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Heating of the spin system by nonequilibrium phonons
in semimagnetic„Cd,Mn,Mg …Te quantum wells
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We study the heating of the spin system of magnetic ions induced by ballistic acoustic nonequilibrium
phonons in~Cd,Mn,Mg!Te-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 nanostructures.@S0163-1829~99!04831-6#
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I. INTRODUCTION

Experiments with nonequilibrium acoustic terahertz a
subterahertz phonons provide important information ab
vibrational and electron properties of solids.1,2 In semicon-
ductor nanostructuresthe nonequilibrium phonon techniqu
has been successfully used during last decade in orde
study the interaction of acoustic phonons with carriers a
excitons in quantum wells and two-dimension
heterostructures.3,4 The wavelength of acoustic high-energ
~\v;1 meV! phonons~l;10 nm! is in the order of the size
of semiconductor nanolayers and nanoparticles. Thus,
expects, that experiments with high-energy phonons in
samples with semiconductor nanostructures would be v
useful for understanding of the quantum confinement effe
and their influence on the properties of carriers, phonons,
electron-phonon interaction.

The most fruitful information may be obtained using ph
non spectroscopy techniques that use high-energy pho
generators and detectors with narrow phonon energy b
Only a few high-resolution phonon spectroscopy expe
ments have been carried out in semiconductor nanost
tures. Almost all of them use superconducting tunnel ju
tion devices for generation and detection of phonon5

Narayanamurtiet al.6 used this technique studying the ph
non transmission in GaAs/~Al,Ga!As superlattices and ob
served the stopbands in the phonon dispersion. L
Tamura, Hurley, and Wolfe7 studied properties of phonons i
GaAs/AlAs superlattices in more details. Hensel and Dyn8

used superconducting tunnel junctions to study the abs
tion of phonons by two-dimensional electron gas and Ro
enfusser, Ko¨sfer, and Dietsche9 used the similar technique t
study the phonon emission from Si metal-oxide semicond
tor field-effect transistor. Superconducting tunnel juncti
experiments in subterahertz region require low temperat
PRB 600163-1829/99/60~8!/5609~8!/$15.00
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(T,1 K), zero-magnetic field, and extremely low power
generated phonons, which limit the application of this tec
nique in phonon spectroscopy experiments with semicond
tor nanostructures. Actually, using the superconducting t
nel junctions it is possible to detect the nonequilibriu
phonons that are transmitted through or reflected from
semiconductor nanostructure. However, it would be v
useful to study phonon dynamics with spectral resolution j
inside the semiconductor nanostructure similar to the w
how it is done using the exciton luminescence in Ga
epilayers10 and quantum wells.11 The work on the develop-
ment of phonon spectroscopy techniques is carried out
tively nowadays. Recently Oualtet al.12 proposed to use
semiconductor tunneling device~double barrier tunneling di-
odes and superlattices! as a phonon detector with modera
spectral resolution. Cooperet al.13 are working on creating a
phonon spectrometer based on the tunneling from a nor
metal state.

In the present paper, we propose a technique that ma
used as a high-resolution phonon spectrometer in 0.1–1 m
~25–250 GHz! range in semiconductor nanostructures. T
principle of proposed spectrometer is based on the phon
induced heating of the spin system of magnetic ions in se
magnetic quantum wells~QW’s!. In external magnetic field
B, the ground electron state of the magnetic ions splits to
system of Zeeman sublevels with energy separationmBgB.
Nonequilibrium phonons with energy\v5mBgB induce
resonant spin-phonon transitions and as a result the pop
tion of the upper Zeeman sublevels increases, i.e., the t
perature of the spin system becomes higher. Thus measu
in some way, the spin temperature of the system as a fu
tion of a magnetic field it becomes possible to obtain
spectrum of nonequilibrium phonons,Nv . For the first time,
the idea of using the magnetic ions as a phonon spectrom
5609 ©1999 The American Physical Society
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5610 PRB 60A. V. SCHERBAKOV et al.
in subterahertz region was proposed by Anderson
Sabisky14 in 1967. They used SrF2:Tm21 single crystals and
measured the population of the upper Zeeman subleve
Tm21 ions using the optical-absorption technique. Usi
such a phonon spectrometer, Sabisky and Anderson15 mea-
sured the spectrum of phonon losses at the cry
surface contacted with liquid helium~He!. In our recent
paper, we have shown that the spin system of Mn ions
CdTe/~Cd, Mn!Te QW’s may be used as a sensitive detec
of ballistic nonequilibrium phonons.16 However, it was not
clear whether this phonon detection method is actuall
phonon spectroscopy technique and whether the signals
tected at certain magnetic field are adequate to the pho
occupation numbersNv with phonon energy\v5mBgB.
Here, we present a detailed study of the heating of Mn-s
system by phonons created by heat pulse technique.17 In the
assumption that the spin system is heated by reso
phonons\v5mBgB we get the phonon spectrum, which
similar to the spectrum obtained in previous experiments.15,18

