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Electron and hole spin relaxation in modulation-doped CdMnTe quantum wells
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We report on the electron and hole spin relaxation times inn-type andp-type CdMnTe quantum wells with
nonmagnetic barriers measured via the time-resolved magneto-optical Kerr effect in a pump-probe experiment.
In addition to the decay of the Kerr effect at short pump-probe delays, we show that the hole spin relaxation
time may be also estimated from a phase shift induced during the coherent rotation of the Mn spins. The
variations of the spin relaxation times are studied as a function of Mn concentration, doping level, and
magnetic field applied parallel to the quantum well plane. The results show that the electron spin relaxation is
dominated by the exchange scattering with the Mn ions in the quantum well, and good agreement with theory
is obtained provided exciton effects are included. Relatively slow hole spin relaxation is observed in thep-type
samples~hole spin lifetime up to 32 ps! as compared to published values for similar diluted magnetic II-VI
heterostructures.
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I. INTRODUCTION

During the past decade, the spin relaxation processe
electrons, holes, and excitons have been intensively stu
in GaAs/GaAlAs quantum wells~QW’s!.1 Indeed, the high
optical and electronic qualities of these quantum structu
and their very-well-known properties make them ideal c
didates to explore spin-related properties. However, des
this intensive work the spin relaxation processes are still
fully understood in these structures.

Type II-VI QW’s have been the focus of much less atte
tion concerning their spin relaxation properties. However,
possibility to incorporate magnetic ions, such as mangan
opens possibilities of spin control, which, for example, ha
been recently used to demonstrate the spin injection fro
diluted magnetic semiconductor~DMS! into a GaAs light
emitting diode.2 In this emerging field of spin-depende
electronics it becomes increasingly important to unravel
spin relaxation processes, in particular for quantum str
tures containing magnetic ions. Furthermore, recent prog
in the growth of DMS-based QW’s by molecular beam e
taxy gives great flexibility to elaborate new structures. As
example it is now possible to grow magnetic QW’s san
wiched between two nonmagnetic layers. Alson-type and
p-type modulation doping of these structures has b
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achieved, providing a two-dimensional carrier gas in a stro
exchange interaction with the Mn ions confined in the sa
QW. In the case ofp-type doping the exchange interaction
strong enough to induce a ferromagnetic interaction and
ordered phase at low temperatures.3

The electron and hole spin relaxation times were first
timated from time-resolved photoluminescence
Cd12xMnxTe/Cd12yMnyTe QW’s (x,y), in which the layer
with lower Mn concentration constitutes the QW’s, even
ally nonmagnetic whenx50.4 A comparison between the
carrier spin relaxation in nonmagnetic QW’s and in magne
ones led to the conclusion that the electron spin relaxa
times are insensitive to the presence of Mn ions in the QW
rather surprising conclusion indeed sinces-d exchange scat-
tering should be very efficient. However, later studies ha
revealed that these so-called nonmagnetic QW’s may exh
magneto-optical splittings, which in some instances may
larger than those from the magnetic barriers.5 This effect
results mainly from magnetic dilution at the interface a
from the fact that the magnetic susceptibility decreases as
Mn concentration becomes larger than 10% –15%. There
in our opinion the conclusions of these early studies mus
reconsidered. More recently, Akimotoet al. measured elec-
tron and heavy-hole spin relaxation times
CdTe/Cd0.65Mn0.35Te QW’s by time-resolved circula
dichroism.6,7 They found a steep decrease of the elect
spin relaxation timet as the QW width decreases, whic
e
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TABLE I. Main characteristics of the CdMnTe QW’s studied in this paper.xe f f is the effective Mn
concentration in the QW deduced from magneto-optical splittings. The electron density is estimated fr
width of the iodine doping layer and the density in a reference sample forn-type samples. The hole densit
is deduced from measurements of the Moss-Burstein shift in thep-type samples.TC is the Curie temperature
in p-type samples.

