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Time-domain spin resonances pdoped CdMnTe quantum wells have been studied via time-resolved
magneto-optical Kerr rotation. The resonances related to quantum well electrons Mn and electrons excited in
the substrate are identified. An additional spin resonance which shows an unusual temperature dependence is
detected in one of the samples. The corresponding frequency tends to zero when approaching the Curie
temperature. This “soft” spin precession mode has been studied as a function of magnetic field, temperature,
magnetic field orientation, and optical excitation density. Its origin is discussed in the framework of the
existing collective spin excitation model.
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I. INTRODUCTION However the issue of collective spin excitationspitloped

There is currently a renewed interest for diluted magneti®MS quantum wells remains open. In particular, it is pre-
semiconductor§DMS), motivated by the possibility of mak- dicted theoretically that the hole spin anisotropy in quantum
ing them ferromagnetic bp_type dop|ng and use for the wells should affect the dynam|CS of the heaVy holes-
information storage and processing. In these materials th@agnetic ions coupled spin system in a dramatic way, lead-
ferromagnetic interactions between magnetic ions are meding to a softening of the magnetic resonance near the ferro-
ated by holes, and the Curie temperafligds expected to be magnetic transitiof.In a preliminary work we have reported
higher in Compounds with ||ght anions, where tp@ ex- on the observation of a similar SOftening of Spin resonance in
change interaction is stronger, while the spin-orbit interac2 P-type CdMnTe quantum wetf
tion is weaket In 11-VI compoundsT¢ appears to be limited N the present paper we complete the experimental find-
to few Kelvin23while it is above 100 K in GaMnA$and is ings and the interpretation of the “soft” spin resonance pro-
predicted to exceed room temperature in GaMnN and)osed in Ref 10. The next SeCtion deSCI‘ibeS the experimental
ZnMnO 5 Although the major features of carrier induced fer- SEtUp and the characteristics of the samples. Section Ill con-
romagnetism in these compounds can be described in tHains an overview of the experimental results. Finally, in Sec.
framework of the Zener model, a detailed knowledge of thdV We consider the possible origins of the temperature de-
dynamics of the spin excitations is still lacking. pendent spin resonance, namely, “softening” in the vicinity

In this context doped DMS nanostructures are of outOf the ferromagnetic phase transition due to Mn-hole cou-
standing interest because the concentrations of carérs Pling and temperature dependent effective fields.
ther electrons or hol¢saand magnetic ions can be varied in-
dependently, in various quantum confined geometries. It
opens a wide range of opportunities to explore the coupling
between free carrier and localized spin excitations. In par- Kerr rotation is a phenomenon by which the linear polar-
ticular, the electrical manipulation of magnetization has beerization of the light reflected from the magnetized media is
demonstrated in ferromagnetic DMS quantum wells. rotated by an angle proportional to the magnetization com-

Even in paramagnetic systems the spin excitations have ponent along the light propagation direction. In the pump-
collective character. This is suggested by spin-flip Ramarprobe experiments exploiting this phenomenon, the magneti-
scattering and electrically detected electron paramagnetization is created optically by the circularly polarized pump
resonance studies ofdoped CdMnTe quantum wellsThe  pulse, while the probe pulse polarization after reflection is
theory of collective spin excitations in doped DMS quantumsensitive to the pump-induced spin of the photoexcited car-
wells, developed to explain these results, also shed sonméers and any perturbation of the magnetic ion spin system. In
light on the physics of ferromagnetism in doped DRIS. practice, one measures the angle by which the polarization of

