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Heating of the magnetic ion system in„Zn, Mn …SeÕ„Zn, Be…Se semimagnetic quantum wells
by means of photoexcitation
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Heating of the spin system of magnetic Mn ions by means of photoexcited carriers has been studied in
undoped~Zn, Mn!Se/~Zn, Be!Se multiple quantum well structures. Elevated spin temperature of the magnetic
ions has been documented by a suppression of the giant Zeeman splitting of excitonic states measured in
photoluminescence and reflectivity spectra. Low densities of photoexcitation~about 1 W/cm2! induce strong
heating of the Mn spin system. The heating shows a strong dependence on the Mn content varying from 0.004
to 0.06. It decreases with increasing Mn content due to the shortening of the spin-lattice relaxation time.
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I. INTRODUCTION

Diluted magnetic ~or semimagnetic! semiconductors
~DMS’s! provide unique opportunities for manipulation
carrier spins due to the strongsp-d exchange interaction
between carriers~electrons or holes! and localized spins o
magnetic ions. A variety of magnetic, magneto-optical, a
magnetotransport phenomena makes DMS’s a very reli
model system for spintronic devices. Recently the electr
injection of spin-oriented electrons from~Zn, Mn, Be!Se into
GaAs has been realized.1

The presence of free carriers in semiconducting mater
is an important issue for device application. Properties
undoped wide-gap II-VI DMS materials@e.g., ~Cd, Mn!Te,
~Zn, Mn!Se,...# and their heterostructures have been inve
gated in great detail during the last 20 years. However,
perimental information about the effects induced by the pr
ence of free carriers in these materials is very limited. In
papers addressing this issue it was shown that the syste
free carriers plays an important role in the energy trans
between the phonon system~lattice! and the magnetic ion
system.2 The spin-lattice relaxation rate of the magnetic io
is accelerated by an order of magnitude in the presence
rather diluted electron gas with a density below 1011cm22.3,4

The excess energy of free carriers gained from photoexc
tion or electrical fields is transferred by means of a spin-
exchange scattering into the magnetic ion system v
efficiently.2 This results in a heating of the localized sp
system, whose temperature can exceed the lattice temp
ture by 200 K under high-density photoexcitatio
conditions.5,6 These studies were limited t
Cd12xMnxTe-based quantum wells~QW’s! and to two Mn
contentsx50.01 and 0.03 only. In the present paper we e
tend the investigation on Zn12xMnxSe-based heterostruc
tures with the aim to analyze the dependence of the hea
effect on the Mn concentration in detail. This is importa
because it is known that the spin-lattice relaxation rate
Mn-based II-VI DMS’s is a strong function of the M
content.7,8
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Magneto-optical properties of Zn12xMnxSe are well
known ~see, e.g., Refs. 9 and 10!. They are similar to the
properties of the widely studied Cd12xMnxTe system.
Zn12xMnxSe/ZnSe heterostructures have been fabricated
molecular-beam epitaxy and investigated by seve
groups.11–16 Due to the band-gap bowing of Zn12xMnxSe,17

this material in combination with ZnSe serves as a quan
well for x,0.04 and as barriers forx.0.04. However for
x,0.04 the confinement potentials for carriers are rat
small. They can be overcome by the giant Zeeman splitt
of band states in external magnetic fields, which leads to
formation of spin superlattices.16,18,19With the ternary alloy
Zn12yBeySe as a barrier material, a strong confinement
carriers in Zn12xMnxSe can be realized for a wider range
Mn content and magnetic fields.16

In this paper we report on the modification of th
magnetic and magneto-optical properties
Zn12xMnxSe/Zn12yBeySe quantum wells under photoexcit
tion. Samples with different Mn content varying from 0.00
up to 0.06 have been examined by means of polarized p
toluminescence and light reflectivity techniques. It w
found that relatively small excitation densities cause a str
suppression of the giant Zeeman splitting of excitons. T
effect evidences the heating of the Mn ion system, which
strong function of the Mn content.

The paper is organized as follows: Sec. II describes
tails of the sample design and the experimental setup. In
III we present experimental data and results. The discus
and summary of our findings are given in Sec. IV.