Sample xe f f@%# Carrier density@cm22# Well width LW@Å # Barrier TC@K#

W7 0.45 n5731010 80 CdMgTe -
W5 0.45 n5331010 80 CdMgTe -
M890 1.6 Nominally undoped 50 CdZnMgTe -
M921 1.7 p53.531011 80 CdZnMgTe 2
M952 2.6 p53.431011 80 CdZnMgTe 2.45
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they related to the increase of the overlap betweens and d
orbitals. This is a first direct hint that exchange scatter
acts efficiently to flip the electron spin. However, here ag
the dilution effects should be considered carefully, wh
makes a quantitative analysis of the QW width depende
of te rather difficult because interdiffusion and segregat
depend strongly on the growing conditions. In contrast tote ,
the heavy-hole spin relaxation timeth was found to be in-
sensitive to the QW width, a behavior tentatively ascribed
the competition between the quantum confinement wh
tends to stabilize the heavy-hole spin and thep-d orbital
overlap which favors spin relaxation. ZnCdMnSe/Zn
QW’s have also been studied by time-resolved Fara
rotation.8,9 In this case the QW is magnetic and the barr
nonmagnetic. It was found that incorporation of Mn io
decreases both electron and hole spin lifetimes.

The influence of doping on spin relaxation has also b
studied in nonmagnetic semiconductors. It was found t
n-type doping dramatically increaseste , up to 130 ns at low
temperature in bulk GaAs~Ref. 10! and up to several ns in
ZnSe/ZnCdSe QW’s or ZnSe epilayers.11 This quenching of
electron spin relaxation was ascribed to the suppressio
the electron-hole spin scattering in thesen-doped
samples.10,11 In view of the above discussion we believe th
Cd12xMnxTe QW’s with nonmagnetic barriers are bett
suited to investigate the role ofs-d and p-d exchange scat
tering in the spin relaxation processes. It is also valuable
look at the possible influence of doping on the carriers s
relaxation times in these structures, because the electron
spin scattering constitutes another efficient channel of e
tron spin relaxation, as evidenced by experiments on do
nonmagnetic semiconductors.10,11

Hereafter we report on electron and hole spin relaxat
times measured by the time-resolved magneto-optical K
effect ~TRMOKE! in modulation-dopedp-type CdMnTe/
CdZnMgTe and n-type CdMnTe/CdMgTe QW’s. Thes
diluted-magnetic, modulation-doped, QW’s give us the o
portunity to explore the influence of both the electron-h
scattering and carrier-Mn scattering on the electron and h
spin lifetimes.

II. EXPERIMENTS

The QW’s studied have low Mn concentrations to min
mize the effects of the antiferromagnetic Mn-Mn intera
08533
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tions. We present below measurements ofte and th per-
formed on five QW’s having different Mn concentrations a
different doping levels, in order to assess the role of carr
ion exchange and electron-hole exchange in the spin re
ation. The sample characteristics are summarized in Tab
Samples W5 and W7 have the same Mn concentration
different n-type doping levels, whilep-type samples have
different Mn concentrations but similar doping levels. In t
p-type samples the carrier concentration can be change
above-barrier illumination.

We used a pump-probe technique to time-resolve the K
effect, which is an effective tool to detect the electron a
hole spin polarization resonantly excited by a circularly p
larized pump pulse propagating in theOx direction normal
to the QW plane.9 The resulting photoinduced birefringenc
produces a rotation of the linear polarization of the pro
pulse which is detected using an optical bridge.12 The pump
and probe pulses were delivered by a mode-locked titani
sapphire laser with a pulse duration of 200 fs and a repeti
rate of 85 MHz. The average intensity of the pump was fro
a few W/cm2 to about 30 W/cm2 and typically 10 times
larger than the probe intensity. The pump and probe pho
energy was tuned into resonance with thee1-hh1 transition
of the QW’s. The samples were placed in a small superc
ducting split coil in superfluid helium and a magnetic fie
up to 2 T was applied in theOz direction parallel to the QW
plane. Sample M890 was studied in a 6 T superconduc
magnet in the same configuration, but at a slightly high
temperature. The Voigt configuration is ideal to clearly d
tinguish the contribution of electron and hole spin polariz
tion separately, because the electron spin precesses f
around the external field, while the heavy-hole spin is lock
along the growth axis due to the lifting oflh-hh degeneracy
by confinement and strain.

The variation of the Kerr angleuK(t), with pump-probe
delay t, exhibits ~Fig. 1! the corresponding damped oscilla
tions of the electron spin plus an exponential decay relate
the hole spin, as shown previously for other quantu
structures.6–9 At longer delays, oscillations with a longer pe
riod appear, which are related to the precession of Mn sp
which have been initially rotated coherently by the hole e
change field.8 The Kerr rotation at short delays is fitted wit
uK(t)5ahe2t/th1aecos(vet)e

2t/th which yields te and th .
The electron Larmor angular frequencyve may be quite
1-2
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ELECTRON AND HOLE SPIN RELAXATION IN . . . PHYSICAL REVIEW B64 085331
large due to the giant splitting of the conduction band
duced by thes-d exchange interaction, which is proportion
to the magnetization. Hence, the field dependence ofve can
be fitted with a modified Brillouin function,13 which gives an
internal thermometer of the Mn spin temperatureTs . Since
in our experiments the sample was generally slightly hea
by the laser pulses, when possible, we give bothTs and the
helium bath temperatureTb .

