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We study the heating of the spin system of magnetic ions induced by ballistic acoustic nonequilibrium
phonons in(Cd,Mn,MgTe-based semimagnetic quantum wells using exciton luminescence technique. We find
that the temperature of the spin system in the presence of nonequilibrium phonons decreases with the increase
of magnetic field. In the analysis, we use the well-known fact that phonon losses at the solid/liquid helium
boundary increase with the increase of phonon energy. The results lead us to the conclusion that the spin-
heating effect is induced by phonons with energies resonant to the Zeeman splitting of spin sublevels of Mn
ions. We propose a type of the subterahertz phonon spectrometer that may be used for investigation of
semiconductor nanostructur¢§0163-182609)04831-9

. INTRODUCTION (T<1K), zero-magnetic field, and extremely low power of
generated phonons, which limit the application of this tech-
Experiments with nonequilibrium acoustic terahertz andnique in phonon spectroscopy experiments with semiconduc-
subterahertz phonons provide important information aboufor nanostructures. Actually, using the superconducting tun-
vibrational and electron properties of solitkin semicon- ne| junctions it is possible to detect the nonequilibrium
ductor nanostructureshe nonequilibrium phonon technique phonons that are transmitted through or reflected from the
has been successfully used during last decade in order Qmiconductor nanostructure. However, it would be very
St“‘?'y the Interaction of acoustic phonons with carriers andyseful to study phonon dynamics with spectral resolution just
excitons in guantum wells — and tvyo-dymensmnal inside the semiconductor nanostructure similar to the way
heterostructures. The Wavelengf[h .Of acoustic h|gh-en¢rgy how it is done using the exciton luminescence in GaAs
(w1 meV) phononsA~10nm is in the order of the size neepilayeré0 and quantum well$! The work on the develop-

of semiconductor nanolayers and nanoparticles. Thus, o ent of pbhonon spectroscony technidues is carried out ac-
expects, that experiments with high-energy phonons in th P P by 92
vely nowadays. Recently Ouakt al.~ proposed to use

samples with semiconductor nanostructures would be ver cond linal devigdouble barri lina di
useful for understanding of the quantum confinement effectS€Miconductor tunneling devi¢double barrier tunneling di-

and their influence on the properties of carriers, phonons, an@des and superlatticeas a ph(lnsnon detector with moderate
electron-phonon interaction. spectral resolution. Coopet al."> are working on creating a
The most fruitful information may be obtained using pho- Phonon spectrometer based on the tunneling from a normal
non spectroscopy techniques that use high-energy phondhetal state.
generators and detectors with narrow phonon energy band. In the present paper, we propose a technique that may be
Only a few high-resolution phonon spectroscopy experi-used as a high-resolution phonon spectrometer in 0.1-1 meV
ments have been carried out in semiconductor nanostru¢25—250 GHz range in semiconductor nanostructures. The
tures. Almost all of them use superconducting tunnel juncprinciple of proposed spectrometer is based on the phonon-
tion devices for generation and detection of phomnbns.induced heating of the spin system of magnetic ions in semi-
Narayanamurtet al® used this technique studying the pho- magnetic quantum welllQW’s). In external magnetic field
non transmission in GaA@l,Ga)As superlattices and ob- B, the ground electron state of the magnetic ions splits to the
served the stopbands in the phonon dispersion. Latesystem of Zeeman sublevels with energy separatiggB.
Tamura, Hurley, and Wolfestudied properties of phonons in Nonequilibrium phonons with energfi o= uggB induce
GaAs/AlAs superlattices in more details. Hensel and D§nesresonant spin-phonon transitions and as a result the popula-
used superconducting tunnel junctions to study the absorgion of the upper Zeeman sublevels increases, i.e., the tem-
tion of phonons by two-dimensional electron gas and Rothperature of the spin system becomes higher. Thus measuring,
enfusser, Kefer, and DietscHeused the similar technique to in some way, the spin temperature of the system as a func-
study the phonon emission from Si metal-oxide semiconduction of a magnetic field it becomes possible to obtain the
tor field-effect transistor. Superconducting tunnel junctionspectrum of nonequilibrium phonord,,. For the first time,
experiments in subterahertz region require low temperaturethe idea of using the magnetic ions as a phonon spectrometer
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in subterahertz region was proposed by Anderson and Phonon generator, h GaAs

