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Heating of the magnetic ion system in(Zn, Mn)Sd(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)Sel{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 photoexcit@timut 1 W/crf) 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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[. INTRODUCTION Magneto-optical properties of Zn,Mn,Se are well

known (see, e.g., Refs. 9 and J10They are similar to the

Diluted magnetic (or semimagnetic semiconductors properties of the widely studied €dMn,Te system.
(DMS's) provide unique opportunities for manipulation of Zn;_,Mn,Se/ZnSe heterostructures have been fabricated by
carrier spins due to the strorgp-d exchange interaction Molecular-beam epitaxy and investigated by several

between carriergelectrons or holgsand localized spins of groups.'~*°Due to the band-gap bowing of Zn,Mn,Se;'’
magnetic ions. A variety of magnetic, magneto-optical, andhis material in combination with ZnSe serves as a quantum

magnetotransport phenomena makes DMS's a very reliabl@ell for x<0.04 and as barriers for>0.04. However for
model system for spintronic devices. Recently the electricax<0.04 the confinement potentials for carriers are rather

injection of spin-oriented electrons frof@n, Mn, BeSe into  SMall. They can be overcome by the giant Zeeman splitting
GaAs has been realizéd. of band states in external magnetic fields, which leads to the

: H : ,18,19\p /i
The presence of free carriers in semiconducting materialg’rmatlon of spin superlatticeS:"***With the ternary alloy

is an important issue for device application. Properties OC:#rTgI'BSei),r]quas Jnbgre”i;r:ngéerrgiiza;;tfrgrng v?/?dnglrnrilrr?gegto(f)f
ide- - i —xViHy
undoped wide-gap II-VI DMS materiale.g., (Cd, Mn)Te, Mn content and magnetic field§,

(Zn, Mn)Se,..] and their heterostructures have been investi- In this paper we report on the modification of the

gated in great detail during the last 20 years. However, exfnagnetic and magneto-optical properties of

perimental information about the effects induced by the press o
ence of free carriers in these materials is very limited. In thqzigrl]._Xsl\grllrﬁz/sz\r}vi_tf;yﬁse?e?#aa:‘u?o\rl]vtzli 32%?;5 r;rootr?qeé.cgg 4
papers addressing this issue it was shown that the system BI) to 0.06 have been examined by means of polarized pho-
free carriers plays an important role in the energy transfefq|yminescence and light reflectivity techniques. It was
between the phonon systeffattice) and the magnetic ion  found that relatively small excitation densities cause a strong
systent: The spin-lattice relaxation rate of the magnetic ionssuppression of the giant Zeeman splitting of excitons. This
is accelerated by an order of magnitude in the presence of gfect evidences the heating of the Mn ion system, which is a
rather diluted electron gas with a density belowtn 2>*  strong function of the Mn content.

The excess energy of free carriers gained from photoexcita- The paper is organized as follows: Sec. Il describes de-
tion or electrical fields is transferred by means of a Spin-ﬂiptaﬂg of the samp|e design and the experimenta| setup. In Sec.
exchange scattering into the magnetic ion system veryl| we present experimental data and results. The discussion
efficiently? This results in a heating of the localized spin and summary of our findings are given in Sec. IV.

system, whose temperature can exceed the lattice tempera-

ture ”by 5%00 K under h_igh—density phptqexcitation Il EXPERIMENTAL DETAILS
conditions? These  studies were limited to
Cd;_Mn,Te-based quantum well@QW’s) and to two Mn We have studied three Zn,Mn,Se/Zn_,Be,Se

contentsx=0.01 and 0.03 only. In the present paper we ex-multiple-quantum-well structures with different Mn contents
tend the investigation on Zn,Mn,Se-based heterostruc- x=0.004, 0.012, and 0.06. All samples were fabricated by
tures with the aim to analyze the dependence of the heatingolecular-beam epitaxy of100)-oriented GaAs substrates.
effect on the Mn concentration in detail. This is important, Sample parameters are collected in Table I. For samples 1
because it is known that the spin-lattice relaxation rate in(x=0.004) and 2X=0.012), the substrate was covered by a
Mn-based 1I-VI DMS’s is a strong function of the Mn buffer made of 10-A-thick BeTe, 20-A-thick ZnSe, and a
content’8 4000-A-thick Zny oBeyoSe layer to improve the surface
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TABLE I. Parameters of Zp ,Mn,Se/Zn _,Be,Se quantum well structures.