III. ELECTRON SPIN RELAXATION

Figure 2~a! summarizes the values of the electron sp
relaxation rates obtained on the different samples. We fo
little influence of the carrier density on the electron sp
relaxation, both forn-type @compare samples W5 and W7
Fig. 2~a!# and p-type samples~see Fig. 5 below!. We have

FIG. 1. Typical time-resolved magneto-optical Kerr signal me
sured on sample M890 with a magnetic field applied in the Q
plane. The sample contains a single nominally undoped CdM
quantum well. The rapid oscillations visible in the expanded vi
of the first 25 ps of the time scan are ascribed to the electron
precession, while the slower oscillations which last up to 1000
come from Mn spin oscillations.

FIG. 2. Semilogarithmic plot of spin relaxation rates measu
for different samples~Table I! as a function of in-plane magneti
field, for electrons~a! and holes~b!. The Mn spin temperatureTs is
given in each case~helium bath temperatureTb was 2.1 K, except
for sample M890 whereTb58.2 K).
08533
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d

also found that the electron spin relaxation times are o
weakly dependent on the excitation density, except
sample W7 which exhibits longer spin relaxation times
higher excitation density. But in that case the temperat
changes as well, due to laser heating, so that the variation
relaxation times cannot be ascribed unambiguously to e
tation density only@compare squares and circles in Fig. 2~a!#.
However, we have examined the influence of temperature
the electron spin relaxation on sample M952, and we fou
no noticeable variations in the range of temperatures u
3.9–9.8 K~data not shown!.

One can see in Fig. 2~a! that the electron spin relaxatio
tends to accelerate as the magnetic field increases. This
celeration is weak for samples M952 and M890, which ha
already short relaxation times in zero field, while a pr
nounced accelaration is evidenced for sample W7, which
longer electron spin relaxation in zero field. Similar resu
were obtained before in CdTe/CdMnTe QW’s~Ref. 7! ~long
zero-field electron spin relaxation and pronounced accel
tion! and in ZnMnCdSe/ZnSe QW’s~Refs. 8 and 9! ~short
zero-field relaxation and weak acceleration!. A weak accel-
eration of electron transverse spin relaxation, of the orde
30%, is expected theoretically when the field dependenc
the magnetic fluctuations is taken into account in presenc
alloy disorder.14 However, larger variations, as observed
sample W7 or in Ref. 7, remain unexplained so far.

The possible role ofs-d exchange scattering in electro
spin relaxation is suggested by the fast increase of the re
ation ratete

21 as the Mn concentration increases@Fig. 2~a!#.
In Fig. 3 we comparete

21 measured in zero field on th
different samples with the value expected for exchange s
tering process,te

215 35
8 m* (N0a)2xe f f /\

3LWN0, assuming
infinite barrier height.15 Here N0a50.22 eV is thes-d ex-
change integral,N0 is the number of cation sites per un
volume, andxe f f is the effective concentration of Mn ion
contributing to the low-field magnetization. Since we a
dealing with an electron bound in exciton,m* must stand for
the exciton in-plane effective mass,16 which for neutral exci-

-

e

in
s

d

FIG. 3. Electron spin relaxation rates vs Mn effective conte
xe f f for a QW widthLW580 Å: experimental data~crosses!, cal-
culated values~solid line!. The value atxe f f50 is taken from Ref.
24. For sample M890 the measured electron spin relaxation rate
been multiplied by a factor 5/8 to account forLW550 Å in this
sample.
1-3
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C. CAMILLERI et al. PHYSICAL REVIEW B 64 085331
tons is m* 5me* 1mh* ~we take me* 50.096m0 and mh*
50.25m0).17

Considering the absence of fitting parameters we fin
rather good agreement between experimental and calcu
values in support of thes-d exchange scattering as being t
main relaxation channel for the electron spin.