Sabisky*in 1967. They used SsETm?* single crystals and Sem , substrate
. emimagnetic

measured the population of the upper Zeeman sublevels of QWs

Tm?" ions using the optical-absorption technique. Using

such a phonon spectrometer, Sabisky and Andérsoea-

sured the spectrum of phonon losses at the crystal

surface contacted with liquid heliurfHe). In our recent

paper, we have shown that the spin system of Mn ions in B

CdTelCd, Mn)Te QW'’s may be used as a sensitive detector /

of ballistic nonequilibrium phonon. However, it was not . .

clear whether this phonon detection method is actually a FIG- 1. The experimental setup. Black spgisints 1, 2, and B

phonon spectroscopy technique and whether the signals d@0 the surface with QW's show the places where excitons were

tected at certain magnetic field are adequate to the phond’ﬁ(c't?d' The dashed arrow ;hows _balllstlc phonons travellng from

occupation numberdl, with phonon energys o= uggB. to point 3. Corresponding distancés mm) betweenh, and points

Here, we present a detailed study of the heating of Mn-spir}‘ 2,and 3 are=03, 1.5, 2.5

system by phonons created by heat pulse techrifjlrethe

assumption that the spin system is heated by resonamd, oJMin ,;Te/Cd 3gMng oMgos;Te short-period superlat-

phononsiw= uzgB we get the phonon spectrum, which is tices (25 periods. Respective layer thickness are 0.48 nm/

similar to the spectrum obtained in previous experimént8. .16 nm fory=0.25, 0.32 nm/0.32 nm for=0.50, and 0.16

This result gives a strong argument that semimagnetic QW'sm/0.48 nm fory = 0.75(for details see Ref. 33Structure B

are working as a phonon spectrometer and may be used s been grown after a 480 nm-thick @GaMng odVigo.sTe

the studies of different semiconductor nanostructlgesin-  puffer layer. The Mn concentration of 0.06 was kept constant

tum wells, dots and wires, tunneling devices, superlattices through the structure, which contains eight identical para-

In the present paper, we also discuss the mechanisms gblic QW’s of 18-nm width separated by 25 nm-thick
spin-phonon interaction in semimagnetic QW's. This prOb-Cd0_54Mn0_odV|go_3Te barriers. The parabolic profile was
lem is Strongly connected with the formation mechanism Offormed by the modulation of the Mg Component concentra-
magnetic polaron??°We discuss the interaction of acoustic tjon, which equals to zero in the center of the Qi details
phonons with magnetic clusters, the electron spectrum ofee Ref. 24 Structure Cis CdTe/Cg Mn,,Te QW's het-
which is not understood yet in details and was studied onl\arostructure. The structure contains four CdTe QW's with
theoretically”* different widths(9.0, 4.0, 1.8, and 1.2 nmThe QW's are
separated by 50 nm-thick ggMn, 4Te barriers(for details
see Ref. 2h The wafers were cut to pieces with the area 3
X 4 mnt of the surface with QW's.

The main idea of the experimental method is based on the The experimental setup is shown in Fig. 1. We generate
temperature-dependent giant Zeeman effect for the excitononequilibrium phonons using the well-known heat pulse
states in semimagneti€d,Mn,MgTe materiaf? In the ex- techniquet’ The phonon generatof) (10-nm constantan
ternal magnetic field, the Mn ions have a system of Zeemarilm), with an area 0.50.25mnf was evaporated on the
sublevels with energy separatigtggy,B (gun,=2) and at  narrow side of the GaAs substrate and was heated by current
B=7T, uggu,B=0.8meV. In our experiments, the Mn pulses with duration 0.1ms, pulse-power density up t8
spin system is heated by nonequilibrium phonons and the-400 W/mnt and repetition rate of 20 kHz. The phonons
spin temperaturd ¢ is measured from the exciton photolu- generated irh during the current pulse have a Planck distri-
minescence(PL) spectrum, which has been calibrated in bution, characterized by a heater temperaiye PY*. The
equilibrium  conditions, i.e., without nonequilibrium value of T, may be calculated from the acoustic mismatch
phonons. The final stage is to find out whether the magnetictheory?® Then, nonequilibrium phonons with a broad spec-
field dependencd@¢(B) corresponds to the nonequilibrium trum having characteristic energies of about several meV
phonon spectrunN,, (A= uggusB), the main features of (i.e., 10— 10"?Hz) are injected into the GaAs substrate. The
which are known from earlier studies. phonons propagating in the GaAs reach the semimagnetic