Sample  Mn content, Be content, QW width, Barrier width, Number of X energy, X FWHM, To,
No. X y A A periods eV meV Seit K
#1 0.004 0.06 100 200 5 2.8172 1.5 2.43 0.2
#2 0.012 0.06 100 200 5 2.8154 1.9 2.21 0.5
#3 0.06 0.05 100 200 10 2.8186 1.9 1.35 1.9

guality and the lattice matching with the barrier material. Onion system[the Mn ion system in the case GZn, Mn)Se-
this buffer layer five periods of 200-A-thick ggBeyoSe  based heterostructudesnd(iii ) the carriers, which are pho-
barriers with an energy gap of 2.97 eV and 100-A-thicktoexcited in the studied case of undoped structures. The pho-
Zn; _,Mn,Se wells were grown. The structures were cappedocarriers generated by light absorption have an excess
with a 300-A-thick Zp oBeyoSe layer. Sample 3 x(  energy and a finite lifetime limited by various recombination
=0.06) is similar to samples 1 and 2 but the only differencegrocesses. Via spin-flip exchange scattering the photocarriers
are that it consists of 10 quantum wells, and the Be concerpass their excess energy into the Mn system and elevate its
tration in barriers is 0.05 with an energy gap of 2.96 eV. All spin temperaturé.The energy flux from the Mn system to
three samples reported here are nominally undoped. Thide lattice is determined by the spin-lattice relaxatiShR).
band offsets caused by the difference in the band gaps df very diluted systems witlx<<0.01, where Mn ions are
Zn;_,Mn,Se and Zp_,Be,Se are distributed by the ratio isolated entities, the spin-lattice relaxation rate is extremely
0.78/0.22 between the conduction and valence b&hds. low. However, it increases by several orders of magnitude
Optical measurements were performed for samples imwith a growing concentration of Mn ions, when clusters of
mersed in pumped liquid helium at a temperature of 1.6 Kmagnetic ions are formedUnder the influence of steady-
Magnetic fields up to 7 T were generated by a superconducstate photoexcitation, the resulting temperature of the mag-
ing split-coil solenoid and were applied parallel to the struc-netic ion systenT,, will exceed the lattice temperatutee.,
ture growth axis and to the direction of the collected lightthe bath temperaturd, . The temperature difference is de-
(Faraday geometjyAn Ar-ion laser operating at the wave- termined by the energy flux supplied by photocarriers and
length of 363.8 nm served as an excitation source for th¢he SLR rate.
photoluminescencéPL) or as a pump source for a tunable  Figure 2 shows a survey of photoluminescence, PL exci-
dye lasei(Stilben 3, which was used for PL excitatigPLE)  tation, and reflectivity spectra for the three samples studied.
and for reflectivity measurements under additional laser illu-The structures differ in Mn content of the QW layers, but the
mination. For reflectivity experiments, a halogen lamp wasange ofx variations is relatively small and does not exceed
used, whose high-energy spectral range, which exceeds tie06. As a result the optical spectra of all three samples are
band gap of Zp_,Be,Se barriers, was blocked by a selective very similar. We will describe them with the example of
filter to minimize possible heating of the sample and to avoidsample 2 wittk=0.012 shown in Fig. @). Two strong reso-
photoinduced changes of electron density in QW’s. A maskiances corresponding to the excito¥) ground states in-
with a pinhole with a diameter of 1 mm covered the samplesvolving heavy holes (4-hh) and light holes (%-1h) are
The sizes of the exciting laser spot and illumination lampclearly seen in the reflectivity spectrum. They are split by 14
spot were chosen larger than the pinhole size to avoid spameV due to the strain and quantum confinement effects. Both
tially inhomogeneous excitation. Due to the optical selectiorexcitonic resonances are observable as strong lines in the PL
rules for excitonic luminescence and absorption in the cho-

sen Faraday geometry the detected light was either right- ho spin-flip
hando* or left-hando ™~ circularly polarized. The lumines- L Phot scatterin