II. EXPERIMENTAL SETUP AND SAMPLES
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TABLE |. Relevant characteristics of the samples used in this
study: xet is Mn effective concentration ant. is the Curie tem- CdZnTe M821b
perature. Samples M921a and M921b are two pieces of the same i lM"
wafer. T=10K
= 128
Sample Xeft Hole density[cm™?] Te [K] % g CdZnTe M921a
] s
M921a,b 1.7 3.x 101 15 § g
M952 2.6 3.4x 101" 2.4 g 18 T=15K
§ § }CdZnTe Mg52
the probe pulse is rotated after the reflection from the 40K T=IOR an
sample, which is proportional to the projection of the spin
polarization vector on the probe beam propagation direction. B=2 Tesla B=2 Tesla
By changing the delay between two pulses we monitor the ¢ 100 200 0 10
spin dynamics with subpicosecond resolution. In the experi- delay (ps) v (GHz)

ments discussed below, the magnetic field is applied in the
plane of the sample and thus it induces the Zeeman splitting FIG. 1. (a) Time-resolved Kerr rotation in the M921a sample
of the spin levels in the plane. Because the photoinducedetected for different temperatures, photon energy 1.655 eV. The
spin polarization has a component in the light propagatior’ﬁ'owmg down of the oscillations is apparent. The variation of the
direction, it precesses around the magnetic field with the Larsignal amplitude versus photon eneigyse) indicate the signal is
mor frequency, which is proportional to the spin splitting. relat_ed to the QWb) Fourier spectra in the low frequency domain
This precession shows up in the Kerr rotation signal as os?Ptained for the three samples Be10 K (M921a, M953 and T
cillations at the same frequency. Therefore one can speak-> K (M921b), excitation at 1.638 eV. The two temperature inde-
about the spin resonance detection in the time domain, ~ Pendent resonancein ions and substrate electrorand the "soft

In our experimental setup the 80—100 fs pulses are deliyemPerature dependent mode can be distinguished.
ered by a titanium-sapphire laser at a 82 MHz repetition rate. ]
The pump and probe beams are focused on the sample witHne€d at 1.655 eV, that is close to the heavy hole-electron
the same 25 cm focal lens producing a spot of about, 200 opt_lcal transition. The oscillations in the signal show up,
diameter, with an angle between pump and probe abouhich slow down when the temperature decreases. There-
4 deg. The total power incident on the sample is varied pefore, these results suggest thg presence of the spin resonance
tween 10 and 60 W/cfn In order to reduce heating of the at @ frequency decreasing with the temperature. This phe-
sample by optical excitation, while keeping a good enougHomenon is the central problem _addressed m_thls work and
signal-to-noise ratio, a 2:1 pump-probe power ratio is kepyvlll be referred to as 'the sqftenlng of the; spin resonance.
throughout this work. We checked however that the result§l0te, that the QW origin of this resonance is corroborated by
are not affected by this particular choice. The modulationfn® dependence of the signal amplitude on the excitation en-
scheme includes both helicity and intensity modulation. Thefdy, as shown in Fig. (&), inset. It reaches its maximum
helicity of the pump beam is modulated between left andvalue in the vicinity of the tre}n5|t|on between lowest heavy
right circular polarizations at 50 kHz using elasto-opticalh0le and electron subbands in the QW.
modulator, while both pump and probe intensities are modu- However, the “soft” oscillation mode is not the only one
lated with a double-blade chopper. The probe beam reflecte§fhich shows up in our structures. FigureolLillustrates the
by the sample is directed onto a balanced optical bridg&arety of the_ resonances detected in the three samplt_as under
which yields an electrical signal proportional to the pump-Study at excitation energy 1.638 eV and magnetic field of
induced Kerr rotation angle. The magnetic field up to 6 T is2 T- F|rst.of all the common feature of these Fourier spectra
created by a superconductive split coil, while the samples art$ the spin resonance related to the CdZnTe substrate. In
in the variable temperature cryostat8—180 K. reflection geometry the spin oriented electrons created in the

All the samples under study contain a single CdMnTeSubstrate may also contribute to the signal. They give rise to
quantum wel(QW) modulation doped with nitrogen provid- the peak denoted “CdznTe” in Fig(l. Its field and tem-
ing a hole density in the QW about 3&L0M cm 2, as de-  Perature dependence is discussed in Ref. 10. The correspond-
duced from the Moss-Burstein shift, and exhibit a ferromag/"9 9 factor of conduction band electrons in CdZnTe is found

netic ordering at low temperature. The characteristics of th&0 be about 1.45. Note, that in the vicinity of the QW tran-
samples are summarized in Table . sition the substrate is absorbing, which inhibits the experi-