II. EXPERIMENTAL DETAILS

We have studied three Zn12xMnxSe/Zn12yBeySe
multiple-quantum-well structures with different Mn conten
x50.004, 0.012, and 0.06. All samples were fabricated
molecular-beam epitaxy on~100!-oriented GaAs substrates
Sample parameters are collected in Table I. For sample
(x50.004) and 2 (x50.012), the substrate was covered by
buffer made of 10-Å-thick BeTe, 20-Å-thick ZnSe, and
4000-Å-thick Zn0.97Be0.03Se layer to improve the surfac
©2001 The American Physical Society13-1
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TABLE I. Parameters of Zn12xMnxSe/Zn12yBeySe quantum well structures.

Sample
No.

Mn content,
x

Be content,
y

QW width,
Å

Barrier width,
Å

Number of
periods

X energy,
eV

X FWHM,
meV Seff

T0 ,
K

#1 0.004 0.06 100 200 5 2.8172 1.5 2.43 0
#2 0.012 0.06 100 200 5 2.8154 1.9 2.21 0
#3 0.06 0.05 100 200 10 2.8186 1.9 1.35 1
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quality and the lattice matching with the barrier material. O
this buffer layer five periods of 200-Å-thick Zn0.94Be0.06Se
barriers with an energy gap of 2.97 eV and 100-Å-thi
Zn12xMnxSe wells were grown. The structures were capp
with a 300-Å-thick Zn0.94Be0.06Se layer. Sample 3 (x
50.06) is similar to samples 1 and 2 but the only differenc
are that it consists of 10 quantum wells, and the Be conc
tration in barriers is 0.05 with an energy gap of 2.96 eV. A
three samples reported here are nominally undoped.
band offsets caused by the difference in the band gap
Zn12xMnxSe and Zn12yBeySe are distributed by the rati
0.78/0.22 between the conduction and valence bands.16

Optical measurements were performed for samples
mersed in pumped liquid helium at a temperature of 1.6
Magnetic fields up to 7 T were generated by a supercond
ing split-coil solenoid and were applied parallel to the stru
ture growth axis and to the direction of the collected lig
~Faraday geometry!. An Ar-ion laser operating at the wave
length of 363.8 nm served as an excitation source for
photoluminescence~PL! or as a pump source for a tunab
dye laser~Stilben 3!, which was used for PL excitation~PLE!
and for reflectivity measurements under additional laser i
mination. For reflectivity experiments, a halogen lamp w
used, whose high-energy spectral range, which exceeds
band gap of Zn12yBeySe barriers, was blocked by a selecti
filter to minimize possible heating of the sample and to av
photoinduced changes of electron density in QW’s. A ma
with a pinhole with a diameter of 1 mm covered the samp
The sizes of the exciting laser spot and illumination lam
spot were chosen larger than the pinhole size to avoid
tially inhomogeneous excitation. Due to the optical select
rules for excitonic luminescence and absorption in the c
sen Faraday geometry the detected light was either ri
hands1 or left-hands2 circularly polarized. The lumines
cence signal or the reflected light was dispersed by a
monochromator and detected either with a charged-cou
device or a cooled photomultiplier followed by a photo
counting system. The spin-lattice relaxation dynamics
magnetic ions have been measured by means of a me
based on optical detection of injected nonequilibriu
phonons. Details of the method are presented in Ref. 8.