We study three quantum welQW) structures with dif- QW structure and induce changes in the exciton lumines-
ferent design in order to see whether the observed resultnce, which is excited byw Ar laser (excitation power 5
depend on compositions of Mn or Mg and on the QW widthmW, the diameter of the focused spot on the sample 0.3 mm
of the semiconductor nanostructure. All of them are grownin a certain point at the surface of QW(ise., point 1, 2, or 3,
by molecular beam epitaxy on(100 semi-insulating Fig. 1). The exciton photoluminescen¢@L) from the QW’s
GaAs substrates with thickness 0.3—0.4 mm. Threds focused on an input slit of a 1-m spectrometer, detected by
(Cd,Mn,MgTe-based heterostructures have been used fast photomultiplier and finally analyzed with the time
in the present experimentStructure Ahas been grown resolution up to 10 ns by means of a special interface board
after a 350 nm-thick CGpdVingoMggs;Te buffer layer. and a computer. The sample is mounted inside a supercon-
It contains five different QW’s with 16-nm width separated ducting magnet in the Faraday configuration and is immersed
by 32 nm-thick Cg3gMing oMggs7Te barriers. Materials of in pumped liquid heliumT,=1.6 K.

QW's are CdTe, CglodMing o;Te, and Cggs yMng Mg, Te The existence of paramagnetic Mn ions in the structures
digital alloys (y=0.25, 0.50, 0.7 where y an leads to the giant Zeeman splitting of an exciton line in the
efficient Mg concentration. The digital alloys are in fact presence of magnetic fiel8. This phenomenon is well

Il. EXPERIMENTAL METHOD
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known to be due to the strong interaction between carriers
and paramagnetic Mn iorfé?” Experimentally the splitting

of exciton states may be displayed as a redshit of the
exciton PL line at low temperatures. From the earlier studies
the value ofAE is known to decrease rapidly with increasing
temperaturé? The reason for that is the decrease of magne-
tization, when the orientation of Mn spins in external field
decreases due to the thermal occupation of higher Zeeman
sublevels of Mn ions. In the present experiments we explore Al
the nonequilibrium phonons generated by a heat pulse in = \¥
order to elevate the temperature of Mn-ions sysfieyrand, 170 172 174
thus, to decrease the exciton Zeeman splitting. In a recent

work of Kulakovskii et al?® the heating oll? Mngspins was Energy (eV)
induced by the hot electron plasma at high-optical excitation
density. In our present experiments, we use low-optical ex- b T=20K
citation density and the dynamical shift of the exciton line ' '
SE(t) (i.e., variation of AE during the heat pulsgis in-
duced only by nonequilibrium phonons. We measure the
spin-heating effect in three points located at different dis-
tancesr from the phonon generatdpoints 1, 2, and 3 see
Fig.1). The different heater temperaturgg and magnetic
fields up © 7 T are used. As a result, we obtain magnetic-
field dependence of the spin temperatlitgeof Mn ions in ol s . . s .
the presence of nonequilibrium phonons in different samples 2 0 2 4
and QW's. Time (ps)

. As an example, we desc_n_be_ the procedure of obtaifiing FIG. 2. (a) Luminescence spectra of samfleneasured in equi-
in the presence of nonequilibrium phonons for santplat librium conditions (solid lineg at T,=1.6K (curve 1,B=0T;
B=3.0T. The exciton PL lines are shown in FigaR They e 2 =3 T) and To=4.2K (curve 3,B=3T). Dashed line

correspond to the annihilation of exciton at the lower energishows the spectrum measured in the presence of nonequilibrium
state. The energy position of exciton luminescence line dephonons in point AT,=20K, B=3T) in the “time window”

