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The spin-lattice relaxation dynamics of magnetic ions has been studied in semimagnetic semiconductor
Cd, _Mn, Te/Cd, gdVgy 1oTe quantum wellsX<0.032), by means of a method based on optical detection of
injected nonequilibrium phonons. The relaxation rate is an increasing function of Mn content, external mag-
netic field and lattice temperature. The energy of phonons active in the spin-lattice relaxation process is found
to increase with magnetic field, which can be explained in terms of phonon-induced spin-flip transitions in
clusters consisting of the next-nearest-neighbor magnetic ions.

Static magnetic properties of diluted magnetic semicon- At present, there are no experimental data for SLR rates
ductors(DMS'’s), e.g., the magnetic susceptibility, the occur- measured aff ;<2 K and at magnetic field8<10T that
rence of magnetization steps, the specific heat have beewould be free of the phonon bottleneck effect. This effect
widely investigated in the past years and are relatively welldoes not allow to obtain experimental determination of the
understood. However, dynamical magnetic properties of rate of elementary spin-phonon transitions. A phonon bottle-
DMS’s caused by spin-spin and spin-lattice interactionsneck effect occurs when the heat capacity of the magnetic
have been adequately investigated. This situation is very ursystem is higher than the heat capacity of the phonon
desirable in view of a growing interest in DMS materials asfeservoir.” Then the coolingheating rate of the spin sys-
promising components of future spin-electronic devices!e€m is governed not only by the SLR process, but also by the
which exploit the spin states of free carriers for digital Phonon dynamics. However, the phonon bottleneck effect
operationd® We have reported recently that in &n be _ruled out in those QW structures where tr_le phonons
Cdy ogMNg oTe-based quantum well€QW’s) with a slow [N massive substrates and thick nonmagnetic barféegs, in

spin-lattice relaxationSLR) rate the magnetic ion system (Cd, Mn)Te/{Cd, MgTe Q\.N'S] are hardly affecteg by th?.
honon emission/absorption processes in the spin-containing

can be substantially overheated by means of interaction witfj . . :
hot photocarriers, which is enhanced by the presence of gun DMS layers. So far no studies of the SLR in QW struc-
ures were performed.

tv.vq—dimensionallelectron gdsEffective mechanisms Pro- A experimental method is exploited in this paper for
viding SLR are important to keep the system of magnetig, . investigation of the SLR dynamics itCd, MnTe/

ions in thermodynamical equilibrium with the lattice. (Cd,MgTe QW's. It is a combination of nonequilibrium

The SLR in Mn-based BMS’S has been studied experiphonon. and exciton-luminescence technigtiéé The opti-
mentally by several groups® These experiments were per- cal detection of the spin-system dynamics allows us to over-

formed on bulk DMS samples with Mn content in the rangecome problems of low sensitivity, which are characteristic
x=0.002-0.05, at lattice temperaturdg varying from 1.5  for methods based on direct measurements of the magnetiza-
to 30 K and in magnetic fields up to 25°TThe results of  tion. These methods are not suitable for studying structures
those experiments are briefly summarized hépethe SLR  with a single QW with a thickness of a few monolayers. We
rate 7~ increases weakly in magnetic fiellsbelow 12 T show that the phonon energy, which is relevant in SLR pro-
(Refs. 5, 6, and Pand increases rapidlyr( 1=B®) for B cesses in DMS'’s increases with a magnetic field. This impor-
>17 T8 (ii) =~ Y is an increasing function of the lattice tem- tant result allows a better understanding of the SLR mecha-
peratureTy; (iii) the phonon bottleneck effect is observed atnism in a DMS, which involves antiferromagnetic clusters.
low To:% 7 (iv) 7t is an increasing function of the Mn ion The QW structures studied were grown by molecular
concentration(v) peculiarities inr~! vs B dependence were beam epitaxy on 0.4-mm-thick semi-insulating GaAs sub-
observed aB~12 and 19 T"%i.e., at fields where the singlet strates with a Jum Cd, ggVg, 1,Te buffer layer. The struc-
and the triplet state of a nearest-neighbor pair of antiferroture, on which the results reported here are obtained, con-
magnetically interacting Mn ions cross. All authors havetains three 23-nm-thick Gd ,Mn,Te QW’s with x=0.016,
noted the importance of antiferromagnetic clusters for the.025, and 0.032The Mn content has been evaluated from
SLR. Also the role of defects and impurities cannot bethe giant Zeeman splitting of excitons measured in reflectiv-
excluded® Scalbert suggested the particular SLR mechaity spectral The QW'’s were separated by 50-nm-thick non-
nism via an Orbach process in a cluster of three nearestnagnetic CggdVigg1oT€ barriers. Nonequilibrium phonons
neighbor Mn iong! However, this mechanism alone does were generated by the well-known heat pulse techniqae,
not allow a full description of experimental results at low schematic of the experimental setup is shown in Fig. 1. The
temperaturesT,<5 K). phonon generatoh (a 10-nm-thick constant filjnwith an
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FIG. 1. Exciton luminescence spectra of g 6! 030 1
Cdy g79MNg gosT€/Cd) gdMgp.1oTe QW’'s measured in the absence &