III. EXPERIMENTAL RESULTS

Let us start with the description of systems of a DM
heterostructure, whose interaction determines the stu
phenomena. Schematically these interacting systems, w
are convenient to consider as energy reservoirs characte
by heat capacity and temperature, are shown in Fig. 1. T
are ~i! the phonon system~i.e., the lattice!, ~ii ! the magnetic
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ion system@the Mn ion system in the case of~Zn, Mn!Se-
based heterostructures#, and~iii ! the carriers, which are pho
toexcited in the studied case of undoped structures. The p
tocarriers generated by light absorption have an exc
energy and a finite lifetime limited by various recombinati
processes. Via spin-flip exchange scattering the photocar
pass their excess energy into the Mn system and elevat
spin temperature.2 The energy flux from the Mn system t
the lattice is determined by the spin-lattice relaxation~SLR!.
In very diluted systems withx,0.01, where Mn ions are
isolated entities, the spin-lattice relaxation rate is extrem
low. However, it increases by several orders of magnitu
with a growing concentration of Mn ions, when clusters
magnetic ions are formed.7 Under the influence of steady
state photoexcitation, the resulting temperature of the m
netic ion systemTMn will exceed the lattice temperature~i.e.,
the bath temperature! TL . The temperature difference is de
termined by the energy flux supplied by photocarriers a
the SLR rate.

Figure 2 shows a survey of photoluminescence, PL ex
tation, and reflectivity spectra for the three samples stud
The structures differ in Mn content of the QW layers, but t
range ofx variations is relatively small and does not exce
0.06. As a result the optical spectra of all three samples
very similar. We will describe them with the example
sample 2 withx50.012 shown in Fig. 2~b!. Two strong reso-
nances corresponding to the exciton~X! ground states in-
volving heavy holes (1s-hh) and light holes (1s- lh) are
clearly seen in the reflectivity spectrum. They are split by
meV due to the strain and quantum confinement effects. B
excitonic resonances are observable as strong lines in th

FIG. 1. Scheme of the energy reservoirs of DMS heterostr
tures, which participate in the Mn heating process. Photocarr
created by light of energy\vL transfer their energy to the Mn
system and to the lattice. Solid arrows denote relaxation chan
responsible for the energy exchange with the magnetic ion sys
tSLR denotes the spin-lattice relaxation time.
3-2
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HEATING OF THE MAGNETIC ION SYSTEM IN . . . PHYSICAL REVIEW B65 035313
excitation spectrum. The photoluminescence spectrum c
sists of two lines. The line at 2.8154 eV is due to the reco
bination of heavy-hole excitons. The small full width at ha
maximum of this line of 1.9 meV indicates a high structu
quality of the sample. Its Stokes shift from the PLE ma
mum does not exceed 1.4 meV, which allows us to concl
that the nonmagnetic localization of excitons on alloy a
QW width fluctuations, and their magnetic localizatio
caused by the magnetic polaron formation,20,21 do not play a
significant role in this structure. Another emission lin
shifted by 4.9 meV to lower energy from the exciton lin
corresponds to the negatively charged exciton~trion! X2,
which is a complex of two electrons bound to one hole. T
binding energy of the trion of 4.9 meV is in good agreeme
with literature data for ZnSe-based QW’s.22,23 Due to the
band-gap bowing in Zn12xMnxSe,17 excitonic resonances in
samples 1 and 3 have slightly higher energies compare
sample 2~see Table I!.

In external magnetic fields, excitonic transitions expe
ence a giant Zeeman splitting caused by the strong exch
interaction of carriers with the localized magnetic mome

FIG. 2. Photoluminescence, PL excitation, and reflectivity sp
tra of Zn12xMnxSe/Zn12yBeySe QW’s atT51.6 K and in the ab-
sence of magnetic field. Resonances of heavy-hole (1s-hh) and
light-hole (1s- lh) excitons are marked by arrows.~a! Sample 1
with Zn0.996Mn0.004Se QW’s ~b! sample 2 with Zn0.988Mn0.012Se
QW’s, and~c! sample 3 with Zn0.94Mn0.06Se QW’s.
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of the Mn ions. A survey of the exciton Zeeman splittin
determined from reflectivity and PL spectra for the thr
samples is presented in Fig. 3. In order to avoid heating
the Mn system, PL spectra were measured under very
photoexcitation density P50.016 W/cm2 ~shown by
crosses!. These data points coincide very well with the r
flectivity data detected without additional illumination~tri-
angles!. In order to determine the Mn concentration in th
studied samples we apply a commonly used approach for
description of the giant Zeeman splitting effect, in which t
value ofx is used as a fitting parameter.

In the mean-field approximation the energy of QW ex
tons with the total spin61 is described by~after Refs. 24
and 2!

