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An efficient energy-transfer channel from photocarriers to the Mn spin system via a two-dimensional elec-
tron gas(2DEG) in n-type modulation-doped GddMing o1Te/Cd, 7gMigg.04T€ quantum wells has been found.
The energy relaxation of photoexcited carriers is assumed to cause heating of the electron gas, which subse-
quently leads to an increase of the temperature of the Mn spin system. The mechanism of the energy transfer
from the 2DEG to the Mn system involves a spin-flip scattering process originating in a strong electron-Mn
exchange interaction. We have observed a suppression of the Mn heating with an increasing magnetic field
which results in unusual energy shifts of the exciton, and trion features seen both in the photoluminescence and
in reflectivity spectra. A theoretical model has been developed which is in a good agreement with experimental
results. In the framework of this model we also analyze the details of the dependence of Mn-ion heating on the
electron concentration and on the magnetic ion content.

[. INTRODUCTION originates from the modulation doping, and can be charac-
terized by an infinite lifetime. These systems of modulation-
A variety of physical phenomena arises by incorporatingdoped QW'’s are shown schematically in Fig. 1. Each of
magnetic atomge.g., Mn in a semiconductor material. In them can be characterized by its heat capadity., they are
these so-called diluted magnetar semimagneticsemicon-
ductors(DMS’s) a strongs p-d exchange interaction between

the conduction or valence electrofe hole$ and the mag- POLTIR [ horo- T,

netic ions is responsible for such large and spectacular ef- rmzlooy cames \

fects as the “giant” Zeeman splitting of the band states

and/or the formation of a magnetic polaron state. Lattice (Phonons) 2D Electron gas
For a clear understanding of magnetic and optical proper- o, .

ties of DMS's, it is necessary to consider the couplimy

volving an exchange of the energy and of the magnetic mo- T, Mn system ‘/pyin_ flip scattering

mentg of all systems of the entire crystal, namely the 8y, (our model)

phonon system(ii) the magnetic ion system, andi) the
carriers. In particular, in the case of a semimagnetic FIG. 1. Different energy reservoirs that participate in the Mn
quantum-well (QW) structure with an excess two- peating process for DMS heterostructures. Relaxation channels re-
dimensional electron ga@DEG), it is worthwhile to divide  gponsible for the heating of the Mn system are denoted by arrows.
the carrier system further into photoexcited carriers and @hotocarriers created by light of eneryy, transfer their energy to
pre-existing 2DEG already residing in the QW. The photo-the electron and to the phonon systerg, denotes the spin-lattice
carriers, which are generated by light absorption, usuallyelaxation time. The most effective channels for the energy transfer
have an excess energy and a finite lifetime limited by variousrom the photocarriers to the Mn system are shown by double
recombination processes. The 2DEG, on the other handyrows.
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energy reservoips its total magnetic moment, and its indi- zero-field splitting of the photoluminescence line below a
vidual temperatur®; . Interactions between the systems re-critical temperaturé* Here we demonstrate that the magne-
sult in an exchange of the energy and the magnetic momenttization of a semimagnetic semiconductor can also be altered
In this paper we limit ourselves to an examination of theby the presence of an electron gas, though via an entirely
energy transfer from the photocarriers into the system of Mrlifferent mechanism.
ions. The role of the 2DEG as an intermediate agent for this The paper is organized as follows: Section Il details the
energy transfer will be at the center of our attention. sample design and the experimental setup. Section IIl de-
In Fig. 1 one can easily identify three possible routes forscribes the experiment data, and is followed by a survey on