IV. HOLE SPIN RELAXATION

Henceforth, we focus on the hole spin relaxation. Str
ingly, the hole spin relaxation time is longer in our samp
having the highest Mn concentration~which arep type!, a
behavior opposite to the electron spin relaxation@Fig. 2~b!#.
Hereth becomes even longer thante in undoped orp-doped
samples, a quite unusual result which has never been
ported so far. In Fig. 4 we illustrate howth was estimated for
sample M952, which exhibits the longestth in our series of
samples. At zero field the decay of the TRMOKE is nearl
bi-exponential with two largely different time constan
~about 1 and 30 ps). When an in-plane magnetic field
applied oscillations appear at very short delays, which
attribute to the precession of the electron spin, following
standard method.9 The longer decay is thus attributed to th
contribution of the hole spin polarization to the tot
TRMOKE, which we have fitted with a simple exponentia
At longer delays and with increasing field, the signal de
ates from this exponential decay due to the coherent rota
of Mn spins which starts to develop. Later on we will pr
pose another clue to ascertain the assignment of the nono
lating part of the signal to the hole polarization.

Unfortunately, the lack of series of samples, where o
one parameter is changed at a time, is a drawback to di
tangle which parameter is driving the observed trend in
hole spin relaxation. However, there exists an efficient w
to deplete the hole gas in ap-doped QW by illuminating the
sample at a photon energy above the barriers of the QW18

We have used this property to vary the hole concentratio
sample M921. The TRMOKE signal was recorded in ze

FIG. 4. Semilogarithmic plot of the TRMOKE signal measur
on sample M952 for different values of the magnetic field appl
parallel to the QW plane. The oscillating part of the signal at sh
delays is attributed to the precessing electrons, and the lon
nonoscillating, decay is ascribed to the hole polarization.
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field with an additional illumination provided by a cw argo
laser which photocreates carriers in the barrier~Fig. 5!. The
semilogarithmic plot ofuK(t) reveals a bi-exponential deca
Again from measurements~not shown! with small in-plane
magnetic field the longer decay is attributed to the decay
the hole spin polarization and the shorter decay to the de
of the electron spin polarization. Tuning the hole dens
leaves the spin relaxation timeste and th practically un-
changed, while the relative weight of electron and hole s
polarizations to the total signal varies rapidly, as can be s
in the inset of Fig. 5. Though not well understood so far,
believe that the change in this relative weight reflects in
rectly the variation of the hole density in the QW. Therefo
it seems thatte and th are rather insensitive to the hol
density in thisp-type QW.

We recall that ourp-type QW’s have CdMgZnTe barriers
different from ourn-type QW’s, and have largerhh-lh split-
tings due to larger strains. Theoretically in QW’s the heav
hole spin relaxation byp-d exchange scattering is allowe
only if some mixing with the light-hole subbands exists16

This mixing exists forhh states atkÞ0 and may also be
induced by an in-plane magnetic field. Since the admixt
of lh states intohh states must be inversely proportional
the hh-lh splitting, longer hole spin relaxation can be e
pected in ourp-doped samples where this splitting is large

Although such long values ofth were not reported before
for other II-VI heterostructures containing Mn atoms, re
tively slow hole spin relaxation is expected at least from
theoretical point of view.16 Also, general trends in the spi
relaxation of carriers in quantum-confined structures rem
difficult to draw due to the spreading in the spin relaxati
time values reported.1 This is generally believed to resu
from different carrier scattering efficiencies which may
strongly sample dependent.19 Experimentally very slow re-

d
rt
er,

FIG. 5. Semilogarithmic plot of the TRMOKE signal measur
on ap-doped QW~M921! in zero field and for different illumina-
tion intensitiesI Ar above the QW barrier energy. The illumination
provided by a cw argon laser and depletes the hole concentratio
the QW. The electron and hole relaxation times are practically
sensitive to the illumination intensity and are indicated by arrow
The inset gives the measured weights of electron and hole co
butions to the signal as a function ofI Ar .
1-4
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ELECTRON AND HOLE SPIN RELAXATION IN . . . PHYSICAL REVIEW B64 085331
laxation was evidenced inn-type modulation-doped GaAs
GaAlAs QW’s, whereth values up to 1 ns were deduce
from the decay of the photoluminescence polarization.20–22

N-type doping in these structures ensures that the holes
combine with nonpolarized electrons and that the obser
polarization is related to the hole spin polarization only.