EX
61~B!5EX~B50!6 1

2 ~dea2dhb!N0x^Sz&, ~1!

where EX(B50) is the exciton energy in the absence
external magnetic fieldB, and N0a50.26 and N0b
521.31 eV are the exchange constants for the conduc

-

FIG. 3. Giant Zeeman splitting of the heavy-hole excitons
Zn12xMnxSe/Zn12yBeySe QW’s. Experimental data are shown b
symbols~open fors1 polarization and closed fors2 polarization!.
Triangles are for reflectivity and crosses for photoluminescence
taken under a very low photoexcitation density of 0.016 W/cm2.
Circles represent exciton energies in reflectivity measurements
additional creation of carriers by laser illumination~\vL53.4 eV,
P50.7 W/cm2!. Reduction of the Zeeman splitting caused by t
heating of the Mn system is clearly seen. Solid lines represent
best fit for the reflectivity data points measured without additio
illumination ~i.e., for the cold Mn system! along the procedure de
scribed in the text. Mn concentration values have been determ
from this fit.
3-3
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D. KELLER et al. PHYSICAL REVIEW B 65 035313
and valence band, respectively, in Zn12xMnxSe.25 N0 is the
inverse unit-cell volume andx is the Mn mole fraction.de
and dh are parameters that account for the leakage of
electron and hole wave functions into the nonmagnetic b
riers. In the studied samplesde5dh50.96, i.e., 96% of car-
rier wave functions are localized in the DMS layers of QW
These parameters have been calculated from the hole
electron envelope wave function, with a valence-band of
of 0.22.16 ^Sz& represents the thermal average value of
Mn spin along the direction of magnetic fieldB5Bz at a Mn
spin temperatureTMn . It can be expressed by the modifie
Brillouin function B5/2,

^Sz&52Seff~x!B5/2F 5gMnmBB

2kB~TMn1T0~x!!G . ~2!

HeregMn52 is theg factor of the Mnd state.Seff andT0 are
parameters for the effective spin and effective temperatur
the Mn ions that phenomenologically describe the effect
the antiferromagnetic Mn-Mn exchange interaction. Fu
tional dependencies of these parameters onx value based on
the data for Zn12xMnxSe epilayers after Ref. 10 are plotte
in Fig. 4 by closed circles. Continuous interpolations of the
data given by Seff520.80410.364/(x20.109) and T0
547.2x2281x21714x3 are shown by lines. These function
were used in the fitting of the Zeeman splitting to derive
Mn contentx for the studied structures. The results of t
best fit, wherex was the only fitting parameter andTMn was
taken to be equal to the lattice temperature of 1.6 K,
represented by solid lines in Fig. 3. The values ofx, Seff , and
T0 determined for the studied samples are collected in Ta
I and shown in Fig. 4 by open symbols.

FIG. 4. Phenomenological parametersSeff and T0 for
Zn12xMnxSe determined experimentally in Ref. 10~closed sym-
bols!. Interpolation of these data points is shown by solid lin
Parameters corresponding to the best fit of the giant Zeeman s
ting of exciton states in Zn12xMnxSe/Zn12yBeySe QW’s are shown
by open symbols.
03531
e
r-

.
nd

et
e

of
f
-

e

e

e

le

We turn now to experiments in which a heating of the M
system by means of photoexcitation was found. Figure
compares PL spectra of sample 2 measured in magn
fields for two densities of photoexcitation, which differ b
about two orders of magnitude. For very low excitation de
sity of 0.016 W/cm2 @Fig. 5~a!# both X and X2 lines are
present in the PL spectrum at zero magnetic field. At a m
netic field of 1 T the trion luminescence is totally suppress
and only the exciton line is visible. The mechanism of su
pression has been discussed in Refs. 26 and 16. In s
when the giant Zeeman splitting of the electron state in
conduction band exceeds the binding energy of the trion,
trion state becomes unstable. Under these conditions the
citon becomes the bound state of the system with the low
energy. The same mechanism is responsible for the supp
sion of the donor-bound exciton lines with increasing ma
netic fields reported for bulk DMS’s.27 The field-induced
low-energy shift of the exciton line coincides very well wit
the shift of the exciton resonance in reflectivity spectra@see
also Fig. 3~b!#. From that fact we conclude that under su
low photoexcitation density the Mn system stays cold.
deed the temperature of the Mn system determined un
these conditions from the fit of the Zeeman shiftTMn