This result gives a strong argument that semimagnetic Q
are working as a phonon spectrometer and may be use
the studies of different semiconductor nanostructures~quan-
tum wells, dots and wires, tunneling devices, superlattice!.

In the present paper, we also discuss the mechanism
spin-phonon interaction in semimagnetic QW’s. This pro
lem is strongly connected with the formation mechanism
magnetic polaron.19,20 We discuss the interaction of acoust
phonons with magnetic clusters, the electron spectrum
which is not understood yet in details and was studied o
theoretically.21

II. EXPERIMENTAL METHOD

The main idea of the experimental method is based on
temperature-dependent giant Zeeman effect for the exc
states in semimagnetic~Cd,Mn,Mg!Te material.22 In the ex-
ternal magnetic field, the Mn ions have a system of Zeem
sublevels with energy separationmBgMnB (gMn52) and at
B57 T, mBgMnB50.8 meV. In our experiments, the M
spin system is heated by nonequilibrium phonons and
spin temperatureTs is measured from the exciton photolu
minescence~PL! spectrum, which has been calibrated
equilibrium conditions, i.e., without nonequilibrium
phonons. The final stage is to find out whether the magne
field dependenceTS(B) corresponds to the nonequilibrium
phonon spectrumNv (\v5mBgMnB), the main features o
which are known from earlier studies.

We study three quantum well~QW! structures with dif-
ferent design in order to see whether the observed res
depend on compositions of Mn or Mg and on the QW wid
of the semiconductor nanostructure. All of them are gro
by molecular beam epitaxy on~100! semi-insulating
GaAs substrates with thickness 0.3–0.4 mm. Th
~Cd,Mn,Mg!Te-based heterostructures have been u
in the present experiments.Structure A has been grown
after a 350 nm-thick Co0.36Mn0.07Mg0.57Te buffer layer.
It contains five different QW’s with 16-nm width separate
by 32 nm-thick Cd0.36Mn0.07Mg0.57Te barriers. Materials of
QW’s are CdTe, Cd0.93Mn0.07Te, and Cd0.932yMn0.07MgyTe
digital alloys ~y50.25, 0.50, 0.75!, where y an
efficient Mg concentration. The digital alloys are in fa
d
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Cd0.93Mn0.07Te/Cd0.36Mn0.07Mg0.57Te short-period superlat
tices ~25 periods!. Respective layer thickness are 0.48 n
0.16 nm fory50.25, 0.32 nm/0.32 nm fory50.50, and 0.16
nm/0.48 nm fory50.75~for details see Ref. 23!. Structure B
has been grown after a 480 nm-thick Cd0.64Mn0.06Mg0.3Te
buffer layer. The Mn concentration of 0.06 was kept const
through the structure, which contains eight identical pa
bolic QW’s of 18-nm width separated by 25 nm-thic
Cd0.64Mn0.06Mg0.3Te barriers. The parabolic profile wa
formed by the modulation of the Mg component concent
tion, which equals to zero in the center of the QW~for details
see Ref. 24!. Structure Cis CdTe/Cd0.6Mn0.4Te QW’s het-
erostructure. The structure contains four CdTe QW’s w
different widths~9.0, 4.0, 1.8, and 1.2 nm!. The QW’s are
separated by 50 nm-thick Cd0.6Mn0.4Te barriers~for details
see Ref. 25!. The wafers were cut to pieces with the area
34 mm2 of the surface with QW’s.