the energy transfer from the photocarriers into the magneti€N€rgy refaxation of photocarriers in semimagnetic semicon-
system. First, there is a direct coupling of the photocarrierg_U(:tc’rS_In Sec. IV. Se_ctlon V presents the the_oretlcal part. A
to the magnetic ions. Such a phenomenon has been invest!SCUSS_'On of the main re_sult_s of_our experiments a_nd the
gated by means of photoluminesceficeby optically in- t eorenqal cons@erguons is given in Sec. VI, after which we
duced magnetizatidi'® and by optical orientatioht |n ~ Summarize our findings.
those studies spin-flip exchange scattering was suggested as
the most significant mechanism. However, the experimen- Il. EXPERIMENTAL DETAILS
tally observed behaviors in Refs. 4—7 do not indicate conclu- ) .
sively that the direct interaction between photocarriers and 1h€ investigated sample was a {agMnooiTe/
magnetic ions does indeed have a very high efficiency. Cd0.7é\/|9_10.24Te quantum-well structure having a smgle QW
The second possible route is one mediated by the phondd? A wide. It was fabricated by molecular-beam epitaxy on
system. It requires the existence of an efficient coupling bet100-oriented GaAs substrates, covered by a drb-thick -
tween the phonons and the magnetic system, which is, in faéedTe buffer to improve the surface quality and the lattice
the case for DMS's containing relatively large concentration™atching with the barrier material. A Znbource has been
of magnetic ions(more than 5% In very dilute systems Used to dope a 19-A-wide region €d,MgTe:l which was
where Mn ions are isolated entities, the spin-lattice relaxSeparated by a 100-A-thick spacer layer from the QW. The
ation rate is extremely low. However, it may be increased bywo-dimensional electron density was estimatechter 1.2
several orders of magnitude if clusters of magnetic ions are<10'° cm™? by analyzing the exciton and trion oscillator
formed}2-13 The effectiveness of the second route may a|sdstrength observed in the reflectivity. The details of the pro-
be limited at the stage of photocarrier coupling to the phonor¢edure will be given in Sec. lIl.
system: the typical cooling time of electrons is about 2 ps for Optical measurements were performed in pumped liquid
emission of optical phonons, and ranges widely from 1 tohelium at a temperature of 1.6 K. Magnetic fields up 7.5 T,
100 ps for emission of acoustic phondfis. generated by a superconducting split-coil solenoid, were ap-
Finally, there is a third route which is mediated by the plied parallel to the growth axis and to the direction of col-
2DEG. It has been demonstrated that due to an efficieriected light(Faraday geometjy An Ar*-ion laser operating
carrier-carrier interaction the photocarriers can transfer &t a wavelength of 514 nm served as an excitation source for
considerable part of their kinetic energy to the 2DEG systenihe photoluminesceno@L) or as a pump source for a tun-
instead to the phonon systémBeing accumulated in the able dye lase(Pyridine 2 which was used for PL excitation
2DEG, this energy can be transferred further to the magnetit®LE) measurements. For reflectance experiments, a halogen
system. We have found no experimental information in thdamp was used. The high-energy spectral range of the lamp
literature about the efﬁciency of this process of energy exemission was blocked by selective filters to avoid any heat-
change between the 2DEG and the magnetic system. OiRg of the sample. Due to optical selection rules for excitonic

present experimental and theoretical efforts are aimed d¢minescence and absorption in the chosen geometry, the
shedding light on this problem. detected light was either right-hand{) or left-hand ¢ )

For the present study we have chosencircularly polarized. The luminescence signal or the reflected

Cdy gMNg o Te/Cdh 7dMgo4aTe QW's with n-type modula- light was dispersed by a 1-m monochromator and detected
tion doping in the barrier layers. The choice of the system i€ither with a charged-coupled device or a cooled photomul-
motivated by several factor$t) magneto-optical properties tiplier, followed by a photon-counting system.
of (Cd,Mn)Te/{(Cd,MgTe QW’s have been widely studied
during the last period” (ii) modulation-doped I1-VI QW's Il EXPERIMENTAL RESULTS
with a 2DEG have also been investigdfet? (iii) the 2DEG
concentration can be varied in these structures in a certain Figure 2 displays the luminescence spectra of our QW
range by means of illumination; ar(@/) a low Mn content taken in the absence of a magnetic field. Due to the presence
Xun~0.01 was chosen as a compromise between two coref free electrons in the QW, the PL sigriakxcitation energy
flicticting requirements: to minimize the efficiency of the 4w =2.41 eV) exhibits a strong emission line at 1.6407 eV
interaction between the magnetic system and the phonor&ssociated with negatively charged excitoXs (trions),
(that requires, in turn, to keep the Mn-content Joand, on  which are complexes consisting of two electrons bound to
the other hand, to have a pronounced giant Zeeman splittingne hole}® and a rather weak emission due to uncharged
of excitons, which is to be used as a tool in our studies. heavy-hole excitonsgl-hh1X) at a higher energy. The en-
Recently, an increased interest in DMS’s was stirred ugergy difference betweeX and X~ of 4 meV will be hereaf-
due to the prediction of a hole-gas-induced ferromagnéfism ter called theX ™ binding energy. A small full width at half
which was later experimentally confirmed ptype doped maximum (2.8 me\) of the X~ line, and its symmetric
(Cd,Mn)Te-based quantum wells by the observation of ashape, point to a high structural quality of the investigated