. . . AAAANAP oto- | s Mn System
cence signal or the reflected light was dispersed by a 1-m carriers Ty,
monochromator and detected either with a charged-coupled "
device or a cooled photomultiplier followed by a photon AN
counting system. The spin-lattice relaxation dynamics of Y Tar
magnetic ions have been measured by means of a method Y v
based on optical detection of injected nonequilibrium RN
phonons. Details of the method are presented in Ref. 8. S Lattice

(Phonons) T,
lll. EXPERIMENTAL RESULTS

Let us start with the description of systems of @ DMS kg 1. Scheme of the energy reservoirs of DMS heterostruc-
heterostructure, whose interaction determines the studiegres, which participate in the Mn heating process. Photocarriers
phenomena. Schematically these interacting systems, whichjeated by light of energyiw, transfer their energy to the Mn
are convenient to consider as energy reservoirs characterizggstem and to the lattice. Solid arrows denote relaxation channels
by heat capacity and temperature, are shown in Fig. 1. Thejesponsible for the energy exchange with the magnetic ion system.
are (i) the phonon systerfi.e., the latticg, (i) the magnetic g  denotes the spin-lattice relaxation time.
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FIG. 3. Giant Zeeman splitting of the heavy-hole excitons in

PL /N PLE Zn,_,Mn,Se/Zn _,Be,Se QW’s. Experimental data are shown by
””””””” . symbols(open fora* polarization and closed far~ polarization.
280 2.81 282 283 284 2.85 Triangles are for reflectivity and crosses for photoluminescence data
Energy (eV) taken under a very low photoexcitation density of 0.016 Wicm

Circles represent exciton energies in reflectivity measurements with
FIG. 2. Photoluminescence, PL excitation, and reflectivity spec-additional creation of carriers by laser illuminatithw, =3.4 eV,
tra of Zn_,Mn,Se/Zn_,Be,Se QW's atT=1.6K and in the ab- P=0.7 W/cn?). Reduction of the Zeeman splitting caused by the
sence of magnetic field. Resonances of heavy-hoehli) and  heating of the Mn system is clearly seen. Solid lines represent the
light-hole (1s-lh) excitons are marked by arrow&) Sample 1 best fit for the reflectivity data points measured without additional
with Zng gogMing goS€ QW's (b) sample 2 with Zpggdng g155€ illumination (i.e., for the cold Mn systejmalong the procedure de-
QW's, and(c) sample 3 with ZpgMng peSe QW's. scribed in the text. Mn concentration values have been determined
from this fit.

excitation spectrum. The photoluminescence spectrum con-
sists of two lines. The line at 2.8154 eV is due to the recom©Of the Mn ions. A survey of the exciton Zeeman splitting
bination of heavy-hole excitons. The small full width at half determined from reflectivity and PL spectra for the three
maximum of this line of 1.9 meV indicates a high structuralSamples is presented in Fig. 3. In order to avoid heating of
quality of the sample. Its Stokes shift from the PLE maxi-the Mn system, PL spectra were measured under very low
mum does not exceed 1.4 meV, which allows us to conclud@hotoexcitation density P=0.016 W/cni  (shown by
that the nonmagnetic localization of excitons on alloy andcrosses These data points coincide very well with the re-
QW width ﬂuctuations' and their magnetic |oca|izati0n,f|eCtiVity data detected without additional iIIuminatioitri-
caused by the magnetic polaron formatf8Atdo not play a angles. In order to determine the Mn concentration in the
significant role in this structure. Another emission line studied samples we apply a commonly used approach for the
shifted by 4.9 meV to lower energy from the exciton line description of the giant Zeeman splitting effect, in which the
corresponds to the negatively charged excitoion) X~,  Value ofx is used as a fitting parameter.
which is a complex of two electrons bound to one hole. The In the mean-field approximation the energy of QW exci-
binding energy of the trion of 4.9 meV is in good agreementtons with the total spint1 is described byafter Refs. 24
with literature data for ZnSe-based QW% Due to the and 2
band-gap bowing in Zn ,Mn,Sel’ excitonic resonances in
samples 1 and 3 have slightly higher energies compared to Ex (B)=Ex(B=0)*3(5.a— 6,8)NoX(S,), 1)
sample 2(see Table)l