ments in transmission geometry. The second spectral feature
typical for CdMnTe QWs is the Mn spin precession with a
Il EXPERIMENTAL RESULTS temperatgre independent factor equal to 2. I't i§ clearly
resolved in the M921b and M951 samples while it seems to
In Fig. 1(a) the Kerr rotation angle as a function of the be completely suppressed in M921a. The lowest frequency
time delay between pump and probe in the M921a sample ifeature appears exclusively in M921a and b samples, this is
shown for four different temperatures. The magnetic field ofthe manifestation of the “soft” mode, which is discussed in
2 T is applied in the QW plane and the laser photon energy igletails below. It changes the spectral position with the tem-
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FIG. 2. Kerr rotation in M921b at short delayB=5T. The FIQ. 3. “Soft” mode freguency as a function of magnetic field
.|nnten5|ty and temperature in the sample M921a.

rapid oscillations are related to the precession of the electrons i
Mn exchange potential. Inset: The precession frequency versus
magnetic field(open circles is fitted with a modified Brillouin
function at 2.4 K for lattice temperatugsolid line).

It is known that the interaction between Mn ions and the
hole gas can be tuned by changing the susceptibility of the
hole gas. Therefore to get insight into the role of the hole gas
perature(see, e.g., the two upmost panels in Figo)lat 10  in the “soft” mode behavior one can saturate the hole polar-
and 15 K). ization by the out-of-plane magnetic field. Since the experi-
In addition, at terahertz frequencies corresponding to theénents are performed in reflection geometry we consider two
exchange splitting of the conduction band the precession &donfigurations: the plane of the sample oriented parallel
the electron spins is detected in M921b and M952 samples(\/oigt configuration used throughout this worland at
An example of the Kerr ro;atio_n curve ir] th<=T presence of theyg deg with respect to the fieldee Fig. 5, inset The cor-
terahertz electron precession is shown in Fig. 2. One can S&ggnonding positions of the “soft” resonance detected in the
that fast oscillations resulting from the precession of theyg51 sample are compared in Fig. 5. These data indicate
electron spins in the in-plane magnetic field are SuperiMy, ¢ yyithin experimental accuracy the frequency of the soft
posed with slow modulation due to Mn polarization, “soft” ,,4e does not change between the two configurations, sug-
mode, and substrate electrons. The inset shows the electr 'ésting an isotropig factor of the “soft’ mode.
spin resonance frequency as a function of the applied mag- ap aiternative way to modify the hole susceptibility con-
netic field. Since this frequency is proportional to the mag-gjsts in a cw illumination above the barrier of the QW. It is
netization, its modified Brillouin function fit provides a expected to partly deplete the hole gas in these structires.
measure of the Mn spin temperature which is supposed 1 yever up to 0.8 W/cfof cw illumination at 514 nm the
coincide with the lattice temperature in these experimentsg, resonance frequency appears to be constant. Overall,
(solid line in Fig. 2, inset It allows us to quantify the addi- yhege results suggest that the frequency of the resonance un-

tional heating of the sample induced by the laser pulsesye consjderation does not depend on the hole gas suscepti-
which is about 0.4 K at 10 W/cfrexcitation density, while bility.

the helium bath temperature is kept at 2 K.
Figures 3 and 4 summarize the magnetic field and tem- T T T T

perature dependance of the “soft” mode in M921a. The basic

features of the “soft” mode behavior in the M921b sample

are essentially the same. One can d&g. 3), that at fixed

temperature the variation of the frequeneyith the mag- 5 o o000 o © o

netic field appears to be almost linear, except at temperatures §1.o i Q i

Y8

) g ]
15 ® ® o o

below 15 K, while the slope depends on the temperature.
Therefore, it is convenient to define an effectiydactor as

the low-field slope of the frequency dependence on the mag-
netic field. The result is shown in Fig. 4, where the effective
g factor of the “soft” mode is plotted together with substrate
electronsg factor. It appears clearly that in CdzZnTe tlge

factor remains basically unchanged in the explored tempera- 00 0 700 150 200
ture range, while for the “soft” mode we observe the rapid Temperature (K)
decrease below 50 K, which reflects the slowing down of the

spin precession. We note, however, that at high temperature FIG. 4. Effectiveg factor versus temperature measured in the
the g factors(and hence frequencigsf the “soft” mode and  M921a sample. Open symbols correspond to the “soft” mode and
substrate mode are very close, and the “soft” mode weakengere deduced from Fig. Gee tex, close symbols correspond to
which makes its frequency determination rather vague. electron spin resonance coming from the CdZnTe substrate.