16 872 B. KONIG et al. PRB 61

with
X illumination

..

z £
gL 3
L (5]
g G
= ~
A~
PLE

e T ~.| .............. Loaoaios A P N L1 A M

1.63 1.64 1.65 1.66 1.67 1.635 1.640  1.645 1.650 1.655
Energy (eV) Energy (eV)
FIG. 2. Photoluminescencédotted ling and PL excitation FIG. 3. The low-temperature reflectivity spectra of the

(solid line spectra of a modulation-doped 80-A-wide modulation-doped 80-A-wide G@gVing o;Te/Cd)-dMdgaTe QW
Cdy gdVing o1T€/Cdy 7gM g 24Te QW. Transitions related to the detected aB=0 with (dashed curveand without(solid curve
heavy-hole(X) and light-hole ¥,) excitons and to the negatively additional laser illumination of energy 2.41 eV, and at a power
charged excitonX™) are marked by arrows. density 4 W/crf. The spectra are moved vertically for clarity.

sample. The PLE spectrum, which has been detected on the a higher collection efficiency into the QW in the case of
low-energy side of theX™ line at 1.637 eV, shows the fea- electrons?? To make a quantitative statement about the elec-
ture due to absorption of at 1.645 eV and of the light-hole tron concentration and its increase by the illumination, we
exciton E1-lh1X;,) at 1.666 eV. The negligible Stokes shift have simulated the reflectance spectra using the transfer ma-
of the X line proves a suppressed spectral diffusion for excitrix method® and a classical oscillator model for the dielec-
tons in this structure. In contrast to the PL data, the negatric function for bothX andX™. In this way the ratia of the
tively charged exciton contributes only very weakly to the X to X~ oscillator strength was deduced to e 14.9 or, in
absorption, and shows up in the PLE spectrum as a lowthe case of illuminated samples 5.6 (the oscillator strength
energy shoulder on thX signal. This behavior directly re- of the X resonance was kept constaritollowing the proce-
flects the smaller density of statesXf as compared to that dure also used for ZnSe-based QWsse Refs. 24 and 25
of the neutral excitons. we determinech,=9%x10'° cm~2 andr=2 for a nonmag-
Reflectivity spectra of the sample takenBt0 andT  netic CdTe{Cd,MgTe QW. Asr was shown in Ref. 24 to
=1.6 K under various additional illumination conditions are scale linearly with the electron density, for the studied struc-
presented in Fig. 3. The reflectance signal recorded withoutre we obtaim,=3.2x 10" and 1.2<10'° cm™? for con-
laser illumination(solid ling) is dominated by theX reso-  ditions with and without laser illumination, respectively. Si-
nance, with the negatively charged exciton feature having aultaneously with an increase of the electron density the
small oscillator strength, a situation which is similar to theexciton damping, determined by the calculation, is increased
observation in PLE. A considerable change of the spectrurby a factor of 1.7. We attribute this additional broadening to
occurs if the sample is additionally illuminated by the lasera higher probability of the exciton scattering by free
light with 7w, =2.41 eV (which exceeds the barrier band electrons®
gap Eg by about 0.4 eV. Since the laser beam was com- Due to thesp-d exchange interaction between the carriers
pletely defocused to achieve a homogenous illumination, wand the Mn system, the reflectance signal splits into two
can only estimate the power density to be about 4 \W/cm branches when an external magnetic field is applied, as
The resulting reflectivityfdashed line in Fig. 8 obtained by  shown in Fig. 4a) for B=0.5 T. With respect to the zero-
subtracting the laser-induced PL signal, reveals the followindield data(the X position atB=0 is marked by a thick ver-
modifications: (i) the X~ resonance becomes more pro-tical line) the exciton resonances are shifted by 4.5 meV to
nounced, andii) the illumination causes a broadening of the lower (highep energy fore™ (o~) polarization. As a con-
exciton resonance whosii ) amplitude is also reduced. The sequence of the electron-gas spin polarization and of the
intensity gain of the negatively charged exciton can be di€lectron singlet nature of the trion state, the resonance is
rectly attributed to an increased electron concentration in theompletely suppressed in the"-polarized spectrum similar
QW. This was previously also observed(i#zn,Mn)Se-based to the behavior of neutral donor-bound excitons reported in
heterostructures, and explained there in terms of differenRef. 27. An illumination of the sample with the laser light
mobilities of photoexcited carriers in the barrier which leadshaving identical energy and power to that used in the zero-
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1.635 1.640 1.645 1.650 1.655 the trion (X™) energies in the reflectivitypanel(a)] taken with(full
Energy (¢V) symbolg and without laser illumination(open symbols for a