pends strongly on the magnetic fiddcand the bath tempera- corresponding to the maximum changes during the phonon pulse
ture To. Curve 1 corresponds to the spectrum measured d&hown by shaded area i)]. (b) Phonon induced luminescence
To=1.6 K andB=0. The low-energy shiffnE=28meV of  pulse measured in point(T,=20 K, B=3 T) at the photon energy
the exciton line is observed &=3 T [curve 2, Fig. 2a)]. E,=1.721 eV[shown by vertical arrow ina@]. The dashed area
This shift decreases at elevated temperafagve 3, T,  shows a current pulse.
=4.2K, B=3T). In our examplgFig. 2@] it is important
that the shape and the intensity of the exciton line does nduminescence line is equal to 3 meV and corresponds to the
change significantly whilf is elevatedcompare curves 2 heating of spin system of Mn ions by nonequilibrium
and 3. The shift AE may be described by the well-known phonons.
equatio? For the most values d andT,, used in our experiments
we can obtain the dynamical shifE(t) by measuring pho-
non induced luminescence pulkg) [Fig. 2(b)] at the fixed
, (1)  energyEq4 [shown by an arrow in Fig. (@], which corre-
sponds to the high-energy edge of the exciton line. Thus,
comparing the relative increase of the luminescence intensity
whereBs,(2) is Brillouin function, y and T, are depending Al(t)/I [here,Al(t)=I(t)—Io, | is the stationary inten-
on Mn-concentration efficient parameters. In E@) the sity without nonequilibrium phononsTy=1.6 K] with the
magnetic polaron effects are not included, which in ourshape of the exciton linéin our example curve 2 in Fig.
samples is valid foB>1.5T, where the contribution of 2(a)] we may obtain the dynamical shifiE(t) at any delay
magnetic polarons is suppressad® time ty. This is realized by the parallel shift of equilibrium
The dashed curve in Fig.(& shows the spectrum mea- spectrumcurve 2 in Fig. 2a)] until the intensity atEy will
sured in the presence of nonequiliborium phonong, ( be equal to corresponding intensitft’). In our example,
=20K) in the detection point 1 &f,=1.6 K andB=3 T in  such procedure giveSE=3 meV fort, corresponding to the
the “time window” (At=0.6us) at the time corresponding maximum of Al(t), which is equal to the value obtained
to the maximum changes during the phonon pulsee with “time-window” technique. Further, in the next section,
dashed area in Fig.(B)]. It is seen that the dashed curve is where we describe the experimental results, we shall con-
shifted to the higher energies in respect to curve 2 measuresider only the case of relatively smafE, so thatAl(t)
at the sam@ in the absence of nonequilibrium phonons. Thex JE(t).
spectral shape of the dashed curve and curve 2 are almost The next step is to determine the spin temperaiyén
identical and the observed amplitude of the time-dependerthe presence of nonequilibrium phonons from the measured
shift, SE(t), measured at the high-energy wing of exciton SE using the obvious fact that in equilibriumg=T,. In

(a) AE

PL Intensity, / (arb. units.)

20 aralf
PR

I(t) (arb. units)

SueImnB
e By
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TABLE |. Experimentally obtained values of and T, for 53T
samplesA, B, andC. :zé? S T )
1
Sample y (meV) T, (K) _g 2
3
A y=0.25 40.4 2.9 YK
y=0.50 36.6 34 gz
B 39.6 3.2 =l
C 13.8 2.4 =
=

1.69 1.I70 14I71 1A‘72 1..73
Energy (eV)

most cases it is possible to use E). with parameters and
;lE cj)ent%rrggga? fropn;r?;(;glrﬂllt;rrl]lé? dgfeen?eesn;?iiﬁnotrhe FIG. 4. Luminescence spectra in the presence of nonequilibrium
Table | and cuor;/es in Fig 3$/show tlhe calijculated delpendeqDhonons with high densitisampleB, T,=40K, point ) measured

] ; ' . . n “ti indows” At=0.6us at different time delays; .
ciesTg as a function ofsE for differentB in sampleB. The N Hime windows ws at different fime delays,

dependencies of (6E) were measured experimentally in IIl. EXPERIMENTAL RESULTS
equilibrium conditions Ts=T,) for the different values oB
andT, (see symbols in Fig.)3 In the experiments, we studied the phonon-induced effect