o5}
M921a
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M921b spins, when the electrons tend to recover the equilibrium
T=10K O spin distribution. In our structures, the effective nuclear field
40} 'F . . .
gl ] which would shift the electron spin resonance may by cre-
B ated by the spin oriented electrons either in the CdZnTe sub-
) strate or in the magnetic well. Indeed, recent works showed
i A that spin oriented electrons can diffuse across the interface
20t - without loosing their spin orientatiotf. Moreover, strong
B ‘E B nuclear spin polarization in optical pumping of hybrid
magnetic/nonmagnetic semiconductor heterostructures sug-
h ,4\ gest possible spin polarization transfer between the magnetic
vV . 16 .
0 . : and nonmagnetic layet8% Such phenomenon is called
0 2 4 6 proximity effect. However, the nuclear field necessary to ac-
Magnetic field (Tesla)

count for the observed precession frequencies easily exceeds

FIG. 5. Comparison between the “soft” mode frequencies mea-:L T. Indeed, in Fig. 3 one can see that B2 K and

sured under magnetic field in the plane of the @Qaden symbols Bh:2 -PI; the spin reZ(.)nan(]ife IS. Su?p{gs$ﬁd (I)t)j, tl)ndlcaflng
and at 45 degclose symbols The inset illustrates the correspond- t_at the correspon |n_g e ecjtlve e ,S ou e at least as
ing experimental configurations. high as the external field. This value is at least one order of

magnitude larger than the estimated value of the nuclear field
Finally, we examine the excitation power density effect.at saturation in CdT& Hence, we conclude that effective

An increase of excitation density shifts the “soft” mode to nuclear field is not sufficient to account for the frequency
higher frequency, which merely reflects the heating of theshifts that we observe.
sample by the laser pulses. The effect is most dramatic atlow As concerns the exchange fields which control the inter-
temperature where the effectigefactor varies rapidlysee  action between magnetic ions and carriers in the CdMnTe
Fig. 4. At T=2 K andB=2.5T an increase of excitation gyantum well, we note that their temperature dependence is
density from 10 to 60 W/craises the lattice temperature inyerted with respect to our experimental findings. Namely,
up to 4 K which corresponds to the resonance shift fromyq effective field created by magnetic iofsee Fig. 2 in-

7 1o 17 GHz. creases when the temperature decreases. Since at low tem-
IV. DISCUSSION peratures this field is much stronger than the external field, it
nds to shift electron and eventually hole spin resonances

i field the el . ion f . {owards higher frequencies when the temperature decreases,
orly Sightly with the temperatue. cesentall du o the tomch IS i contrast with our restis. Finaly, the cartier ex-
perature dependence of the band parameters which determiﬁg"’lmge f'elq acting on Mn SPINS 1S likely t(.) shift t.he. Mn spin
the conduction bangd factor. Hereafter we discuss the pos- resonance line, an effect_5|m|l_ar to the Knight shift " nuclear
sible origins of the observed strong temperature dependen agnetic resonance. This shift has l_)een detected in the_case
of the spin resonance in our samples. of IV-VI DMS (Ref. 18 and V¥§S estimated theoretically in