In external magnetic fields, excitonic transitions experi-where Eyx(B=0) is the exciton energy in the absence of
ence a giant Zeeman splitting caused by the strong exchangaxternal magnetic fieldB, and Nya=0.26 and NyB8
interaction of carriers with the localized magnetic moments= —1.31 eV are the exchange constants for the conduction
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Zn, _,Mn,Se determined experimentally in Ref. 1€losed sym-
bols). Interpolation of these data points is shown by solid lines.
Parameters corresponding to the best fit of the giant Zeeman split-
ting of exciton states in Zn ,Mn,Se/Zn _,Be,Se QW'’s are shown 278 2.80 282 278 2.80 2.82

by open symbols. Energy (eV)

Mn content, x
FIG. 4. Phenomenological parameteiS,s and T, for 1T T

and valence band, respectively, in;ZaMn,Se?® N, is the FIG. 5. Comparison of photoluminescence spectra of the sample
inverse unit-cell volume and is the Mn mole fraction.d, 2 (x=0.012) detected in different magnetic fields for two excitation
and &, are parameters that account for the leakage of theensities:(a) P=0.016 W/cni, and (b) P=3.8 W/cn?, T=1.6 K.
electron and hole wave functions into the nonmagnetic barExciton (X) and negatively charged excitoX () lines are marked
riers. In the studied samplek = 5,,=0.96, i.e., 96% of car- by arrows. Bold bars irib) trace the excitonic energies detected in
rier wave functions are localized in the DMS layers of QW's. (8 i.e., they correspond to the exciton energy in the case of the cold
These parameters have been calculated from the hole afén system withTy,=1.7 K. Ty, was derived from a fitting of the
electron envelope wave function, with a valence-band offsefeeman splitting, treating, as a fitting parametesee Fig. 6

of 0.221° (S,) represents the thermal average value of the

Mn spin along the direction of magnetic fieRl=B, at a Mn We turn now to experiments in which a heating of the Mn
spin temperaturd,,. It can be expressed by the modified system by means of photoexcitation was found. Figure 5
Brillouin function Bs,, compares PL spectra of sample 2 measured in magnetic

fields for two densities of photoexcitation, which differ by

about two orders of magnitude. For very low excitation den-
: 2 sity of 0.016 W/cr [Fig. 5@)] both X and X~ lines are

present in the PL spectrum at zero magnetic field. At a mag-
Heregy,=2 is theg factor of the Mnd state.S,s andTy are  netic field of 1 T the trion luminescence is totally suppressed
parameters for the effective spin and effective temperature aind only the exciton line is visible. The mechanism of sup-
the Mn ions that phenomenologically describe the effect ofpression has been discussed in Refs. 26 and 16. In short,
the antiferromagnetic Mn-Mn exchange interaction. Funcwhen the giant Zeeman splitting of the electron state in the
tional dependencies of these parameters galue based on conduction band exceeds the binding energy of the trion, the
the data for Zp_,Mn,Se epilayers after Ref. 10 are plotted trion state becomes unstable. Under these conditions the ex-
in Fig. 4 by closed circles. Continuous interpolations of thesesiton becomes the bound state of the system with the lowest
data given by Ss=—0.804+0.364/k—0.109) and T,  energy. The same mechanism is responsible for the suppres-
=47.%—281x*+ 7143 are shown by lines. These functions sion of the donor-bound exciton lines with increasing mag-
were used in the fitting of the Zeeman splitting to derive thenetic fields reported for bulk DMS%. The field-induced
Mn contentx for the studied structures. The results of thelow-energy shift of the exciton line coincides very well with
best fit, wherex was the only fitting parameter afiq,, was the shift of the exciton resonance in reflectivity spe¢tee
taken to be equal to the lattice temperature of 1.6 K, aralso Fig. 3b)]. From that fact we conclude that under such
represented by solid lines in Fig. 3. The valuex,db., and  low photoexcitation density the Mn system stays cold. In-
T, determined for the studied samples are collected in Tabldeed the temperature of the Mn system determined under
| and shown in Fig. 4 by open symbols. these conditions from the fit of the Zeeman shify,