The described procedure of getting the value§oland . the exciton PL in different samples and QW's, detection

SE is not exactly valid for high density of phonons in the _ . ; -
detection point gnd correspo%dingly h}i/Q& pln this case points, at different magnetic fieldand heater temperatures
: ' . Th. The main experimental results concern the temporal

nonequilibrium phonons additionally induce the changes in " . . )
the shape of the exciton luminescence line and the resultir{ﬁVOIutlon of the phonon-induced signald (t) and the de-

SE cannot be obtained accurately. The changing of the shagedencies offs on B. These results do not differ qualita-
of the exciton line in the presence of nonequilibrium tively for different samples, QW’s and detection points. The

phonons with high densityT,=40K, point 3 is shown in observed dependencies_'bg onB are very s_imilar in a wide _
Fig. 4. The different curves in Fig. 4 are the spectra meafange ofT,. Thus, we limit the presentation of the experi-
sured in “time windows” with different delays, after pho- ~mental results by some typical examples of sigrelét) and
non pulses. The spectrum measured at10.65us (curve  dependencie3 s(B), whenTs<5 K. For a higher value of
4) is identical with the equilibrium spectruniTg=1.6K).  Ts nonlinear effect{see Sec. )land overheating problems
Similar changes of the shape of the luminescence line incause experimental difficulties in accurate determination of
duced by nonequilibrium phonons with high density are alsol's-
observed in zero-magnetic field. The reason of changing in Figure 5 shows normalized phonon-induced signals
the shape of the exciton Pl line in the presence of nonequid! (t) = SE(t) for differentB measured at different detection
librium phonons is not clear and the understanding of thigpoints and in different samples. In all experimentd (t)
unusual behavior requires more experimental work. Apparhave a sharp rising edge the duration of which does not de-
ently this is connected with the effect of nonequilibrium pend onB [Fig. 5@]. The duration of the rising edge in-
phonons on the system of photoexcited carriers and exciton§reases while the distancebetween the heater and the
It may be so that nonequilibrium phonons have different ef-detection point increasdsig. Sb)]. The horizontal bars in
fects on the excitons with different energies, which form theFig. 5b) show the expected delay afi(t) measured in
inhomogeneously broadened shape of the exciton PL line. point 1 and 2 with the increase of the distamaé propaga-
Thus, measuring the dynamical shifE of the exciton tion of phonons in GaAs is ballisti@.g., without scattering
line in the presence of nonequilibrium phonons with lowon the path from the heater to the detection point 1 and 2
density we may obtain the temperatuFg of the Mn-spin  correspondingly(delay=r,—r,/v;, vj—sound velocity of
system. phonon withj polarization. It is seen that there is a good
agreement between the observed delay of the leading edges
and the expected “ballistic delays.” The duration of the
trailing edges oAl (t) have a value of several microseconds.
This value depends slightly d&[see Fig. §a)] and is almost
independent of the distance from the heater to the detection
point [see Fig. ®)]. Figure c) showsAl(t) measured for
the sameB, Ty, andr but in different samples that have
different designs and Mn and Mg contents. It is seen that the
temporal shapedl(t) are almost identical and, as it was
mentioned earlierAl(t) does not strongly depend on the
sample.
' ' ' ' Figure 6 shows the examples of the magnetic-field depen-
SE (meV) dencies ofTg at the time corresponding to the maximum of
Al(t) measured for different samples and QW'’s. The re-
FIG. 3. The calculatedines) and measure¢symbol3 changes ~markable fact is thaTg is not constant with changing &
of spin temperatur@s— T, as a function of the shifE for differ-  and we see theecrease of I with the increasing of mag-
ent magnetic fields in samp (Ty=1.6 K). netic field This behavior is qualitatively the same in all

. &
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Phonon Energy (meV)
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FIG. 5. The temporal evolution of the phonon induced PL sig- Magnetic Field (T)
nals,Al(t), (normalized, linear scalemeasured in different mag-
netic fields(a), detection pointsb), and samplegc). Horizontal FIG. 6. Spin temperatur@s as a function of magnetic field

bars in(b) show the expected ballistic time shifts between phonon(jower scal¢ and phonon energfupper scalgfor samplesA (a), B
signals measured in points 1 and 2 for LA, FTA, and STA phonons), andC (c). Dashed lines are guides to the eye.
with velocities 5.3, 3.4, and 2.5 km/s, respectively. Paf@lsand
(b) correspond to sample. . . .
of the resonant phonons in the spin-heating effect.