modulation-doped CGghdMng o Te/Cd) ,gMgg4Te  Nn-type QW.
FIG. 4. (a) Reflectivity spectra of the modulation-doped Panel(b) shows PL data. The solid lines represent calculations ac-
80-A-wide CdggMingo:Te/Cch7Mgo2sTe QW atB=0.5 T and  cording to Eq.(1), with Xy, =0.01 and®y,=1.6 K.
T=1.6 K, showing resonances due to neuftdl and negatively
charged K™) excitons. The spectra in pan@) were recorded un-
der additional laser illumination using light eneriyw, =2.41 eV
and power densit, =4 Wi/cn?. (c) The luminescence signal in-
duced by a laser illumination of the same energy and power as used
for the spectra in panéb). Thick vertical lines mark the respective
energy positions at zero field.

+1 varies because a&fp-d interaction, and is described by
(after Ref. 28

1
Ex*(B)=Ex(B=0)*5(dea— 6nB)Noxmn(S,), (1)

whereNya=220 meV and\yB8=—880 meV(Ref. 28 are
field measurementg¢see Fig. 3 results in the reflectivity the exchange constants for the conduction and valence
spectra presented in Fig(bd. Again, these reveal an exciton bands, respectively, ifCd,Mn)Te. N, is the inverse unit-cell
line broadening and a gain of the intensity of tié reso-  volume, andxy, (in our casexy,,=0.01) is the Mn mole
nance. However, the most notable result of the illuminationfraction. Equatior(1) in its original form for bulk DMS'’s has
is a reduction of the exciton Zeeman splitting by about 80%.6.=6,=1. In the case of low-dimensional systems, letting
Note that theX™ oscillator strength changes can be com- 4., <1 accounts for a reduced exchange interaction due to
pared only in ther ™ -polarized spectra, as the intensity of the the leakage of the electron and hole wave functions into the
X~ feature in theo " -polarization depends on the electron nonmagnetic barriers in the case (@d,Mn)Te/(Cd,Mg)Te
concentration and on the electron-spin splitting which areQW's. (S,) represents the thermal average value of the Mn
both effected by the illumination with the laser. The lumi- spin in the direction of the magnetic fieRl= B, at a Mn spin
nescence spectra detected under the same conditions with tiegnperatured . It is expressed by the modified Brillouin
lamp beam blocked are plotted in Figc# Similar to the  function B, (Ref. 28
laser-modified reflectance, the Zeeman splitting<@nd X~
lines in PL is strongly suppressed as compared to reflectivity
without above-barrier illumination.

From a series of measurements at different magnetic
fields we deduced th& and X~ peak positions from the HereS.; and®  are the parameters for the effective Mn spin
reflectivity and from the PL. We summarize these results irand temperature that phenomenologically describe the effect
Figs. 5a) and 8b). An additional feature which can be re- of the antiferromagnetic Mn-Mn exchange interactigg,
solved in the reflectance spectra for the magnetic fi@ds =2 is theg factor of the Mnd state. Using Eq(1) to model
>4.5 T, and which shifts linearly witB, is identified as the the energy shift of the exciton resonance by the magnetic
combined exciton cyclotron resonaneln the mean-field field observed in the reflectivity without illumination yields
approximation, the energy of QW excitons with the total spin®,,,=1.6 K, for the Mn temperature in agreement with the

S5gmniB

5652 Ska(@ynt Og)

. 2

(Sy)=
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sample bath temperatufsee the solid lines in Fig.(8]. In 1.642
our calculations we used the valuég(B=0)=1.6456 eV
and .= 6,=0.98, which have been calculated from the elec- 1.640 P, (W/sz)

tron and hole envelope function with valence-band offset
Qy=0.41%° S4=2.15, and®,=0.44 K, are both taken