.
lit-

FIG. 5. Comparison of photoluminescence spectra of the sam
2 (x50.012) detected in different magnetic fields for two excitati
densities:~a! P50.016 W/cm2, and ~b! P53.8 W/cm2, T51.6 K.
Exciton ~X! and negatively charged exciton (X2) lines are marked
by arrows. Bold bars in~b! trace the excitonic energies detected
~a! i.e., they correspond to the exciton energy in the case of the
Mn system withTMn51.7 K. TMn was derived from a fitting of the
Zeeman splitting, treatingTMn as a fitting parameter~see Fig. 6!.
3-4
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HEATING OF THE MAGNETIC ION SYSTEM IN . . . PHYSICAL REVIEW B65 035313
51.7 K differs negligibly from the bath temperatureT
51.6 K.

Figure 5~b! presents PL spectra, recorded with a la
power density of 3.8 W/cm2. The vertical bars mark the po
sition of the exciton line for the low excitation density take
from Fig. 5~a!. It is clearly seen that the giant Zeeman sh
of the exciton line is strongly reduced by increasing t
power density. For example, atB52 T it is 5.1 meV, which
is only 30% of the energy shift at the lower power density
17.1 meV.TMn is the only parameter in Eqs.~1! and~2! that
can be affected by photoexcitation. Obviously, the obser
changes can be explained by a heating of the Mn system,
an increase ofTMn . Indeed the shift of the exciton energy
well described by Eqs.~1! and ~2! using TMn512.8 K ~see
Fig. 6 with the crosses and corresponding fit shown by lin!.

We would like to stress here that the observed suppres
of the giant Zeeman splitting by photoexcitation is a gene
phenomenon that is not related to the specifics of photolu
nescence detection~i.e., localization mechanisms, spectr
diffusion in the tail of localized states, dynamics of reco
bination, energy relaxation, etc.!. We detected this effect in
PL excitation spectra and in reflectivity spectra with ad
tional creation of photoexcited carriers by laser illuminati
(\vL53.4 eV), as well. Circles in Fig. 3~b! represent results
for the latter case with illumination density of 0.7 W/cm2.
The symmetric suppression of the giant Zeeman splitting
both spin components of the exciton state can be s
clearly. We have checked also that the laser illumination
no effect on the giant Zeeman splitting, when the pho
energy is smaller than the exciton energy (\vL52.72 eV).

FIG. 6. The giant Zeeman shift of excitons in sample 2x
50.012) evaluated from PL spectra measured under different e
tation densities. Lines represent the fit of the experimental d
DeterminedTMn values are given in the figure. In the inset, t
dependence of the exciton energy on excitation density is shown
two magnetic fields.
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Excitation densities up to 10 W/cm2 have been applied with
out any observable changes in the Zeeman splitting. T
confirms that the creation of photocarriers
Zn12xMnxSe/Zn12yBeySe heterostructures is essential f
the heating of the Mn system. Other mechanisms of hea
caused by laser light absorption in th
Zn12xMnxSe/Zn12yBeySe heterostructures and/or in th
GaAs substrate give no significant contribution in the us
experimental conditions. It is worthwhile to note that forP
53.8 W/cm2, the trion line in PL spectra disappears at high
magnetic fields compared with the case ofP50.016 W/cm2

@see Fig. 5~b!#, which can be explained by a decrease of t
electron Zeeman splitting.