(solid lineg and in the presencédashed ling of nonequilibrium 4T
phonons.E4 shows the energy where the phonon-induced PL in-
tensity signalAl(t) was detectedisee Fig. 20)]. The inset shows

the experimental scheme. A black spot is an area where the SLR

time andTg are measure(see details in Ref. 14
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area 0.5 0.25mnf was evaporated on the narrow edge of Time (ps)

the GaAs substrate and was heated by current pulses of du-
ration At=0.1us at a repetition rate of 5 kHz. The pulse
power densityP was varied from 30 up to 180 W/nfiriThe
phonons generated ih during the current pulse have a

FIG. 2. Time evolution of the phonon-induced variation of the
PL intensity (corresponding to variation of the Mn spin tempera-
ture) detected on the high energy side of the PL ligee Fig. ] for
AT . different magnetic fields and two concentrations of Mn ions. Sig-
Planclfmdlstrlbutlon, characterized by a heater temperaturﬁals are normalized on their maximum intensities. Temperatures of
ThocF,) - The vaIueeoﬂ'h can be_calculated from the acous- phonon generatof,=25K (a) and 17 K(b). The dashed curve
tic m!smatch theor)J/. Th'e resultis a F’“?ad Speqtrum of non- shows the time evolution of nonequilibrium phonons in the detec-
equilibrium phonons with charactgnsﬂ_c gnergles_of severajion, area(the vertical scale is arbitraryT,=1.6 K.
meV (frequency~ 10"'-10"2Hz) which is injected into the
sample. These phonons propagate in the GaAs substragRin temperature. The leading edges\dig(t) have a width
reach the DMS QW and heat the spin system of the magnetief about 2 us which is about the duration of the phonon
ions. The duration of the phonon excitation at the detectiorpulse. The decay times determined from the exponential fit
point is considerably longer than the duration of the currenof ATg(t), are listed in the tables in Fig. 2 together with the
pulse, it is about 2—%s!® It is assumed that due to fast maximal temperature increadél ¢ of the Mn system. Ob-
(~10 8s) spin-spin interaction processes in DMS the Mnviously, the timeris the cooling time of the Mn spin system
spin temperatur@& g is established. We measufgin a small  and in our case, where the phonon bottleneck is absent, it is
area(0.2 mm in diameter—as determined by the spatial ex-actually SLR time of the Mn ions at the bath temperaflge
tension of the focused laser benmecated 0.3 mm away The SLR times exhibit strong dependenciesxoiB, and
from the center of the phonon generatdg is determined T,. In Fig. 3a) the SLR rater ! dependence on a magnetic
from the value of the giant Zeeman splitting of excitonic field is shown for QW’s with different Mn content. The
states, which causes a strong energy shift of exciton line istrongest increase of the SLR rate of five times wths
photoluminescencéPL) spectra(Fig. 1). PL spectra were observed in the QW with the lowest Mn content gf
dispersed wh a 1 mspectrometer and detected by a fast=0.016. Elevation of the lattice temperature from 1.6 K to
photomultiplier. Analysis with the time resolution up to 10 4.2 K leads to an increase of * but does not affect the
ns was achieved by means of a special interface board andabserved magnetic field dependence. In Fig)37 ! is
computer. The time-resolved detectionTf(t) is based on plotted as a function of the Mn content fB.=2 T. The SLR