We found a rapid acceleration of the hole spin relaxat
with increasing in-plane magnetic field@Fig. 2~b! and Fig. 7,
below# in agreement with previous studies.7,8 This could be a
consequence of thehh-lh mixing induced by the in-plane
magnetic field already invoked by Crookeret al.9 In the case
of a DMS this field-induced mixing will be proportional t
the exchange field, and hence to the Mn magnetizationM.
We have also to assume that some mixing exists in zero fi
hence the relaxation rate will contain a constant term, plu
term proportional toM2, and thus to (xe f f^Sz&)

2. To check
this idea it is better to plotth

21 as a function ofxe f f^Sz& ~Fig.
6!. The solid lines are fits to the experimental data w
th

215a(xe f f^Sz&)
21b. One finds thata varies asb, as ex-

pected because both the zero-field mixing and the fie
induced mixing should be inversely proportional to t
lh-hh splitting.

Sample W7 exhibits a quite different behavior at 8
~open squares!, with a much faster increase ofth

21 . How-
ever, in this case, a rather high excitation density was u
resulting in a large difference between the helium bath te
perature and the effective Mn spin temperature.

Another method for determiningth is based on the mea
surement of the phase shift of the coherent Mn spin rota
after the initial pulse. By phase shift we mean the differen
between the observed phase value and the phase which
be expected for the case of an infinitely short exciting pu
Due to the exchange field of polarized carriers, such a p
would initially ~at t50) produce ay component of the mag
netization, so that the measured value of itsx component

FIG. 6. Same as in Fig. 2~b! with hole spin relaxation rates
plotted as a function ofxe f f^Sz&. Solid lines are fits to the data~see
text!.
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would change in time asMx(t)5Mx0sin(vt). In fact, a phase
shift of the Mn Larmor precession exists, which was alrea
noticed in previous works.7,8 In Ref. 8 this phase shift was
attributed to a hypothetical time-dependent demagnetiza
field. In Ref. 7 numerical simulations of the Mn spin dynam
ics taking into account spin interactions with electrons a
holes were performed, resulting in good agreement with
observed phase shifts. Such a phase shift may be unders
if one takes into account the finite duration of the exchan
field produced by the polarized carriers created by the e
tation pulse. It has been argued that because of their r
precession the electrons have little influence on the Mn s
dynamics,7,8 and hence we will ignore them in the followin
and consider only the exchange field of the polarized ho
for which free precession is not possible. We will also a
sume, as is the case in our experiments, that the pump p
duration is much shorter than the hole spin relaxation ti
th . Then the hole exchange field, directed alongx, may be
described as appearing abruptly att50 and later decaying a
exp(2t/th). If we consider times that are shorter than t
transverse Mn spin relaxation timeT2, the Mn spin dynamics
can be described by the Bloch equations

Ṁ5M3~vh~ t !1v!,

vh~ t !5vh0exp~2t/th!,

wherev is the external field~alongz within the QW plane!
andvh(t) is the exchange field due to hole~alongx normal
to the QW plane!, both expressed in units of frequency fo
the Mn spins~note thatvh!v). We assume that the initia
magnetizationMeq is in equilibrium in the external field
applied parallel to the QW plane. We are interested in
motion of M after the pump pulse, at delayst@th , and,
more specifically, in the componentMx which is detected
through the TRMOKE. For delayst@th it is easy to obtain

Mx~ t !5M0sin~vt1w!,

M05Meqvh0~v21th
22!21/2,

tan~w!52vth .

This result shows that a phase shift (2p/2,w,0) occurs
due to the fact that excitation of the Mn spin precession ta
place over a time equal to the coherence time of the ph
excited hole spin,th . In the limit case whenvth!1, the
exchange field acts as a sudden perturbation of the Mn
system andw50. For finite th , the exchange fieldvh(t)
appears suddenly during the laser pulse and decays slow
a time;th . Hence the excitation of the Mn spins is mai
tained for a finite time and a phase shift;vth follows. For
vth@1, this can be viewed as an adiabatic process, wh
the total fieldv1vh(t) changes its direction and keeps
constant amplitude and the Mn magnetization preces
around the total field. During the adiabatic process the an
betweenM and the total field does not change. Hence af
an integer number of periods andt@th ~when vh50) the
orientation ofM with respect tov is the same as its orien
1-5
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C. CAMILLERI et al. PHYSICAL REVIEW B 64 085331
tation at t50 with respect tov1vh(0), and thenormal
componentMx has its maximum value: it follows that in thi
casew52p/2.