In general, the strong temperature dependence of a spifi® case ofi-doped II-VI DMS. In p-doped CdMnTe quan-
resonance frequency in solids may be related either to th&Im wells the exchange field created by fully polarized hole
presence ofi) internal effective fields rapidly varying with SPINS is about 0.1 T, which is far too small to account for the
temperaturd® or (i) to the softening of a collective spin Shifts observed here.
excitation mode near a phase transitidfhe effective fields
may result from spin polarized carriers, magnetic ions, or
nuclear spingOverhauser shiftwhich shift the frequency of
the electrons, nucleiKnight shifty or magnetic ions spin In what precedes it is assumed that the carrier spin polar-
resonances. The nuclear spin resonance, however, is knovi#ation creates a static mean-field which simply adds to the
to be situated in megahertz frequency domain, and thereforexternal field. However under resonant conditions one must
does not appear in the investigated frequency range. Thus v@@nsider the dynamical coupling between carriers and mag-
can restrict the following discussion to the spin excitations ofnetic ions spins. In this situation an anticrossing between Mn
electrons and magnetic ions. We check first the possible exand two-dimensiona|2D) electron gas spin flip excitations
planations of the slowing down of the spin precession basegives rise to an important shift of the Mn spin resonahtre.
on the existence of effective fields in our systé®ec. IV A).  our samples the CdMnTe QWSs apedoped and such reso-

In the Sec. IV B, we propose the phenomenological descriprant interaction is not possible since the hole spin cannot

tion of the Mn-heavy hole collective precession “softening” precess. Instead, the Mn spin precession is damped at low
in the vicinity of the ferromagnetic phase transifi@md then temperatures due to interaction with holes. This “softening”
analyze the experimental results in the framework of thisof the spin resonance is considered theoretically in Ref. 9.

theory. Here we propose a physically transparent phenomenologi-
cal description of the dynamics of the coupled spins in DMS

A. Effective fields qguantum well. The approach is based on the Bloch equations

Dynamical polarization of nuclei results from the unbal- and addresses the magnetic ions interaction with 2D heavy
anced spin flips between spin polarized electrons and nucle&ole gas. Basically it is equivalent to the mean-field theory

. . . t
In a nonmagnetic semiconductor subjected to an exteran

B. Softening of the spin resonance
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proposed in Ref. 9. It allows a straightforward introduction 0=w)l-w)]? (5)
of the hole spin relaxation time which is shown to be com- )
parable with Mn Larmor precession period, while in Ref. 9Where =By is the Larmor frequency of the uncoupled
the relaxation is supposed to be instantaneous. magnetization. The dimensionless parameter

Assuming uniform evolution of the spin syst&k+0 sp[n o) = )\ZXMnXp((‘)) (6)
wave) the Bloch equation for the Mn spin magnetizatiwh

in the presence of an external magnetic fié&dipplied along
X axis in the plane of the quantum well and coupled to the 2
hole gas reads

is formally the same ag introduced in Ref. 9. The same
arameter enters in the calculation of the ferromagnetic
ransition?! This is easily shown by writing down the static

equations for coupled Mn and hole magnetization

M= xun(Bz+ Amy), (7)

>

M - -
o YM X [By + By(t)], (1)

. m, = xp(0)(B,+ AM,) = x,(0)AM, (8)
wherey is the gyromagnetic ratio arigl, the exchange field )
created by the holes. For simplicity we have neglected th&0m which one gets
damping of the Mn spin precession. The hole exchange field Yo Yo
3 : ot M, = B,= B,. (9)
t?]hroljg rr]elated to the heavy-hole gas magnetizatioft) 277 _xzanXp(o) 2T 1-¢0) "

The ferromagnetic phase transition occurs whgrdiverges,
i.e., for (0)=1. For the sake of clarity in what precedes we
have neglected the dependence of the hole spin density. In
) _ a more realistic calculation a fact®v=L [|(z)|*dz, where
where g stands for thep-d exchange integralgy is the (2 is the hole envelope function ardthe quantum well
heavy-holeg factor in the QW growth directios, gun=2iS  \idth, appears in the expression ? Now, more generally
the Mn g factor andg, is the unit vector along. This equa-  than in Ref. 9,7 is now a complex parameter and thus the
tion accounts for the fact that due to quantum Conﬁneme”éigenfrequencyg has a nonzero imaginary part, which is
heavy hole spin is frozen in the growth direction or, eqUiva'responsible for the damping of the precession due to the
lently, its in-planeg factor is vanishing? which imply the  non_instantaneous response of the hole spin. The fadtor
in-plane magnetization equal to zero. Conversely, the holesg) is thus responsible for the slowing down of the preces-