The experimental setup is shown in Fig. 1. We gener
nonequilibrium phonons using the well-known heat pu
technique.17 The phonon generator,h ~10-nm constantan
film!, with an area 0.530.25 mm2 was evaporated on th
narrow side of the GaAs substrate and was heated by cu
pulses with duration 0.15ms, pulse-power density up toP
5400 W/mm2 and repetition rate of 20 kHz. The phonon
generated inh during the current pulse have a Planck dist
bution, characterized by a heater temperatureTh}P1/4. The
value of Th may be calculated from the acoustic mismat
theory.26 Then, nonequilibrium phonons with a broad spe
trum having characteristic energies of about several m
~i.e., 1011– 1012Hz! are injected into the GaAs substrate. T
phonons propagating in the GaAs reach the semimagn
QW structure and induce changes in the exciton lumin
cence, which is excited bycw Ar laser ~excitation power 5
mW, the diameter of the focused spot on the sample 0.3 m!
in a certain point at the surface of QW’s~i.e., point 1, 2, or 3,
Fig. 1!. The exciton photoluminescence~PL! from the QW’s
is focused on an input slit of a 1-m spectrometer, detected
a fast photomultiplier and finally analyzed with the tim
resolution up to 10 ns by means of a special interface bo
and a computer. The sample is mounted inside a super
ducting magnet in the Faraday configuration and is immer
in pumped liquid helium,T051.6 K.

The existence of paramagnetic Mn ions in the structu
leads to the giant Zeeman splitting of an exciton line in t
presence of magnetic fieldB. This phenomenon is wel

FIG. 1. The experimental setup. Black spots~points 1, 2, and 3!
on the surface with QW’s show the places where excitons w
excited. The dashed arrow shows ballistic phonons traveling froh
to point 3. Corresponding distances~in mm! betweenh, and points
1, 2, and 3 arer 50.3, 1.5, 2.5.
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PRB 60 5611HEATING OF THE SPIN SYSTEM BY . . .
known to be due to the strong interaction between carr
and paramagnetic Mn ions.22,27 Experimentally the splitting
of exciton states may be displayed as a redshiftDE of the
exciton PL line at low temperatures. From the earlier stud
the value ofDE is known to decrease rapidly with increasin
temperature.22 The reason for that is the decrease of mag
tization, when the orientation of Mn spins in external fie
decreases due to the thermal occupation of higher Zee
sublevels of Mn ions. In the present experiments we exp
the nonequilibrium phonons generated by a heat pulse
order to elevate the temperature of Mn-ions systemTS and,
thus, to decrease the exciton Zeeman splitting. In a re
work of Kulakovskii et al.28 the heating of Mn spins wa
induced by the hot electron plasma at high-optical excitat
density. In our present experiments, we use low-optical
citation density and the dynamical shift of the exciton li
dE(t) ~i.e., variation ofDE during the heat pulse!, is in-
duced only by nonequilibrium phonons. We measure
spin-heating effect in three points located at different d
tancesr from the phonon generator~points 1, 2, and 3 see
Fig.1!. The different heater temperaturesTh and magnetic
fields up to 7 T are used. As a result, we obtain magne
field dependence of the spin temperatureTS of Mn ions in
the presence of nonequilibrium phonons in different samp
and QW’s.

As an example, we describe the procedure of obtainingTS
in the presence of nonequilibrium phonons for sampleB at
B53.0 T. The exciton PL lines are shown in Fig. 2~a!. They
correspond to the annihilation of exciton at the lower ene
state. The energy position of exciton luminescence line
pends strongly on the magnetic fieldB and the bath tempera
ture T0 . Curve 1 corresponds to the spectrum measure
T051.6 K andB50. The low-energy shiftDE528 meV of
the exciton line is observed atB53 T @curve 2, Fig. 2~a!#.
This shift decreases at elevated temperature~curve 3, T0
54.2 K, B53 T!. In our example@Fig. 2~a!# it is important
that the shape and the intensity of the exciton line does
change significantly whileT0 is elevated~compare curves 2
and 3!. The shiftDE may be described by the well-know
equation22