We will show now that, using the analytical expressi
above,th can be deduced from precise measurements of
phase shiftw. To do that, one must determine precisely t
pump-probe coincidence and take care to avoid any unph
cal phase shift introduced by the response time of the de
tion apparatus. The method has been tested on sample M
up to 5 T. The result is shown in Fig. 7 where we compareth

as obtained previously withth* 52tan(w)/v. The overall
agreement between the two methods can be considere
satisfactory, taking into account the limited accuracy of
present measurements.th is found to decrease with increa
ing field in agreement with the previous determination. F
ther experiments with an improved accuracy will be nec
sary to conclude whether the systematically lower value
th* compared toth in Fig. 7 has a physical meaning.

One should mention that an additional phase shift w
predicted by Kavokin,23 as a result of a reduction of the M
Larmor frequency when holes are present in the QW. Ho
ever, we sought for this effect unsuccessfully in our samp
Moreover, if it exists, it should increasew and lead to an
overestimatedth in contradiction with our results.

Contrary to our findings, in Ref. 9 an accumulation of t
phase shift was observed at delays much longer thanth ~see

FIG. 7. Comparison between the hole spin relaxation times
termined by two independent methods:th obtained from the fit of
uK(t) at short delays andth* obtained from the determination of th
phase shift of Mn spin precession and the analytical expres
given in the text.
A

tl,

L.

u
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Fig. 14 of Ref. 9!. It is worth noticing that the phase shi
produced by the transient hole exchange field increases
vth , while the effect predicted in Ref. 23 disappears
vth→`. Since, in Ref. 9,th is significantly shorter~less
than 1 ps! than in our case, Kavokin’s effect could be th
main source of phase shift in this situation, and theref
should persist as long as holes have not recombined.

V. CONCLUSION

In summary, we have reported measurements of elec
and hole spin relaxation times in CdMnTe/Cd~Zn!MgTe
modulation-doped QW’s ofn andp type by using the time-
resolved magneto-optical Kerr effect. The obtained res
indicate that the electron and hole spin lifetimes are pra
cally insensitive to the carrier densities in the QW’s. T
electron spin lifetimete shortens as the Mn content increas
in the QW’s, confirming the predominant role of electron-M
exchange scattering in the spin relaxation. We found go
agreement between experimental and theoretical elec
spin relaxation times, provided the acceleration of the el
tron spin flip by the electron-hole correlation in the bou
exciton state is taken into account, as originally suggeste
Ref. 16. The hole spin exhibits an opposite behavior
understood so far. The samples with long hole spin relaxa
times are ofp type and have CdMgZnTe barriers. QW’s wit
CdMgZnTe barriers have strains larger than QW’s with C
MgTe barriers and, therefore, largerhh-lh splittings. This
could contribute to the longer hole spin relaxation in the
structures. Clearly more systematic measurements on a s
of specially designed QW’s will be required to assess
hole spin dynamics in these magnetic quantum wells. T
significance of the hole spin lifetime measurements has b
confirmed by an independent method based on the exist
of a phase shift in the Mn spin rotation. We have derived
simple analytical expression which relates the phase shi
the hole spin relaxation time.

ACKNOWLEDGMENTS

M.N. acknowledges partial support by KBN Grant N
2P03B09418. We wish to thank J. Alle`gre for his participa-
tion in some experiments and for giving us the opportunity
make preliminary experiments with the picosecond facil
of the Groupe d’Etude des Semi-conducteurs.

e-

n

ys.

ys.

N.
1For a recent review see L. Vin˜a, J. Phys.: Condens. Matter11,
5929 ~1999!.

2R. Fiederling, M. Keim, G. Reuscher, W. Ossau, G. Schmidt,
Waag, and L.W. Molenkamp, Nature~London! 402, 787~1999!.

3A. Haury, A. Wasiela, A. Arnoult, J. Cibert, S. Tatarenko, T. Die
and Y. Merle d’Aubigne´, Phys. Rev. Lett.79, 511 ~1997!.

4M.R. Freeman and D.D. Awschalom, J. Appl. Phys.67, 5102
~1990!; M.R. Freeman, D.D. Awschalom, J.M. Hong, and L.
Chang, Phys. Rev. Lett.64, 2430~1990!.

5J.A. Gaj, W. Grieshaber, C. Bodin-Deshayes, J. Cibert, G. Fe
.

il-
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