get spin polarized in the field created by the magnetic oo, near the phase transition, while far above the transition
wn(t) =AM(t) according to one recoversw=w,. This is the softening of the spin
resonancé.In the limit 7,— 0, Eq.(5) is equivalent to Eq.
m(t) = f xp(t—t)dt’ ). (3) (8) in Ref. 9. In the opposite limit;,— o the softening dis-
appears, i.e.w— wq. In other words, the shorter the spin
relaxation time is, the stronger the hole spin polarization
+ couples to the Mn magnetization.
The p-type DMS QW excited by the circularly polarized

Bo() = —L—m(ve,= xme, @
ghOvniB

Here we are only concerned by tkecomponent of the
Mn field vectorBy,,,, since it is the only one which can affec

the hole spin polarization.y,(t) represents the time- : ; . - ) X
dependent Pauli susceptibility of the hole spins which ac!l9ht pulses in Voigt configuration is exactly the system in

counts for noninstantaneous hole spin relaxation. It dependgh_ICh the soft ”l‘:)de carf\ shho_w up. Illnldeedhm_tmsi cas?_ I\I/(Ijn
on the static susceptibility, and longitudinal hole spin re- Spins are brought out of their paraliel to the in-plane fie
laxation time 7, as x,(t)= xo/ HO(Dexp(—t/ 1), where O(t) eqwhbnum orlentatlon by the exchr_:mge field 5)4roduced in the
is the Heaviside function. Note, however, that in snijak- growth direction by the photo-excited hofés?* Therefore

change fields arising from the small oscillations of Mn mag- we can tentatively interpret the slowing of the precession in

netization around the external field the difference betwee?"" samples as the “softening” of the Mn spin resonance. It

longitudinal and transverse relaxation times vanishes. Be2PPears, however, that at low temperatures the behavior of

cause we are interested in the eigenfrequencies of the systeﬁﬁ”tw%sar:?pr:ef\:ln%lra ta?d Ibi)rmte?t?nori]:\y partlz thli(;n(:dtel, q
it is convenient to rewrite the susceptibility in the frequency € he nign temperature emains poorly understood.
space. We get Since in the M921 sample the hole spin relaxation time

was estimated to be about 20 ps at the zero field and is

Xp(@) = xo/ (L +iw). (4) known to decrease. rapidly with increasing magnetic.ﬁéld,