1.638 A 20

from Ref. 30 as for the bulk samples.
The most striking feature in Fig.(& is an anomalously x 1.0
small energy shift of the exciton energy in small magnetic 1636 °© 05
fields, clearly seen in the reflectance spectra under illumina- e 01

tion. It is corroborated by the shift of the PL peak positions 1.634

for the X and X~ signals[see Fig. Bb)]. The suppression of
the Zeeman splitting is about 60% B&=1.5 T and it de- 1.632
creases, and finally diminishes, with the field increasing. It is
unlikely that any of the parameters, apart fr@ry,,, appear-
ing in Egs.(1) and(2) can be modified by the photocarriers. I
Therefore, we explain the illumination-induced changes of L .-..
Eyx by a heating of the Mn system, i.e., by an increase of 1'6280 1 2 3 4 5
®un- Moreover, the magnetic-field dependence of the exci-
ton energy cannot be reproduced by EL. using any con-
stant value of the Mn spin temperature. This leads us to the FIG. 6. The energy shift of th&X~-line in a o*-polarized PL
conclusion that the Mn heating is caused by the electron gaspectrum determined for different laser excitation povirlaser
and not by direct interaction with photocarriers. In the caseenergyfiw, =2.41 eV). Theoretical data from E¢l) with Oy,

of a direct interaction between photocarriers and Mn ions, & 1.9 K are shown by the dashed line. The solid lines represent
circular polarization of the laser light should alter the heatingc@lculations using Eqcl) with the magnetic-field dependence of
of the Mn system by photoinducédemagnetization. How- ©wn according to Eqs(23) and(24).

ever, no such influence of the laser polarization was found. B?

ThaF indicates the Fil_rect interaction _of photocarriers with the Oy (B)=0,+0, exp{ _ _) . y>0, ?)

Mn ions to be negligible for the studied structure. Our model

of the heatlng mechanism is bgsed on the. spin-flip EXChan%ith Table | giving the numerical values for the parameters
scattering of the 2DEG by Mn ions, and will be presented NS ©. and v for different excitation powers, . They
a? b L-

Sec. V. . - : ; el
: . . S have been determined by fitting the exciton line shift with
One can see in Fig. 5 that the |IIum|nat|0n-|nducedEqs_(l) and (2), and modeling the Mn temperatué,, by

changes of the exciton energy are very similar in the reflecEq_ (3). However, for the sake of precision we also deter-

tivity and in thg Iuminescgn.ce spectra. AI;o similariti?es existmined @ (B) directly by varying®,,, at each magnetic
when comparing the splitting of the exciton and trion fea-fig|q 1o fit exactly the experimental energy values. The
tures. Therefore, in our discussion of the laser power depenyagnetic-field dependence of the Mn temperature obtained
dence of the shift we shall restrict ourselves to thejn this way is depicted in Fig. 7 for various excitation powers
o' -polarizedX ™ line observed in PL experiments. The peak P, . At low fields ©,,, is considerably enhanced by up to
position of the X~ luminescence excited withiw_  abou 8 K (P =4 Wi/cn?), and then it drops to saturate for
=2.41 eV and having different laser powels are dis- B>4 T.

played in Fig. 6 as a function of the magnetic field. The Qualitatively the same unusual shift of the exciton and the
field-induced shift of theX™ energy is continuously sup- trion energy was also present in a whole series of
pressed wherP, increases even for moderate excitationmodulation-doped samples of a similar desigw Mn con-
powers typically used in PL experiments. The amplitude ofcentration~19%) confirming that we are not dealing with a
this suppression is at maximum in the field range 1.5-3 T.

The dotted line in Fig. 6 represents a calculatiofEgfusing TABLE |. Parametersd,, ©,, and y appearing in Eq(3),

Eq. (1) with ©®y,=1.9 K, and Ex-(B=0)=1.6407 eV, corresponding to experimental results presented in Fig, & the

and with all remaining parameters fixed and equal to théalectron density for the excitation above the band gap of the barrier.

values given above. A satisfactory agreement with the ex'_l'he values folP| =0 were obtained from the reflectivity measure-

perimental data obtained for the lowest excitation power im- et
plies an absence of Mn heating by the electron gasPfor P, (Wicn?) 1D 6.0 6.0 (T

=<0.1 Wi/cnt. We suppose that a slight discrepancy of the

Energy (eV)

1.630

Magnetic field (T)