DE5gB5/2F 5mBgMnB

2kB~TS1T1!G , ~1!

whereB5/2(z) is Brillouin function,g andT1 are depending
on Mn-concentration efficient parameters. In Eq.~1! the
magnetic polaron effects are not included, which in o
samples is valid forB.1.5 T, where the contribution o
magnetic polarons is suppressed.29,30

The dashed curve in Fig. 2~a! shows the spectrum mea
sured in the presence of nonequilibrium phonons (Th
520 K) in the detection point 1 atT051.6 K andB53 T in
the ‘‘time window’’ (Dt50.6ms) at the time correspondin
to the maximum changes during the phonon pulse@see
dashed area in Fig. 2~b!#. It is seen that the dashed curve
shifted to the higher energies in respect to curve 2 meas
at the sameB in the absence of nonequilibrium phonons. T
spectral shape of the dashed curve and curve 2 are al
identical and the observed amplitude of the time-depend
shift, dE(t), measured at the high-energy wing of excit
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luminescence line is equal to 3 meV and corresponds to
heating of spin system of Mn ions by nonequilibriu
phonons.

For the most values ofB andTh used in our experiments
we can obtain the dynamical shiftdE(t) by measuring pho-
non induced luminescence pulseI (t) @Fig. 2~b!# at the fixed
energyEd @shown by an arrow in Fig. 2~a!#, which corre-
sponds to the high-energy edge of the exciton line. Th
comparing the relative increase of the luminescence inten
DI (t)/I 0 @here,DI (t)5I (t)2I 0 , I 0 is the stationary inten-
sity without nonequilibrium phonons,T051.6 K# with the
shape of the exciton line@in our example curve 2 in Fig
2~a!# we may obtain the dynamical shiftdE(t) at any delay
time td . This is realized by the parallel shift of equilibrium
spectrum@curve 2 in Fig. 2~a!# until the intensity atEd will
be equal to corresponding intensityI (t8). In our example,
such procedure givesdE53 meV for td corresponding to the
maximum of DI (t), which is equal to the value obtaine
with ‘‘time-window’’ technique. Further, in the next section
where we describe the experimental results, we shall c
sider only the case of relatively smalldE, so thatDI (t)
}dE(t).

The next step is to determine the spin temperatureTS in
the presence of nonequilibrium phonons from the measu
dE using the obvious fact that in equilibriumTS5T0 . In

FIG. 2. ~a! Luminescence spectra of sampleB measured in equi-
librium conditions ~solid lines! at T051.6 K ~curve 1, B50 T;
curve 2, B53 T! and T054.2 K ~curve 3, B53 T!. Dashed line
shows the spectrum measured in the presence of nonequilib
phonons in point 1~Th520 K, B53 T! in the ‘‘time window’’
corresponding to the maximum changes during the phonon p
@shown by shaded area in~b!#. ~b! Phonon induced luminescenc
pulse measured in point 1~Th520 K, B53 T! at the photon energy
Ed51.721 eV @shown by vertical arrow in~a!#. The dashed area
shows a current pulse.
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5612 PRB 60A. V. SCHERBAKOV et al.
most cases it is possible to use Eq.~1! with parametersg and
T1 determined from the equilibrium dependencies ofDE or
dE on B andT0 . Parametersg andT1 are presented in the
Table I and curves in Fig. 3 show the calculated depend
ciesTS as a function ofdE for different B in sampleB. The
dependencies ofTS(dE) were measured experimentally
equilibrium conditions (TS5T0) for the different values ofB
andT0 ~see symbols in Fig. 3!.

The described procedure of getting the values ofTS and
dE is not exactly valid for high density of phonons in th
detection point and correspondingly highTS . In this case,
nonequilibrium phonons additionally induce the changes
the shape of the exciton luminescence line and the resu
dE cannot be obtained accurately. The changing of the sh
of the exciton line in the presence of nonequilibriu
phonons with high density~Th540 K, point 1! is shown in
Fig. 4. The different curves in Fig. 4 are the spectra m
sured in ‘‘time windows’’ with different delaystd after pho-
non pulses. The spectrum measured attd510.65ms ~curve
4! is identical with the equilibrium spectrum (T051.6 K).
Similar changes of the shape of the luminescence line
duced by nonequilibrium phonons with high density are a
observed in zero-magnetic field. The reason of changin
the shape of the exciton PI line in the presence of none
librium phonons is not clear and the understanding of t
unusual behavior requires more experimental work. App
ently this is connected with the effect of nonequilibriu
phonons on the system of photoexcited carriers and excit
It may be so that nonequilibrium phonons have different
fects on the excitons with different energies, which form t
inhomogeneously broadened shape of the exciton PL lin