) ) ] we assumewn7,<1 in Eq. (5). In that case the effectivg

The above equations describe the temporal evolution ofactor for the soft mode above the Curie temperature reads
the coupled Mn spin magnetization and two-dimensional P
heavy hole gas in the presence of external magnetic Bgld 9(M =g[1 - &M (10)
Let us assume thatl, is constant, that is, the small oscilla- |n the framework of the model usegl.=gy,,. The tempera-
tions of the magnetization around the external fiBjdare ture dependence afis mainly due to magnetic susceptibil-
considered. In this case, the eigenfrequenayf the coupled ity, which follows a Curie-Weiss law > (T-6)"! whered is
spin system oscillating near its stationary state reads the Curie-Weiss temperature of the system of the Mn ions.
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11 A Goc=1.37 1 the framework of the coupled Mn and hole precession, is the
g=g,0-t)" behavior under oblique magnetic field. Namely, the theory
inhibits the Mn-hole spin coupling if the hole gas is fully
polarized, since in this case the Pauli susceptibility vanishes.
This condition is fulfilled either in the magnetically ordered
phase, or abové: under a sufficiently strong magnetic field
out of the plane of the sample. In the latter case the hole gas
gets fully polarized, that i9p=A;e, where p is the hole
density,Ayy, is the spin splitting of the heavy-hole subband,
. andp is the 2D density of states per spin. ThusTatl0 K in
01 1-¢ 1 the field B>1.5T oriented at 45 deg with respect to the
growth axis(see Fig. the resonance is expected to keep its
FIG. 6. Logarithmic scale plot of the soft mode effectiyéac-  high temperature position. However, no effect related to the
tor as a function of 1 (see text Open symbols represent the saturation of polarization was observed. Additionally, in the
experimental data, solid line is the best power law(fit0.73,  jn-plane magnetic field a resonance associated with free Mn
dotted line corresponds to the slope 0.5, predicted theoretically. spin precession shows up in the M921b sample This is an
indication that at least a part of magnetic ion spins do not
Note that this temperature is negative due to antiferromaginteract with the hole gas. Finally in the sample M952 de-
netic Mn—Mn interactions. Thus, one may writé=(Tc  spite the relatively slow hole spin relaxati¢mbout 30 ps in
-6)/(T-6) where the numerator is fixed by the conditién zero field and at 3.9 K an estimation based on E(B)
=1 at the transition point. Strictly speaking this expression igredicts a reduction of the precession frequency of about
valid as far as the Pauli susceptibility of the hole gas can b&0%, which is not observed.
considered independent of the temperature. This condition is Overall, although the theory of the spin resonance soften-
fulfilled at temperatures lower than the Fermi temperatureing is the only one able to reproduce qualitatively the ob-
that is below 70 K in our samples. An estimationéfising  served temperature dependence of théctor, it fails to
the relation #=-8xSS+1)J,/kg, with the nearest-neighbor account for the inefficiency of the hole gas polarization to
exchange integral;=6.9 K (Ref. 25 yields §=-10 K. The  suppress the softening. The fact that the temperature depen-
Curie temperature value in CdMnTg=1.5 K was obtained dent resonance was observed either algv821a), or to-
from the photoluminescence experimetftitis the tempera- gether with the freguncoupleg Mn spin precession mode
ture at which a zero-field splitting of the photoluminescence(M921b) suggests that the origin of the “soft” mode may be
line appears. For the above given valueJgfand 6 we plot  related to the Mn spins in a more intricate way.
in a logarithmic scale the variation of tlgefactor as a func- In conclusion, we have observed a temperature dependent
tion of 1-¢, in order to check the power law dependencespin resonance in the sample containingloped CdMnTe
predicted by the theory. One can $E&. 6), that theg factor ~ QW. The slowing down of the precession at the temperatures
obeys a power law but with a slope slightly steeper than 0.5¢lose to the ferromagnetic phase transition was detected via
The experimental data are best fitted wgtY)=g..(1-¢)”  time-resolved magnet-optical Kerr rotation. The correspond-
leaving g.. and v as free parameters. We ggt=1.37 and ing precession mode was clearly distinguished from the other
v=0.73. Alternatively, taking as a free parameter and fixing Spin resonances in the QV¢lectrons, uncoupled magnetic
»=0.5 yields $=-20 K while g.. remains close to 1.4. A ions) and electrons in the substrate. The unusual temperature
more realistic treatment should take into account the deviaPehavior of this resonance could not be fully understood in
tion of yy, from the Curie-Weiss law at temperatures: 9,  the framework of the existing models. Nevertheless, the ex-
but such refinement seems superfluous at this stage owing Rgrimental results meet the predicted behavior for the collec-
the obvious disagreements between theory and experimeriige mode of the 2D hole gas coupled to the Mn spins in the
discussed below. vicinity of the magnetic phase transition, for which we pro-
The value ofg,.=1.4 disagrees with the model which in pose a simple phenomenological description. To get deeper
the high temperature limit yields the value gf=2 corre- insight in the physical origin of the observed “soft” mode
sponding to the free precession of Mn spins not coupled tdurther experimental and theoretical work is necessary.
the holes. It could however be attributed to the uncertainties
in the identification of the soft mode frequency at high tem-
peratures, where the signal becomes wegiarghly speak- The authors wish to thank K. Kavokin and M. Dyakonov
ing it decreases as the magnetic susceptibjlignd ap-  for fruitful discussions. This work was partially supported by
proaches the spin resonance related with the substrate.  the Polish-French cooperation project “Polonium 05824TA.”
Another experimental result, which makes difficult the in- M.N. acknowledges the partial support by KBN Grants Nos.
terpretation of the spin resonance temperature dependencemBZ-KBN-044/P03/2001 and 2P03B00225.
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