SOmnisB
2Kg(Tynt To(X))

(S;) = —Se(X)Bsyy
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18 Excitation densities up to 10 W/cnhave been applied with-
B 0016 Wiem®  ,ouh o w . out any observable changes in the Zeeman splitting. This
10| % 0.14 Wiem® 2510 confirms that the creation of photocarriers in
o 0.32Wiem® 2 ¢ Zm_,Mn,Se/Zn _,Be,Se heterostructures is essential for
4 20Wem? B . the heating of the Mn system. Other mechanisms of heating
S ) L = B=0T caused by laser light absorption in the
. + 3.8Wjem . Y ¢ BST Zn;_,Mn,Se/Zn_,Be,Se heterostructures and/or in the
3 LY 132Wiem T GaAs substrate give no significant contribution in the used
E P (Wrem?) experimental conditions. It is worthwhile to note that for
£ =3.8 W/cnt, the trion line in PL spectra disappears at higher
@ 5t magnetic fields compared with the caseRof 0.016 W/cnd
g 231K [see Fig. ®)], which can be explained by a decrease of the
§ b electron Zeeman splitting.
In more detail the effect of the photoexcitation density on
+ 128K the giant Zeeman shift of the exciton line in sample 2 is
-15 - displayed in Fig. 6. Experimental data detected for different
—a 6.3K excitation densities were fitted along the procedure described
2l ;';ﬁ above in order to evaluate the temperature of the Mn system.
17K Obviously the Mn system can be heated to high temperatures