samples and QW's. The decreaseT{B) with B is ob- The signalsAl(t) (Fig. 5 are governed by the time evo-

served in a wide range df,=20—40K and in different de- lution of phanon occupation nu_mbeN,w(t)_ and the time
tection points. response of our phonon detection technique. The response

time of our phonon detection technique has two contribu-
tions. The first is related to the lifetime of excitons, which is
known to be very shorf~0.2 ns(Ref. 31)] in comparison
The main idea of the analysis is to show that assumingvith the duration of the measured signals(t). The second
that the spin heating is induced by resonant phonbas contribution is related to the response time of the spin system
= uggunB, We are able to get the known phonon spectrumrs. This time is equal to the spin-lattice relaxation time,
N, from the measured dependenicgB). If we will obtain ~ which depends on Mn concentration and magnetic-field
that T¢(B) corresponds to the knowN,, (%w=wgdunB) value®? The mechanism of spin-lattice relaxation in semi-
then we may conclude that spin-heating effect is actuallynagnetic semiconductors lik&€d,Mn,MgTe is not under-
induced by resonant phonons and the technique is working egood in detail yet. Experimental data for £gMn,Te x
a phonon spectrometer. On the first stage of the discussior; 0.06—0.07 givess~0.1u5.32 Thus, the relaxation timeg
we will analyze the temporal evolution of the measured sig4n principle, may slightly influence the rising edgesAdf(t),
nalsAl(t). We will show that the spin heating is induced by which has duration of 0..s, but the value ofs~0.1us is
ballistic phonons. Thus, we obtain roughly the range of phomuch shorter than the average duration of all measured sig-
non energie$<<1 meV) which are active in the spin-heating nalsAl(t) (Fig. 5. Therefore, we may consider that the spin
effect. On the next stage, we will discuss the main features asystem is in quasiequilibrium with nonequilibrium phonons
the nonequilibrium phonon spectrum in the detection pointand Al(t) reflects the time evolution of phonon occupation
On the final stage, we will compare field dependenciesiumbers N (t) rather than the spin-lattice relaxation
T<(B) with the qualitatively knownN,, assuming thati process? This means that if the spin system is heated by
= ugdunB and will make a conclusion about the main role resonant phonong w= uggu,B the balance between spin-

IV. DISCUSSION
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phonon transitions with emission and absorption of phononsn the magnetic field. Experimen{fig. 6) show the de-
gives crease ofl g with B. Thus, we exclude phonon thermalization
in the detection point. Then nonequilibrium phonon spec-

N trum N, may be described as a distribution with energy-

~ Me9wnB| N, 5
X keTs | N,+1° 2) dependent effective temperature
It is well known that low-energy phonons withw N, ={exd —fiwlkgTen(w)]—1} . ©)

<.1 meV travel ballistically for distances of few mm, while |, equilibrium, the phonon spectrum is Planckian and corre-
hlgh-en_ergy ph_onon%w%l meV4 are. strongly sca_lttered spondinglyT . does not depend om. In the detection point,
(scattering rate is proportional ") by isotopes and impu- the phonon spectrum is nonequilibrium afigi(w) is not

rities and thus travel diffusive?*"**The exact value of the - cio ot i o in Eq. (3 N, includes both ballistic
energy boundary between ballistics and diffusion depends OBhonons from t'he heat.m whicwh reach the detector and
the distance from a heater and on the sample quality and thlé%uilibrium bath phonons \,/vitm' —1.6K. In our experimen-
cannot be obtained accurately in our experiments. The COt,) geometry(Fig. 1) the importgnt factor contributing t
resp_onding mean-free path of high-energy phonons in highl’s the dependence of phonon losses at sample surfaz:ue con-
quality, undsaped GaAs samples has a valut-o1.8 mm for . tacted with liquid He. This dependence is well known to be
hwo=2meV:™ Our GaAs samples are commercial, Semi-g ot niversal for all solids and determined by great