In more detail the effect of the photoexcitation density
the giant Zeeman shift of the exciton line in sample 2
displayed in Fig. 6. Experimental data detected for differ
excitation densities were fitted along the procedure descr
above in order to evaluate the temperature of the Mn syst
Obviously the Mn system can be heated to high temperat
of 23 K by means of relatively low excitation densities of 1
W/cm2. We note here that in the whole range of magne
fields up to 6 T very reliable fits can be achieved with a M
temperature, which is independent of the magnetic field. T
differs from the experimental appearances in~Cd, Mn!Te-
based QW’s with a two-dimensional electron gas, where
heating of the Mn system varies with the magnetic-fie
values.16 In this caseTMn shows a strong dependence on t
magnetic field, caused by the presence of the degener
two-dimensional electron gas. The dependence of the exc
energy on excitation density in the case of zero magn
field is compared to the case of an applied magnetic field
the inset of Fig. 6. AtB55 T the exciton energy shows
strong increase with an increase of the laser power, whe
at B50 T the energy is independent of the photoexcitat
density. From this fact we conclude that the variation of t
exciton energy under increasing photoexcitation density
dominated by the suppression of the giant Zeeman splitt
Other possible mechanisms caused by, e.g., magnetic po
suppression or narrowing of the band gap for evaluated
tice temperatures are not detectable in the studied structu

We have found that the heating efficiency strongly d
pends on the Mn concentration. Figure 7 comparesTMn(P)
dependencies (\vL53.4 eV) measured atB51.5 T for the
three samples studied. For sample 1 withx50.004, TMn
reaches 42 K atP54.5 W/cm2, which corresponds to a sup
pression of the giant Zeeman shift down to 10% of its va
at TMn51.6 K. However, an increase of the Mn content lea
to a strong suppression of the heating efficiency. AtP
'4.5 W/cm2 the Mn temperature decreases from 42 to 3.2
whenx increases from 0.004 to 0.06.

We have also checked that for the studied structures
for the used experimental conditions the heating efficiency
the Mn system is rather independent of the energy of pho
excitation and is insensitive to changes from above-barrie
below-barrier excitation energies. In the inset of Fig. 7 t
Mn heating for above-barrier (\vL53.4 eV) and below-
barrier (\vL52.85 eV) excitations are compared atB
51.5 T. The same focusing conditions have been chosen
above-barrier and below-barrier excitations. To avoid the d

ci-
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D. KELLER et al. PHYSICAL REVIEW B 65 035313
ficulties caused by the differences in light absorption and
properly account for carrier collection from the barriers in
the QW, the Mn temperature is plotted as a function of in
gral PL intensity from the QW, which in turn is proportion
to the number of electron-hole pairs in the QW. One can
that dependencies measured under various excitation co
tions coincide reasonably well with each other.

To illustrate the decrease of the heating efficiency with
growing Mn content we have plotted a dependenceTMn(x)
in Fig. 8~a!. This dependence has been detected at a con
photoexcitation densityP53.0 W/cm2. At higher Mn con-
tents the magnetic ion system becomes much stron
coupled to the lattice, which is documented by the stro
decrease of the SLR time shown in Fig. 8~b!. We present
here literature data for Cd12xMnxTe bulk materials and
Cd12xMnxTe/Cd12yMgyTe heterostructures,7,8,28 where the
properties of the Mn ion system are very similar to those
Zn12xMnxSe. We have measured SLR time (tSLR) in sample
2 @shown by a star in Fig. 8~b!# using a technique based o
the injection of nonequilibrium phonons~for details see Ref.
8!. In an undoped Zn0.988Mn0.012Se/Zn0.94Be0.06Se QW struc-
ture the SLR time is about 160ms at B52 T and T
51.6 K. This value is very close totSLR570ms measured
for undoped Cd0.988Mn0.012Te at the same conditions. W
suppose that the strong dependencetSLR(x) established for
Cd12xMnxTe is also valid for Zn12xMnxSe. We believe tha

FIG. 7. Mn temperature plotted against excitation density
Zn12xMnxSe/Zn12yBeySe structures with different Mn contentx at
a magnetic field of B51.5 T. Excitation energy with\vL

53.4 eV exceeds the energy gap of barriers.T51.6 K. Inset com-
pares Mn heating for sample 2 for above-barrier (\vL53.4 eV)
and below-barrier photoexcitations (\vL52.837 eV) atB51.5 T.
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this is the dominating factor, which controls the heating
ficiency in DMS heterostructures. We will discuss this
more detail in the next section.