Thus, measuring the dynamical shiftdE of the exciton
line in the presence of nonequilibrium phonons with lo
density we may obtain the temperatureTS of the Mn-spin
system.

FIG. 3. The calculated~lines! and measured~symbols! changes
of spin temperatureTS2T0 as a function of the shiftdE for differ-
ent magnetic fields in sampleB (T051.6 K).

TABLE I. Experimentally obtained values ofg and T1 for
samplesA, B, andC.

Sample g ~meV! T1 ~K!

A y50.25 40.4 2.9
y50.50 36.6 3.4

B 39.6 3.2
C 13.8 2.4
n-
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III. EXPERIMENTAL RESULTS

In the experiments, we studied the phonon-induced ef
on the exciton PL in different samples and QW’s, detect
points, at different magnetic fieldsB and heater temperature
Th . The main experimental results concern the tempo
evolution of the phonon-induced signalsDI (t) and the de-
pendencies ofTS on B. These results do not differ qualita
tively for different samples, QW’s and detection points. T
observed dependencies ofTS on B are very similar in a wide
range ofTh . Thus, we limit the presentation of the expe
mental results by some typical examples of signalsDI (t) and
dependenciesTS(B), whenTS,5 K. For a higher value of
TS nonlinear effects~see Sec. II! and overheating problem
cause experimental difficulties in accurate determination
TS .

Figure 5 shows normalized phonon-induced sign
DI (t)}dE(t) for differentB measured at different detectio
points and in different samples. In all experiments,DI (t)
have a sharp rising edge the duration of which does not
pend onB @Fig. 5~a!#. The duration of the rising edge in
creases while the distancer between the heaterh and the
detection point increases@Fig. 5~b!#. The horizontal bars in
Fig. 5~b! show the expected delay ofDI (t) measured in
point 1 and 2 with the increase of the distancer if propaga-
tion of phonons in GaAs is ballistic~e.g., without scattering!
on the path from the heater to the detection point 1 an
correspondingly~delay5r 22r 1 /v j , v j—sound velocity of
phonon with j polarization!. It is seen that there is a goo
agreement between the observed delay of the leading e
and the expected ‘‘ballistic delays.’’ The duration of th
trailing edges ofDI (t) have a value of several microsecond
This value depends slightly onB @see Fig. 5~a!# and is almost
independent of the distance from the heater to the detec
point @see Fig. 5~b!#. Figure 5~c! showsDI (t) measured for
the sameB, Th , and r but in different samples that hav
different designs and Mn and Mg contents. It is seen that
temporal shapesDI (t) are almost identical and, as it wa
mentioned earlier,DI (t) does not strongly depend on th
sample.

Figure 6 shows the examples of the magnetic-field dep
dencies ofTS at the time corresponding to the maximum
DI (t) measured for different samples and QW’s. The
markable fact is thatTS is not constant with changing ofB
and we see thedecrease of TS with the increasing of mag-
netic field. This behavior is qualitatively the same in a

FIG. 4. Luminescence spectra in the presence of nonequilibr
phonons with high density~sampleB, Th540 K, point 1! measured
in ‘‘time windows’’ Dt50.6ms at different time delaystd .
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PRB 60 5613HEATING OF THE SPIN SYSTEM BY . . .
samples and QW’s. The decrease ofTS(B) with B is ob-
served in a wide range ofTh520– 40 K and in different de-
tection points.

