation from—3/2(+3/2) to +3/2(3/2) via thep-d exchange
S,—1(S,+1), simultaneously, wherg, andS, are the third interaction is forbidden since the-d exchange interaction
components of the electron and Mn spins, respectively. Soouples spin states betwe&nJ,=1 or —1. However, the
the electron-spin relaxation due to thel exchange interac- hh-spin relaxation via thp-d exchange interaction becomes
tion is possible. The theory concerning the spin relaxation opossible when the hh wave vector is apart from zero through
the conduction electron in CdTe/CdMn,Te already has the mixing between the hh and Ih subbafdge degree of
been givert! It predicts that the electron-spin-relaxation ratethe mixing of the hh and Ih subbands increases with decreas-
is approximately proportional to the square of the electroring the splitting between the hh and |h subbaitids., in-
probability density integrated over the magnetic barrier layecreasing the well width Consequently, the hh-spin-
and the calculated relaxation time is much larger than 1 nselaxation rate has the trade-off relation between the hh



9732 AKIMOTO, ANDO, SASAKI, KOBAYASHI, AND TANI 56

T , I T , T I of 130-200 fs at 100 K. From these results, it is thought that
(a) Lz=40 A

electron Mn spin scattering mechanism is temperature inde-
pendent below 100 K. The drastic decrease of the hh-spin
relaxation time with increasing temperature is related to the
valence-band structure and hh momentum scattering by ther-
mally activated phonon. As described in the preceding para-
graph, the hh spin and Ih spin are purdly= = 3/2 and+ 1/2

only atI”" point, while they have the mixed spin state going
away from thel” point through the hh- and Ih-band mixing.
This means that any event of momentum scattering of the

CD (arb. units)

107 | [ | | | | T hole leads to the change in the hole spin state, which is in
0 5 10 15 20 25 30 marked contrast to the case of an electron in the conduction
Delay Time (ps) band, where any momentum scattering of the electron does

not change its spin state since the electron spitt bf2 is an
eigenstate even at other than theoint. So the decrease of
the hh-spin-relaxation time with increasing temperature is
associated with the hh momentum scattering with thermally
activated phonon.

T I I I I I

(b) Lz=123 A

CD (arb. units)
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100K V. SUMMARY

We have investigated carrier spin dynamics in
CdTe/Cd_,Mn,Te QW’'s by means of the femtosecond
time-resolved pump-probe experiment and have measured
0 5 10 15 20 25 the transient CD spectra when the hh exciton is resonantly

Delay Time (ps) excited by the circularly polarized pulse. The measurement
of the transient CD spectra enables us to determine directly
the electron-spin relaxation separately from the hh-spin re-
laxation. We have also investigated the carrier spin dynamics
in order to clarify the role of the-d or p-d exchange inter-
action in their spin dynamics. We found that electron-spin-
relaxation time is dramatically shortened with decreasing
well width. We revealed the direct correlation between the
spin-relaxation rate of the electron and its penetration degree
into the magnetic barrier. This suggests that the Mn-spin
should be a strong spin-flip scatter for the electron. The hh-

of the p-d exchanggand the hh-lh splittingi.e., degree of ) X ; . .
mixing between hh and Ih subbandghen the well width is spin relaxation was found to be insensitive to the well width
“ompared to the electron-spin relaxation. This can be quali-

changed. This is the reason presumably why the hh-spin r&Or ;
laxation is insensitive to the well width. Furthermore, we tatively understood by the trade-off relation between the

performs the spin-relaxation measurements at the excitot:\h'_Ih split_ting and the penetrgtion_degree of hhinto the mag-
transition energy, so this actually means that the hh statdd€tiC barrier when the well width is changed. =
Finally, we comment on the carrier spin-relaxation time in

whose wave vector spreads up-td/a,, with ay the exciton s
Bohr radius. are proged. As mentic?ned abc;)ve the hh-spirf’-‘ magnetic field to proceed further study of the role of the
; ’ :d or p-d exchange interaction. On application of a mag-

relaxation rate depends considerably on the degree of the @ field. th . . | T v h
mixing between the hh and Ih subbands and consequently diftiC fi€ld, the carrier spin-relaxation time generally has two

the hh wave vector. So the nonexponential decay behavior £°ntributions, the transverse spin relaxation tirfg)(and
observed for the samples for the wider wellslgf=102 and e longitudinal spin relaxation timéf¢) with respect to the
123 A. In these samples, the range of the hh wave vector, ifirection of tr;e magnetic field. The observable spin relax-
which the mixing between the hh and Ih subbands cannot b@tion time (Tz) in the experiment can be expressed by
ignored, is thought to be compared withl/a,. 1/T5=1/T,+1/2T,. So the present spin relaxation time that

Figure 7 shows the temperature dependence on the timie observed in a zero field correspondSio=T, since the
evolution of the CD spectrum for the sample with, Zeeman splitting of the degenerate spin levels is zero and we
=40 A [Fig. 7(a)] and 123 A[Fig. 7(b)], having the narrow- do not have to consider the longitudinal spin relaxation, that
est and widest confined well width in the present study, reis, the energy relaxation. It would be difficult to extract only
spectively. The rapid initial decay superimposed on thea field dependence df, separated frorT; in observabler?
electron-spin relaxation is due to the hh-spin relaxation a$ the experiment. The information of the role of thal or
explained above. The electron-spin decay is almost not afp-d exchange interaction is thought to be includedTin
fected by the change in temperature for both samples, whileather thanT, since T, would become shorter for any
the hh-spin decay time is apparently shortened with increassamples under stronger magnetic field and resultant larger
ing temperature and becomes lower than the time resolutioAeeman splitting.

10°®

[
o

FIG. 7. Temperature dependence of the circular dichr¢iSB)
at the heavy-hole—exciton energy for the sample wigh L,
=40 A and(b) 123 A. The CD is measured by the degenerate
pump-probe experiment.

penetration degree into the barrige., interaction strength
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