We have also used an alternative optical technique to
tect variations ofTMn and to register the heating of the M
system. This technique is based on the analysis of the ci
lar polarization degree of photoluminescence, which is
duced by external magnetic fields. It allows tracing sm
variations of magnetization in DMS heterostructures w
high accuracy.29,30The circular polarization degreePc of the
luminescence is

Pc5
I 12I 2

I 11I 2
, ~3!

whereI 1 andI 2 correspond to the intensity of luminescen
with s1 ands2 polarization, respectively. In external mag
netic fields, Pc(B) dependence is caused by the therm
population of the exciton spin sublevels split due to the gi
Zeeman effect by the valueDEZ(B,TMn).

Pc~B!5
t

t1tS
tanhS DEZ~B,TMn!

2kBTX
D , ~4!

where t and tS is the exciton lifetime and spin-relaxatio
time, respectively.TX is the temperature of thermalized e
citons contributing to radiative recombination. Under lo
and moderate excitation densities used in our experime
TX does not differ significantly from the bath temperature.

r

FIG. 8. ~a! Temperature of the Mn system vs Mn content det
mined for Zn12xMnxSe/Zn12yBeySe structures under constant ph
toexcitation densityP53.0 W/cm2. T51.6 K. Line is given as a
guide for the eye.~b! Spin-lattice relaxation time vs Mn content fo
undoped Cd12xMnxTe bulk samples ~Refs. 7 and 28! and
Cd12xMnxTe-based heterostructures~Ref. 8!. Star shows a data
point for sample 2 (x50.012) measured by means of the injectio
of nonequilibrium phonons.
3-6
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DMS’s tS!t due to the strong exchange interaction of e
citons with the localized spins of magnetic ions. As a res
t/(t1tS)'1.

There are several advantages of the polarization te
nique, compared to derivingTMn from the Zeeman shift of
excitons. First, it is very sensitive at very low magnetic fie
down to 0.01 T, where the Zeeman splitting is not resolvab
especially in structures with a large inhomogeneous bro
ening of the exciton lines. Second, the technique can be
plied to structures with very large inhomogeneous broad
ing, because it is dealing with the PL intensities rather th
with the spectral splitting of PL lines. According to Eq.~4!
the sensitivity in determination of changes inDEZ is limited
by the kBTX value, which forTX51.6 K is better than 0.2
meV. However, the polarization technique is not universa
cannot be used in high magnetic fields, wherePc saturates at
its maximum value. Also the extraction of absolute values
DEZ andTMn is often complicated due to the possible co
tribution of magnetic fluctuations and magnetic polar
formation.30,31 In this paper the polarization technique w
used to investigate the heating of the Mn system at w
magnetic fields.

Figure 9 shows the polarization degreePc(B) for sample
2 for different excitation densities. The polarization degr
increases linearly with growing magnetic fields with satu
tion at a level of 1.0, which corresponds to the full polariz
tion of excitons. For the lowest excitation densityP
50.005 W/cm2, the full polarization is achieved at a mag
netic field of 0.2 T. The initial slope ofPc(B) dependencies
decreases for higher excitation densities, which evidences
decreasing ofDEZ(B,TMn) under elevated temperatures
the Mn system. The dependence ofPc on the density of
photoexcitation measured at a magnetic field of 0.065 T
displayed in the inset of Fig. 9. The monotonic decrease
the polarization degree was detected in the whole rang
applied excitation densities.