IV. DISCUSSION

The main idea of the analysis is to show that assum
that the spin heating is induced by resonant phonons\v
5mBgMnB, we are able to get the known phonon spectr
Nv from the measured dependenceTS(B). If we will obtain
that TS(B) corresponds to the knownNv (\v5mBgMnB)
then we may conclude that spin-heating effect is actu
induced by resonant phonons and the technique is workin
a phonon spectrometer. On the first stage of the discuss
we will analyze the temporal evolution of the measured s
nalsDI (t). We will show that the spin heating is induced b
ballistic phonons. Thus, we obtain roughly the range of p
non energies~,1 meV! which are active in the spin-heatin
effect. On the next stage, we will discuss the main feature
the nonequilibrium phonon spectrum in the detection po
On the final stage, we will compare field dependenc
TS(B) with the qualitatively knownNv assuming that\v
5mBgMnB and will make a conclusion about the main ro

FIG. 5. The temporal evolution of the phonon induced PL s
nals,DI (t), ~normalized, linear scale!, measured in different mag
netic fields ~a!, detection points~b!, and samples~c!. Horizontal
bars in~b! show the expected ballistic time shifts between phon
signals measured in points 1 and 2 for LA, FTA, and STA phon
with velocities 5.3, 3.4, and 2.5 km/s, respectively. Panels~a! and
~b! correspond to sampleB.
g

y
as
n,
-

-

of
t.
s

of the resonant phonons in the spin-heating effect.
The signalsDI (t) ~Fig. 5! are governed by the time evo

lution of phonon occupation numbersNv(t) and the time
response of our phonon detection technique. The respo
time of our phonon detection technique has two contrib
tions. The first is related to the lifetime of excitons, which
known to be very short@;0.2 ns~Ref. 31!# in comparison
with the duration of the measured signalsDI (t). The second
contribution is related to the response time of the spin sys
tS . This time is equal to the spin-lattice relaxation tim
which depends on Mn concentration and magnetic-fi
value.32 The mechanism of spin-lattice relaxation in sem
magnetic semiconductors like~Cd,Mn,Mg!Te is not under-
stood in detail yet. Experimental data for Cd12xMnxTe x
50.06– 0.07 givestS;0.1ms.32 Thus, the relaxation timetS
in principle, may slightly influence the rising edges ofDI (t),
which has duration of 0.5ms, but the value oftS;0.1ms is
much shorter than the average duration of all measured
nalsDI (t) ~Fig. 5!. Therefore, we may consider that the sp
system is in quasiequilibrium with nonequilibrium phono
and DI (t) reflects the time evolution of phonon occupatio
numbers Nv(t) rather than the spin-lattice relaxatio
process.33 This means that if the spin system is heated
resonant phonons\v5mBgMnB the balance between spin

-

n
s

FIG. 6. Spin temperatureTS as a function of magnetic field
~lower scale! and phonon energy~upper scale! for samplesA ~a!, B
~b!, andC ~c!. Dashed lines are guides to the eye.
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5614 PRB 60A. V. SCHERBAKOV et al.
phonon transitions with emission and absorption of phon
gives

expF2
mBgMnB

kBTS
G5

Nv

Nv11
. ~2!