monitoring the dynamical shift of the exciton PL lifeor  rate increases drasticallipy an order of magnitude from
details see Refs. 13 and )14.ow photoexcitation power 10*s ! to 10s %) with a rather small variation of the Mn
(<0.1 W/cnt) was chosen to avoid additional heating of the content from 0.01 up to 0.032. Such a behavior, reported
Mn systent' The sample was mounted inside a superconpreviously for bulk material&;® provides evidence for the
ducting magnet in the Faraday configuration and was imeominating role of the Mn spin clusters in the SLR process.
mersed in liquid helium. We would like to stress that our measurements of SLR rates
Figure 2 shows the normalized phonon-induced signahre free of the phonon bottleneck effect. This is likely to be
Al(t)=1(t)—1q (herely is the PL intensity without phonon a reason for the different values of ' measured in the
injection) measured af,= 1.6 K at different magnetic fields. earlier studies with bulk DMS'87°
We note here that in the linear regimé (t) is proportional Let us now analyze the amplitudes of phonon-induced
to the variation of the Mn spin temperatuldl (t) (for de-  signals, which reflect absolute valuesoT g(t). It is impor-
tails see Ref. 14 In this paper we will discuss the data of tant that in our experiments the phonon spectrum at the de-
Fig. 2 assuming that they reflect dynamical changes of théection point is not in equilibrium, i.e., can not be described
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FIG. 4. A magnetic field dependence Dfy for nonequilibrium
by the Planck distribution with a unique temperature. How-phonons which are active in the heating of the Mn spin system.
ever, it can be described by an effective temperature ofTo=1.6K, T,=17K). A scheme of energy levels and spin-phonon

phononsT .#(w), which depends on the phonon energy:. transitions in a pair of magnetic ions are shown in inset.
1 B a(w) B. We note here that the same result was obtained earlier for
expiwlkgTen)—1  expiwlkgTh) —1 DMS QW's with x=0.07, where SLR dynamics were faster
than that of the phonorié.
1 Starting the discussion we first rule out Raman processes
+ . (1) o ;
exp(iiw/kgTo)—1 as the principal SLR mechanism. Raman processes have very

strong temperature dependencesrot (7~ 1~Tp, wheren

The coefficienta(w) is governed by an energy-dependentis between five and nine, depending on the type of magnetic
scattering of phonons in the GaAs substrate and at interfacein).!? This is definitely not the case of the studied samples
it depends also on the distance froro the detection ared. gt To<4.2K (see Fig. 3 We suggest that the SLR mecha-
In our experiments we estimate a maximum valuex@®)  nism is due to direct spin-phonon transitions. Our main aim
=0.05-0.1. In the range of the phonon energidso( s to find the mechanism, which allows the effective spin-
=0.1-1 meV) of interest to usy(w) is known to be a de- phonon transitions accompanied by the changes of the spin
creasing function ofiw due to a strong energy dependencepolarization.
of the phonon reflection at the crystal/liquid helium  Spin-phonon transitions in isolated Kfnions (S=5/2,
boundary® It follows from Eg. (1) that Ter(w) decreases L =0) cannot account for the measured valuesroflue to
with an increase ofiw. L=0 electronic states of Mn ions interacting very weakly