Results of the two optical techniques are compared in F
10. ThePc data from the inset of Fig. 9 were normalized o
the polarization degree value at the lowest excitation den

FIG. 9. Magnetic-field-induced circular polarization of PL
sample 2 (x50.012) detected for different densities of photoex
tation: 0.005, 0.2, and 4.25 W/cm2. T51.6 K. In the inset, the de-
pendence of polarization degree on the excitation density is plo
03531
-
lt

h-

,
d-
p-
n-
n
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f
-
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e
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-
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f

of

g.

ty

and plotted in Fig. 10 by open circles. This dependence
compared with theTMn(P) results taken from Fig. 7, which
have been converted to the form of@TMn(P)1T0#21. The
reason for that is that at a low magnetic field of 0.065
DEZ/2kBTX!1 is valid and Eq.~4! can be approximated to
Pc'DEZ/2kBTX . In turn it follows from Eqs.~1! and ~2!
that DEZ}(TMn1T0)21. As a result we getPc}@TX(TMn
1T0)#21. Assuming that exciton temperatureTX does not
vary significantly for low and moderate excitation densiti
used in our experiments, one can expectPc(P)}@TMn(P)
1T0#21. Experimental results from Fig. 10 confirm that in
deed the polarization technique and Zeeman shift anal
give very similar information on the temperature of the M
system. We also conclude that the heating of the Mn sys
by means of photoexcitation in undoped QW’s studied h
is independent of the magnetic-field values.

IV. DISCUSSION

Let us discuss the experimental findings on the basis
the scheme presented in Fig. 1. We have established tha
energy of laser radiation being absorbed by the system
photocarriers is efficiently transferred into the system
magnetic ions and induces its heating. There are two poss
channels for this energy transfer. One is the direct ene
exchange between carriers and Mn ions mediated by
strong exchange interaction. The other one is the chan
bypassed by the phonon system, when the acous
phonons generated in the process of energy relaxation
photocarriers are absorbed by the Mn ions. The latter po
bility can be excluded on the basis of the following arg
ments. ~i! The heat capacity of the phonon system is t
large to achieve the phonon temperature of 40 K~which is
theTMn measured for sample 1! by means of moderate exc
tation densities used in our experiments.~ii ! If we exclude
the direct heating process from consideration, the temp
ture of the Mn system should approach the temperature
the phonon system under the steady-state excitation co

d.

FIG. 10. Comparison of two parameters that characterize
heating of the Mn system with increasing density of photoexcitat
for sample 2 (x50.012): ~i! The degree of magnetic-field-induce
circular polarization of PLPc , measured atB50.065 T ~circles!
and~ii ! (TMn1T0)21 derived directly by fitting of the giant Zeema
shift of exciton PL lines~squares!. The parameters are normalize
to their ~maximal! values at the lowest excitation density.
3-7
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tions. Also in this case we should not expect strong dep
dence of the heating efficiency on the Mn content, which
in conflict with the experimental data presented in Fig. 8

Therefore, we conclude that two energy fluxes~shown by
solid arrows in Fig. 1! control the temperature of the mag
netic ion system under photoexcitation. The Mn system
ceives energy from the photocarriers via spin-flip exchan
scattering2 and looses energy via spin-lattice relaxation to t
phonon system.

It was found experimentally that the heating of the M
system is suppressed by increasing Mn content. Two rea
may explain that. With increasing Mn content, the heat
pacity of the Mn system increases, too. However, we beli
that a strong increase in the spin-lattice relaxation rate
higherx values gives the main contribution to the effect. T
Mn system of highx interacts considerably better with th
phonons and, therefore, its cooling is much more effectiv

In conclusion, we have found an efficient energy trans
from photocarriers to the Mn system, which causes a hea
of the magnetic ion system of the studie
Zn12xMnxSe/Zn12yBeySe DMS quantum wells. The heatin
A

-
J.

o

-

iz

.
s

r,

i

.

03531
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manifests itself in a strong reduction of the Zeeman splitt
of excitons. Experimentally it was detected in photolumin
cence, PL excitation, and reflectivity measurements a
spectral shift of the excitonic transition, as well as a supp
sion of the polarization degree of excitonic emission.
samples with low Mn content (x50.004) the temperature o
the Mn system can reach values of 42 K at excitation de
ties of about 4.5 W/cm2 ~at a bath temperature of 1.6 K!. An
increase of the Mn content up to 0.06, however, results
suppression of the heating. We believe that this informa
on the modification of magnetic properties of DMS materi
in the presence of free carriers with excess kinetic energ
important for the engineering of spintronic devices based
DMS’s.
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