It is well known that low-energy phonons with\v
,1 meV travel ballistically for distances of few mm, whil
high-energy phonons\v@1 meV are strongly scattere
~scattering rate is proportional tov4! by isotopes and impu
rities and thus travel diffusive.1,2,17,34The exact value of the
energy boundary between ballistics and diffusion depend
the distance from a heater and on the sample quality and
cannot be obtained accurately in our experiments. The
responding mean-free path of high-energy phonons in h
quality, undoped GaAs samples has a value ofl 51.8 mm for
\v52 meV.34 Our GaAs samples are commercial, sem
insulating substrates prepared for MBE growth. It is kno
that phonons with\v.1 meV are effectively scattered i
such samples and we cannot expect for these phononsl to be
higher than 1 mm.35,36 The time evolution of the detecte
phonon signal enables to say whether the phonon prop
tion is ballistic or diffusive. If the rising edge of the signal
sharp~;0.1 ms! and the delay corresponds to ballistic tim
the signal is induced by ballistic, low-energy phonons. If t
time evolution shows long~@1 ms! rising and trailing edge,
the amplitude of the signal rapidly decreases and the sh
broadens with the increase ofr, then the propagation is
mainly diffusive, which means that high-energy phonons
detected. The examples of ballistic and diffusive phonon s
nals may be found elsewhere.1,2,17,34 The measuredDI (t)
~Fig. 5! and correspondinglyNv(t) is that the observed
propagation of phonons from the heater to the detection p
is mainly ballistic. Actually, the increase of the distancer
does not change essentially the trailing edges ofDI (t) and
only the delay corresponding to the ballistic times is o
served@Fig. 5~b!#. The increase of the duration of the leadin
edge ofDI (t) with increase ofr is obviously due to the
different sound velocitiesv j of phonons with different
modes~LA, FTA, STA!. However, we cannot accurately re
solve different phonon modes and the total duration ofDI (t)
is rather long in comparison with standard ballistic phon
experiments.17 Partly this is due to relative effects of th
heaterh and detector sizes~0.530.2 mm2 and 0.2 mm diam-
eter correspondingly!. This should smearDI (t) in time for
0.2 ms. But the main reason of long~up to 5ms! DI (t) we
see in the specific geometry of our experiments~Fig. 1! when
phonons are propagating in a thin~, 0.4 mm! GaAs sample
and the contribution toDI (t) from the phonons reflected a
the surface on the way fromh to the detection point become
essential.37,38 Thus, from the delay of the leading edges
DI (t) with the increase ofr, we conclude that the observe
signalsDI (t) are induced by ballistic phonons. That mea
that our phonon detection technique is sensitive to lo
energy~\v,1 meV! phonons.

Now we turn to the discussion of nonequilibrium phon
spectrum in the detection point. Experimental results~Fig. 6!
clearly show that phonon system is actually nonequilibri
and cannot be described by a Bose-Einstein distribution w
a certain temperature. Indeed, if thermalization of phon
takes place, the spin temperatureTS would be independen
s
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on the magnetic field. Experiments~Fig. 6! show the de-
crease ofTS with B. Thus, we exclude phonon thermalizatio
in the detection point. Then nonequilibrium phonon spe
trum Nv may be described as a distribution with energ
dependent effective temperature

Nv5$exp@2\v/kBTeff~v!#21%21. ~3!

In equilibrium, the phonon spectrum is Planckian and cor
spondinglyTeff does not depend onv. In the detection point,
the phonon spectrum is nonequilibrium andTeff(v) is not
constant with v. In Eq. ~3! Nv includes both ballistic
phonons from the heaterh, which reach the detector an
equilibrium bath phonons withT051.6 K. In our experimen-
tal geometry~Fig. 1! the important factor contributing toNv

is the dependence of phonon losses at sample surface
tacted with liquid He. This dependence is well known to
almost universal for all solids and determined by gre
acoustic mismatch in the solid and liquid He for low-ener
phonons and Kapitza anomaly for high-ener
phonons.15,18,39 The losses of phonons from the sample
liquid He increases with the phonon energy. The transition
energy region between phonons completely reflected fr
the surface and the phonons which are;50% transmitted to
liquid He corresponds to'0.4 meV~0.1 THz!.15,18 Thus, in
the detection pointTeff(v) ~\v50.3–0.5 meV! should de-
crease with the increase ofv. As we have shown the spin
system is in equilibrium with nonequilibrium phonons and
the spin heating is induced by resonant phonons\v
5mBgMnB from Eqs.~2! and ~3! we get that

TS~B!5Teff~v!. ~4!

Thus, the decrease ofTeff(v) with v should lead to the de
crease ofTS with B.

Experimentally, we actually observe~Fig. 6! that TS de-
creases with the increase ofB. The upper scale of Fig. 6
shows the phonon energies\v5mBgMnB. The energy range
corresponds to the same frequency range studied in the
vious experiments where the phonon-energy dependenc
phonon losses to liquid He has been established.15,18 Thus,
we get that the measured field dependence ofTS reflects the
nonequilibrium phonon spectrum. The qualitative agreem
of the observed dependenceTS(B) with the corresponding
phonon spectrum leads us to the conclusion that our m
assumption that the spin-heating effect is induced by re
nant phonons\v5mBgMnB ~direct spin-phonon transitions!
becomes true andthe technique is working as a phonon spe
trometer.