Now we turn to the analysis of phonon energies active inyith the lattice!? Thus, the SLR process requires the partici-
the SLR process in various magnetic fields. From the timeation of Mn-ion clusters. In such clusters a system of spin
evolution of AT(t) in the spin system, presented&t) in  |evels is formed due to spin-spin superexchange interaction.
Fig. 2, one can obtain the time evolution ®fx(t) in the  The spin-phonon transitionsS=+1; AM=0,=1 between

phonon system using the convolution equation: these levels are allowed and governed by the Dzyaloshinski-
) Moriya mechanisnf:**° For example, the singleS&0) to
To(t)= l ftTeﬁ(t’)ex;{ _ t _,t)dt’, 2) triplet (S= 1) transitions between th(_a lowest spin levels in a
TJo T pair of Mn ions are shown in the inset of Fig. 4. At the

. magnetic fieldB>B; (B;=A/ is the field where the
where TS.(t):T°+AT5(t)' The result .Of Qeconvolu.tmn. of |0,0£>J and [1,—-1) sta%es trossﬂ;scMhn othehe absorption of
Eq. (2) gives usATeq(t) =Ten(t) —To, which is shown in Fig. fesonant phonons Kyt,— 1)—|0,0) transition causes a heat-

2(a) by a dashed line. We have found that the shape o f spi ¢ fth tization. Th
ATx(t) does not depend dB andx, which confirms that the rr;?/eorszpir(; giTT_a%d a decrease of the magnetization. The

transition is accompanied by

! ; , fle emission of a resonant phonon and increases the magne-
influence the phonon time evolution. We evaluated the meap, vion. It is clearly seen from Fig. 4 that &>B, the
effective temperature during the phonon pulsg. Its mag-  phonon energy/w=uggu.B being resonant with the
netic field dependencies for QW's with=0.025 and 0.032  |0,0)«|1,—1) splitting increases witiB. Such behavior is

are plotted in Fig. 4Ty decreases in stronger magnetic consistent with the experimental fact that the energy of a
fields. Keeping in mind thal o is a decreasing function of phonon active in the SLR process increases \Bith

fiw we conclude that thenergy of phonons, which are active  The case of nearest-neighbor pairs and triads of Mn ions
in the heating of spin system, increases with the increase a§, however, not applicable to our experiments because of a
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too high value ofB;>10T.1781°However clusters consist- tion, is highly sensitive, so that it has been possible to
ing of next-nearest-neighbor Mn ions have essentially dnvestigate thin layers with a thickness of a few monolayers.
lower value ofB; and may contribute to the present experi- It should be possible to apply the method to single

mental observationgespecially if we take into account the quantum dots. The measured values of the spin-lattice
small values of Mn content in the investigated samplBsr  relaxation rate in quantum wells as a function of magnetic
example, for next-nearest-neighbor pairs of Mn iddg field, temperature and Mn content do not suffer from

~2 T (Ref. 1) and in the field rangB8=2-7 T used in our the phonon bottleneck effect. We hope that our work
experiments the requiremeBt>B; is met. will stimulate the development of theoretical models, neces-

Obviously, in DMS materials a variety of clusters with sary for the quantitative explanation of spin-lattice
different values oB; (Ref. 20 can exist, however not all of re|axation.
them will be active in SLR process. Further theoretical stud-
ies are needed to understand the role of different clusters in We acknowledge I. A. Merkulov, K. V. Kavokin, and A.
detail. Experiments with monochromatic phonons would beA. Kaplyanskii for fruitful discussions. The work is finan-
very useful for a comprehensive understanding of SLRcially supported by the Deutsche Forschungsgemeinschaft
mechanisms in DMS's. (Grant Nos. SFB 410 and 436 RUS 17/23/0Russian Foun-

In conclusion, we have shown, that it is possible to obtaindation for Fundamental Resear¢B9-02-18276 Russian
information on the spin-lattice relaxation dynamics in hetero-Ministry of Science and Technolog{p9-3012 and in Po-
structures of diluted magnetic semiconductors by employindand by Grant No. PBZ 28.11 from the State Committee for
nonequilibrium phonons. The method, due to optical detecScientific Research.
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