itrr:SLtJIatri]ng SUbStr_?:ZS grlepar\(id for I\/IE]ICBEtgrolwth. Iitis k(;m_\"macoustic mismatch in the solid and liquid He for low-energy
at phonons withvw=1mev: are efiectively scattered in phonons and Kapitza anomaly for high-energy

such samples and we cannot expect for these phdrorise 18,
higher tha?n 1 mni>® The time F;volution of tr?e detected pho'nonsl.5.18 *The losses of phonons from the sample to
9 ' liquid He increases with the phonon energshe transition

phonon signal enables to say whether the phonon pr()pagg'nergy region between phonons completely reflected from

tion is ballistic or diffusive. If the rising edge of the_ si_gnz_il is the surface and the phonons which ar§0% transmitted to
sharp(~0.1 us) and the delay corresponds to ballistic time, liquid He corresponds te-0.4 meV (0.1 TH2.158 Thus, in
the signal is induced by ballistic, low-energy phonons. If the : : 02 ' e
time evolution shows long>1 us) rising and trailing edge, the detection poinfTe(«) (hw=0.3-0.5meV should de

th litude of the sianal idlv d d the sh crease with the increase af. As we have shown the spin
€ ampiitude of the sighal rapidly decreases and e s a%?/stem is in equilibrium with nonequilibrium phonons and if
broadens with the increase of then the propagation is

; PP . . the spin heating is induced by resonant phondns
mainly diffusive, which means that high-energy phonons exre:MEsgl\/InB from Egs.(2) and(3) we get that

detected. The examples of ballistic and diffusive phonon sig-

nals may be found elseyvheﬂ‘é'.”'34 The measured\| (t) To(B)=Tex(®). 4)

(Fig. 5 and correspondinghyN,(t) is that the observed

propagation of phonons from the heater to the detection poirithus, the decrease Gf.x(w) with @ should lead to the de-

is mainly ballistic. Actually, the increase of the distance crease ofT 5 with B.

does not change essentially the trailing edgea bft) and Experimentally, we actually obsen(€ig. 6) that Tg de-

only the delay corresponding to the ballistic times is ob- creases with the increase Bf The upper scale of Fig. 6

served Fig. 5(b)]. The increase of the duration of the leading shows the phonon energié& = uggu,B. The energy range

edge ofAl(t) with increase ofr is obviously due to the corresponds to the same frequency range studied in the pre-

different sound velocitiesv; of phonons with different vious experiments where the phonon-energy dependence of

modes(LA, FTA, STA). However, we cannot accurately re- phonon losses to liquid He has been establisfé@éiThus,

solve different phonon modes and the total duratio bft) we get that the measured field dependencé&ofeflects the

is rather long in comparison with standard ballistic phononnonequilibrium phonon spectrum. The qualitative agreement

experiments’ Partly this is due to relative effects of the of the observed dependendg(B) with the corresponding

heaterh and detector size®.5x 0.2 mnf and 0.2 mm diam- phonon spectrum leads us to the conclusion that our main

eter correspondingy This should smeaal(t) in time for  assumption that the spin-heating effect is induced by reso-

0.2 us. But the main reason of longip to 5us) Al(t) we  nant phonong w= uggy,B (direct spin-phonon transitions

see in the specific geometry of our experimefig. 1) when  becomes true antthe technique is working as a phonon spec-

phonons are propagating in a thig 0.4 mm) GaAs sample trometer

and the contribution ta\1(t) from the phonons reflected at In our experimental geometr§Fig. 1), phonon losses at

the surface on the way froimto the detection point becomes solid/liquid He boundary should influence the decay of

essentiaf”*® Thus, from the delay of the leading edges of Al(t), which is governed mainly by the phonons reflected

Al(t) with the increase of, we conclude that the observed from the sample surface. Qualitatively we see that the decay

signalsAl(t) are induced by ballistic phonons. That meansof Al(t) at low B is slightly longer than at higB [compare

that our phonon detection technigue is sensitive to low-solid and dashed curves in Figiab. Such experimental ob-

energy(hw<l1meV) phonons. servation confirms the conclusion about actually measuring
Now we turn to the discussion of nonequilibrium phononthe phonon spectrum, which is determined by energy depen-

spectrum in the detection point. Experimental res(Hig. 6) dence of phonon losses to liquid He.