of 23 K by means of relatively low excitation densities of 13
W/cn?. We note here that in the whole range of magnetic
fields up to 6 T very reliable fits can be achieved with a Mn
FIG. 6. The giant Zeeman shift of excitons in sample 2 ( temperature, which is independent of the magnetic field. This
=Q.012) ev_a_luatec_i from PL spectra mgasured under (_jlfferent exCljiffers from the experimental appearances(@d, Mn)Te-
tation d_ensmes. Lines repres_ent t_he fit o_f the experlm_ental databased QW's with a two-dimensional electron gas, where the
DeterminedT), values. are given in the .flgyre. In thellnset, the heating of the Mn system varies with the magnetic-field
gﬁgﬁgeggﬁcﬁigﬁ:m'ton energy on excitation density is Shown fqr, 0416 |y this caseT,,, shows a strong dependence on the
g ‘ magnetic field, caused by the presence of the degenerated
two-dimensional electron gas. The dependence of the exciton
=1.7K differs negligibly from the bath temperatufE  energy on excitation density in the case of zero magnetic
=1.6K. field is compared to the case of an applied magnetic field in
Figure 5b) presents PL spectra, recorded with a laserthe inset of Fig. 6. AB=5T the exciton energy shows a
power density of 3.8 W/ch The vertical bars mark the po- strong increase with an increase of the laser power, whereas
sition of the exciton line for the low excitation density taken at B=0 T the energy is independent of the photoexcitation
from Fig. 5a). It is clearly seen that the giant Zeeman shift density. From this fact we conclude that the variation of the
of the exciton line is strongly reduced by increasing theexciton energy under increasing photoexcitation density is
power density. For example, B=2 T it is 5.1 meV, which  dominated by the suppression of the giant Zeeman splitting.
is only 30% of the energy shift at the lower power density ofOther possible mechanisms caused by, e.g., magnetic polaron
17.1 meV.Ty,, is the only parameter in Egél) and(2) that ~ suppression or narrowing of the band gap for evaluated lat-
can be affected by photoexcitation. Obviously, the observetice temperatures are not detectable in the studied structures.
changes can be explained by a heating of the Mn system, i.e., We have found that the heating efficiency strongly de-
an increase oTy,,. Indeed the shift of the exciton energy is pends on the Mn concentration. Figure 7 comparigs(P)
well described by Eqgs(1) and (2) using Ty,,=12.8K (see  dependenciesfi(w =3.4eV) measured é8=1.5T for the
Fig. 6 with the crosses and corresponding fit shown by)line three samples studied. For sample 1 witk 0.004, Ty,
We would like to stress here that the observed suppressiaieaches 42 K aP =4.5 W/cn?, which corresponds to a sup-
of the giant Zeeman splitting by photoexcitation is a generapression of the giant Zeeman shift down to 10% of its value
phenomenon that is not related to the specifics of photolumiat Ty,,= 1.6 K. However, an increase of the Mn content leads
nescence detectiofi.e., localization mechanisms, spectral to a strong suppression of the heating efficiency. At
diffusion in the tail of localized states, dynamics of recom-~4.5W/cnf the Mn temperature decreases from 42 to 3.2 K
bination, energy relaxation, etlcWe detected this effect in whenx increases from 0.004 to 0.06.
PL excitation spectra and in reflectivity spectra with addi- We have also checked that for the studied structures and
tional creation of photoexcited carriers by laser illuminationfor the used experimental conditions the heating efficiency of
(hw =3.4eV), as well. Circles in Fig.(B) represent results the Mn system is rather independent of the energy of photo-
for the latter case with illumination density of 0.7 W/&m excitation and is insensitive to changes from above-barrier to
The symmetric suppression of the giant Zeeman splitting fobelow-barrier excitation energies. In the inset of Fig. 7 the
both spin components of the exciton state can be seeln heating for above-barrierfifw, =3.4eV) and below-
clearly. We have checked also that the laser illumination habarrier (o, =2.85eV) excitations are compared &
no effect on the giant Zeeman splitting, when the photon=1.5T. The same focusing conditions have been chosen for
energy is smaller than the exciton enerdyw( =2.72eV).  above-barrier and below-barrier excitations. To avoid the dif-

3 4 s 6 7
Magnetic Field (T)
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1 L TN BTN BT | FIG. 8. (&) Temperature of the Mn system vs Mn content deter-
0.01 0.1 1 , 10 mined for Zn _,Mn,Se/Zn _,Be,Se structures under constant pho-
Excitation density (W/cm®) toexcitation densityP=3.0 W/cnt. T=1.6K. Line is given as a

guide for the eye(b) Spin-lattice relaxation time vs Mn content for
FIG. 7. Mn temperature plotted against excitation density foryndoped Cgl ,Mn,Te bulk samples(Refs. 7 and 2B and
Zny_xMn,Se/Zn _,Be,Se structures with different Mn contexiat  Cd,_,Mn,Te-based heterostructuréRef. 8. Star shows a data

a magnetic field ofB=1.5T. Excitation energy withiw_  point for sample 2 X=0.012) measured by means of the injection
=3.4eV exceeds the energy gap of barrids:1.6 K. Inset com-  of nonequilibrium phonons.

pares Mn heating for sample 2 for above-barriémw( = 3.4 eV)
and below-barrier photoexcitations ¢, =2.837eV) aB=15T.  thjs js the dominating factor, which controls the heating ef-
ficiency in DMS heterostructures. We will discuss this in

ficulties caused by the differences in light absorption and tgnore detail in the next section. _ _

properly account for carrier collection from the barriers into ~ We have also used an alternative optical technique to de-
the QW, the Mn temperature is plotted as a function of intel€ct variations offy,, and to register the heating of the Mn
gral PL intensity from the QW, which in turn is proportional SyStem. This technique is based on the analysis of the circu-
to the number of electron-hole pairs in the QW. One can sel@' Polarization degree of photoluminescence, which is in-

that dependencies measured under various excitation con yqeq by external m.agn.et|c_f|elds. It allows tracing smgll
tions coincide reasonably well with each other. variations of magnetization in DMS heterostructures with