In our experimental geometry~Fig. 1!, phonon losses a
solid/liquid He boundary should influence the decay
DI (t), which is governed mainly by the phonons reflect
from the sample surface. Qualitatively we see that the de
of DI (t) at low B is slightly longer than at highB @compare
solid and dashed curves in Fig. 5~a!#. Such experimental ob
servation confirms the conclusion about actually measu
the phonon spectrum, which is determined by energy dep
dence of phonon losses to liquid He.

The magnetic-field dependenciesTS(B) are qualitatively
the same for all studied samples and QW’s. The decreas
TS with B is observed in different detection points and in
wide range ofTh520– 40 K. Such universal behavior als
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confirms the statement about measuring the phonon spec
because the energy dependence of phonon losses to liqu
should not depend strongly on the design of the structure
density of phonons in the detection point.

Let us discuss another possible explanation of experim
tal results taking into account the role of spin-phonon tr
sitions in antiferromagnetic clusters of Mn ions. The clust
of Mn ions are known to be formed at high-Mn concent
tion (x.0.01).40 From the theory it is known that clusters o
Mn ions have the first excited state with the energy of sev
meV and this energy decreases with magnetic field.21 Then
the spin system may be heated not only by thedirect process
induced by resonant phonons\v5mBgB,1 meV but also
by high-energy phonons\v.1 meV that are resonant wit
the excited state~indirect Orbach process!. In this case, the
dependence ofTS on magnetic field~Fig. 6! may be attrib-
uted to the dependence of the spectrum of the excited s
on B. Also the dependenceTS(B) may be explained by theB
dependence of relative contribution of direct and indir
transitions.16 However, the explanation of the experimen
results by the indirect spin-phonon transitions seems to
not reasonable. The main argument against indirect mod
that such transitions require much higher phonon ener
than \v5mBgMnB. Even, if phonons~\v.1 meV! would
reach the detection points 2 and 3 and give contribution
the heating of spin system, the time evolution ofDI (t) mea-
sured in these points should be very different fromDI (t)
measured in point 1. In the present experiments, we do
see the strong dependence ofDI (t) either on the detection
point or on the magnetic field~Fig. 5!. Thus, we conclude
that the contribution from the high-energy phonons and c
respondingly indirect spin-phonon transitions are not imp
tant for the experimentally observed heating effect of
Mn-spin system. However, we do not exclude completely
role of indirect Orbach and Raman processes. They may
sult in some constant background in the dependencie
TS(B), which causes difficulties in obtaining quantitativ
values ofTeff . The indirect processes may become very i
portant for higher phonon densities and correspondin
higherTS .

V. CONCLUSIONS

Finally, we study the heating of spin system of magne
ions in semimagnetic quantum wells by acoustic nonequi
r
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rium phonons. The optical method of registration based
the giant Zeeman effect of exciton states has been explo
We find that the heating of the spin system is induced
ballistic, subterahertz phonons, and the spin temperature
creases with the magnetic field increase. The results ma
consistently explained in the model suggesting the heatin
the spin system by resonant phonons with\v5mBgMnB.
The known spectrum of nonequilibrium phonons in quant
wells, which is determined by the phonon losses at so
liquid He boundary has been detected for all measu
samples.

The technique of the exciton luminescence detection
nonequilibrium phonons combined with semimagnetic se
conductor quantum wells may be used as aphonon spec-
trometerin semiconductor nanostructures. The resolution
such spectrometer should be very fine and limited by
width of the Zeeman sublevels. For moderate Mn concen
tion (x,0.1) this value is about 0.01 meV and is determin
by the processes of spin-spin interaction.41 Presence of the
magnetic ion system is the principle requirement for the s
gested phonon spectrometer. Therefore, it can be realize
the base of II-VI semimagnetic semiconductor materi
@~Cd,Mn!Te, ~Zn,Mn!Se, etc.# which magnetic and optica
properties and technological aspects are known very w
~for review see Ref. 40!. Very recently a great progress ha
been reported for the III-V semiconductor material dop
with magnetic ions, namely~Ga,Mn!As.42 One can also think
about creation of hybrid structures, when the II-VI semima
netic materials are overgrown on III-V semiconductor h
erostructure. We point out here that structures studied in
present paper were grown of GaAs substrates.
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