clearly show that phonon system is actually nonequilibrium The magnetic-field dependenci€g(B) are qualitatively

and cannot be described by a Bose-Einstein distribution witlthe same for all studied samples and QW's. The decrease of

a certain temperature. Indeed, if thermalization of phonond g with B is observed in different detection points and in a

takes place, the spin temperature would be independent wide range ofT,,=20-40K. Such universal behavior also
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confirms the statement about measuring the phonon spectrurium phonons. The optical method of registration based on
because the energy dependence of phonon losses to liquid ltiee giant Zeeman effect of exciton states has been exploited.
should not depend strongly on the design of the structure and/e find that the heating of the spin system is induced by
density of phonons in the detection point. ballistic, subterahertz phonons, and the spin temperature de-
Let us discuss another possible explanation of experimencreases with the magnetic field increase. The results may be
tal results taking into account the role of spin-phonon trantonsistently explained in the model suggesting the heating of
sitions _in antiferromagnetic clusters of Mn ions. The clusterspe spin system by resonant phonons with = xggy,B.
of Mn ions artioknown to be formed at high-Mn concentra-Tpe known spectrum of nonequilibrium phonons in quantum
tion (x>0.01) * From the theory it is known that clusters of wells, which is determined by the phonon losses at solid/

Mn ions have the first excited state with the energy of severa“quid He boundary has been detected for all measured
meV and this energy decreases with magnetic fitlthen samples

Fhe spin system may be heated not only bydirect process The technique of the exciton luminescence detection of
induced by resonant phonoriso = uggB=1 meV but also nonequilibrium phonons combined with semimagnetic semi-
by high-energy phononsw>1 meV that are resonant with

the excited statéindirect Orbach process|n this case, the conductqr quar_ltum wells may be used aplwnon spec-
dependence of s on magnetic fieldFig. 6 may be attrib- trometerin semiconductor nanostructl_Jres. The_ re_solutlon of
uted to the dependence of the spectrum of the excited stat§4CN Spectrometer should be very fine and limited by the
on B. Also the dependencBs(B) may be explained by thé Wldth of the Ze_eman su_blevels. For moderate Mn concgntra—
dependence of relative contribution of direct and indirectiion (x<<0.1) this value is about 0.01 meV and is determined
transitionst® However, the explanation of the experimental by the processes of spin-spin interactforresence of the
results by the indirect spin-phonon transitions seems to ug'agnetic ion system is the principle requirement for the sug-
not reasonable. The main argument against indirect model @ested phonon spectrometer. Therefore, it can be realized on
that such transitions require much higher phonon energieie base of II-VI semimagnetic semiconductor materials
than w= uggysB. Even, if phonongzw>1meV) would [(Cd,Mn)Te, (Zn,Mn)Se, etc] which magnetic and optical
reach the detection points 2 and 3 and give contribution tgroperties and technological aspects are known very well
the heating of spin system, the time evolutionAdf(t) mea-  (for review see Ref. 40 Very recently a great progress has
sured in these points should be very different fram(t) been reported for the IlI-V semiconductor material doped
measured in point 1. In the present experiments, we do natith magnetic ions, namel{Ga,MnAs.*? One can also think
see the strong dependenceoff(t) either on the detection about creation of hybrid structures, when the 11-VI semimag-
point or on the magnetic fieldFig. 5. Thus, we conclude netic materials are overgrown on IlI-V semiconductor het-
that the contribution from the high-energy phonons and corerostructure. We point out here that structures studied in the

respondingly indirect spin-phonon transitions are not imporpresent paper were grown of GaAs substrates.
tant for the experimentally observed heating effect of the

Mn-spin system. However, we do not exclude completely the
role of indirect Orbach and Raman processes. They may re-
sult in some constant background in the dependencies of
T4(B), which causes difficulties in obtaining quantitative

values ofT;. The indirect processes may become very im- We acknowledge I. A. Merkulqv, A. A Kaplyanskii, and
; ))/ P. Kochereshko for helpful discussions and D. A. Ma-
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