; 9,30 ; it
To illustrate the decrease of the heating efficiency with th igh accuracy?”*The circular polarization degre®; of the

growing Mn content we have plotted a dependefgg(x) uminescence 1s
in Fig. 8@). This dependence has been detected at a constant
photoexcitation density>=3.0 W/cnf. At higher Mn con-

tents the magnetic ion system becomes much stronger

coupled to the lattice, which is documented by the strongyherel , andl_ correspond to the intensity of luminescence
decrease of the SLR time shown in FighB We present with o™ ando~ polarization, respectively. In external mag-
here literature data for Gd,Mn,Te bulk materials and netic fields, P,(B) dependence is caused by the thermal
Cd,_,Mn,Te/Cd,_,Mg,Te heterostructures}*® where the population of the exciton spin sublevels split due to the giant
properties of the Mn ion system are very similar to those inzeeman effect by the valutE,(B, Ty,)-
Zn;_,Mn,Se. We have measured SLR timgy(g) in sample

2 [shown by a star in Fig.(®)] using a technique based on AEZ(B,Tyn)
the injection of nonequilibrium phonorifor details see Ref. P.(B)= . tam( KT )
8). In an undoped ZggdVing o1.5€/Zny 9By peSe QW struc- s BX

ture the SLR time is about 16@s at B=2T and T  where r and 7g is the exciton lifetime and spin-relaxation
=1.6 K. This value is very close tes r=70us measured time, respectivelyTy is the temperature of thermalized ex-
for undoped CglggdVingp1oTe at the same conditions. We citons contributing to radiative recombination. Under low
suppose that the strong dependemggs(x) established for and moderate excitation densities used in our experiments,
Cd,_,Mn,Te is also valid for Zp_,Mn,Se. We believe that Ty does not differ significantly from the bath temperature. In
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Magnetic Field (T) heating of the Mn system with increasing density of photoexcitation

for sample 2 x=0.012): (i) The degree of magnetic-field-induced
circular polarization of PLP., measured aB=0.065T (circleg
and(ii) (Tyn+ To) ~* derived directly by fitting of the giant Zeeman
hift of exciton PL lineg(squares The parameters are normalized
0 their (maxima) values at the lowest excitation density.

FIG. 9. Magnetic-field-induced circular polarization of PL in
sample 2 x=0.012) detected for different densities of photoexci-
tation: 0.005, 0.2, and 4.25 W/GniT=1.6 K. In the inset, the de-
pendence of polarization degree on the excitation density is plotte

DMS’s rs< 7 due to the strong exchange interaction of ex-
citons with the localized spins of magnetic ions. As a resul@ind plotted in Fig. 10 by open circles. This dependence is
(74 75) ~1. compared with thé,,(P) results taken from Fig. 7, which
There are several advantages of the polarization tecHhave been converted to the form [0Fya(P) +To]*. The
nique, compared to derivingj,, from the Zeeman shift of reason for that is that at a low magnetic field of 0.065 T,
excitons. First, it is very sensitive at very low magnetic fieldsA Ez/2kgTx<1 is valid and Eq(4) can be approximated to
down to 0.01 T, where the Zeeman splitting is not resolvablePc~AEz/2kgTx . In turn it follows from Egs.(1) and (2)
especially in structures with a large inhomogeneous broadhat AE;(Ty,+To) . As a result we geP [ Tx(Tyn
ening of the exciton lines. Second, the technique can be apt To)]~*. Assuming that exciton temperatufg, does not
plied to structures with very large inhomogeneous broadenvary significantly for low and moderate excitation densities
ing, because it is dealing with the PL intensities rather tharused in our experiments, one can expBgtP)[Ty,(P)
with the spectral splitting of PL lines. According to E@) +To] 1. Experimental results from Fig. 10 confirm that in-
the sensitivity in determination of changesAf; is limited ~ deed the polarization technique and Zeeman shift analysis
by the kg Ty value, which forTy=1.6K is better than 0.2 give very similar information on the temperature of the Mn
meV. However, the polarization technique is not universal. ltsystem. We also conclude that the heating of the Mn system
cannot be used in high magnetic fields, whBresaturates at by means of photoexcitation in undoped QW's studied here
its maximum value. Also the extraction of absolute values ofis independent of the magnetic-field values.
AE, and Ty, is often complicated due to the possible con-
tribution of magnetic fluctuations and magnetic polaron
formation3°3! In this paper the polarization technique was
used to investigate the heating of the Mn system at weak Let us discuss the experimental findings on the basis of
magnetic fields. the scheme presented in Fig. 1. We have established that the
Figure 9 shows the polarization degreg(B) for sample  energy of laser radiation being absorbed by the system of
2 for different excitation densities. The polarization degreephotocarriers is efficiently transferred into the system of
increases linearly with growing magnetic fields with satura-magnetic ions and induces its heating. There are two possible
tion at a level of 1.0, which corresponds to the full polariza-channels for this energy transfer. One is the direct energy
tion of excitons. For the lowest excitation densiy  exchange between carriers and Mn ions mediated by the
=0.005W/cn3, the full polarization is achieved at a mag- strong exchange interaction. The other one is the channel
netic field of 0.2 T. The initial slope d?;(B) dependencies bypassed by the phonon system, when the acoustical
decreases for higher excitation densities, which evidences thghonons generated in the process of energy relaxation of
decreasing ofAE,(B,Ty,) under elevated temperatures of photocarriers are absorbed by the Mn ions. The latter possi-
the Mn system. The dependence Bf on the density of bility can be excluded on the basis of the following argu-
photoexcitation measured at a magnetic field of 0.065 T isnents. (i) The heat capacity of the phonon system is too
displayed in the inset of Fig. 9. The monotonic decrease ofarge to achieve the phonon temperature of 4Qich is
the polarization degree was detected in the whole range dhe Ty, measured for sample) by means of moderate exci-
applied excitation densities. tation densities used in our experimen(s) If we exclude
Results of the two optical techniques are compared in Figthe direct heating process from consideration, the tempera-
10. TheP, data from the inset of Fig. 9 were normalized on ture of the Mn system should approach the temperature of
the polarization degree value at the lowest excitation densitthe phonon system under the steady-state excitation condi-

IV. DISCUSSION
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tions. Also in this case we should not expect strong depenmmanifests itself in a strong reduction of the Zeeman splitting
dence of the heating efficiency on the Mn content, which isof excitons. Experimentally it was detected in photolumines-
in conflict with the experimental data presented in Fig. 8. cence, PL excitation, and reflectivity measurements as a
Therefore, we conclude that two energy fluxeBown by  spectral shift of the excitonic transition, as well as a suppres-
solid arrows in Fig. 1 control the temperature of the mag- sion of the polarization degree of excitonic emission. For
netic ion system under photoexcitation. The Mn system résamples with low Mn contentx= 0.004) the temperature of
ceives energy from the photocarriers via spin-flip exchanggne Mn system can reach values of 42 K at excitation densi-
scattering and looses energy via spin-lattice relaxation to theties of about 4.5 Wi/ck(at a bath temperature of 1.6 KAn
phonon system. increase of the Mn content up to 0.06, however, results in a
It was found experimentally that the heating of the Mn syppression of the heating. We believe that this information
system is suppressed by increasing Mn content. Two reasog the modification of magnetic properties of DMS materials
may explain that. With increasing Mn content, the heat cajn the presence of free carriers with excess kinetic energy is

pacity of the Mn system increases, too. However, we believgmportant for the engineering of spintronic devices based on
that a strong increase in the spin-lattice relaxation rate fopps's.

higherx values gives the main contribution to the effect. The
Mn system of highx interacts considerably better with the
phonons and, therefore, its cooling is much more effective.

In conclusion, we have found an efficient energy transfer
from photocarriers to the Mn system, which causes a heating This work is supported by the Deutsche Forschungsge-
of the magnetic ion system of the studied meinschaft through Sonderforschungsbereich 410 and the
Zm_,Mn,Se/Zn _Be,Se DMS quantum wells. The heating NATO Grant No. PST.CLG.976858.
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