Mn temperaturg0.3 K) extracted from the PL and the re- 0 1.2 1.65 - -
flectivity to be explained by a heating of the lattice in the0.1 1.3 1.85 - -
case of the PL experimentsee discussion belgwTo de- 0.5 1.5 2.17 1.72 2.64
scribe the energy shift of th¥™ line at higherP, in the 1.0 1.7 2.47 3.04 3.37
frame of Eq. 6 we have to assume tiiy,, is a function of 20 2.2 3.12 4.25 4.22
the magnetic field. We have found that our experimental rez o 3.2 3.84 4.88 5.19

sults could be described using the empirical formula
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FIG. 7. Experimentasymbolg and theoretical value¢solid Iukr]r](lzr;]e.ss ngli) N I;:g s;rclgedawg? tkt\r:aebfrfi rr SES%Lciz'ﬁtzsnteeV’c'ta-
lines) of the Mn temperature® ,, [after Eqs.(23) and (24)] as a \tluvrll Ivv rdvr\: ties ﬂ? P ves reor ' nt caleul li 0 )I(lln
function of the magnetic field for various excitation powéts. on power densities’, . The curves represent calcu'ations applying

. ) Aun=1.9 K=const(solid ling), and®,, determined by Eqg23)
The dotted curves represent calculations, where a field dependencé‘:'j (24) with ©,=1.9 K, ©.-8.7 K dr=01 (dashed
of the electron-spin relaxation time was allowed. Different sym- "flrr:e) Ins:tl'IX’-I Ln_w'n.esce‘ncee;nér "natnheis_olér' nast'or?zttg
bols correspond to the same excitation powers as in Fig. 6. Insep: : : umi ) gy In the * polarizal
- o =15 T as a function of the integral PL intensity for the below-
The electron temperature as a function of the laser excitation powe(r lid bols and ab the-bari d bols
(solid symbol$ determined using Eq<$23) and (24). Parameters solid symbol3 and above-the-barrier energglosed symbolsex-

used forry(B) are shown by the open symbols. citation.

. . . _ pare experimental results for the same valu® pf because
peculiarity of just one single sample. In particular, all {he number of generated electron-hole pairs differs strongly
samples revealed a pronounced reduction of the Zeemagy the two cases, due to the energy dependence of the ab-
splitting at moderate excitation densities and a vanishing o§orption coefficient. Moreover, the efficiency of the carrier
this effect with increasing magnetic field. collection from the barriers by the QW is not well known for

So far in this paper we have discussed the heating effeghe studied structure. Therefore, we have based our compari-
only for the above-barrier excitation. In such case, i.e., whegon on the assumption that only the carriers generated or
fhw >Eg, an increase oP, can affect two parameter§) it collected in the QW contribute to the heating of the electron
increases the number of the photocarriers colle¢tedex-  gas. In order to proceed, we assumed that here the PL inten-
cited directly in the QW and, as a consequence, it increasesity represents a meaningful parameter, since it is propor-
the flux of energy transmitted from the photocarriers to thetional to the number of electron-hole pairs recombining in
2DEG, and(ii) it increases the concentration of the electronthe QW. In the inset to Fig. 8, the energy shift of ke line,
gas in the QWan evidence of the latter effect are presentedvhich can be directly linked t®,,, is compared for the
in Figs. 3 and 4 In order to separate these two contributionsexcitation above-(open symbols and below-the-barrier
we performed also experiments using the below-barrier extclosed symbolsband gaps aB=1.5 T as functions of the
citation condition { w, <Eg) for which the 2DEG density is mtegral luminescence intensitifo obtain th_e same PL in-
constant and equal ,=1.2x 10"° cm™2. First, in Fig. 8 tensity, the Ias_er power for below-the-barrier excitation ha_s
we show the magnetic-field dependence of Xvelumines- to .be about twice as high as that for above-the—parner exci-
cence energyin o* polarization for two different excitation talltlon). Indcon_trasj,t to_the cagl% df“’kaBd for V(\j’h'Ch Ejhe
power densities and for the laser enefgy, <Eg. To en- electron density i$1¢= 1'.2><1 cm' ~ and is independent

S - of the excitation powefi.e., of the PL intensity a more
sure a constant absorption in the Qi =1.75 eV was ronounced blueshift of th&~ line (i.e., an increase of
chosen since then the absorption spectrimeasured by p@ is ob d fotio: >Ex . In th I. t.t, the el
PLE) is nearly magnetic field independent. For a low excita- un) IS observed foriw > Eg. In the i er ca%% e_ezec-
tion power, P, =1 W/cn?, the X~ line shift is described tron density increases witR, up tone=3.2x1 Foem
well using a constan®,,,=1.9 K (solid line in Fig. 8. Obviously the different energet!c chan_ge; of ¥ae line for .
However, in agreement with the studies of Sec. II, at a highe[’he below- and above-the-barrier excitation can be ascribed
excitation powerP, =7.4 Wicnft, fixed values o®,,, can- 0 a dependence of the Mn temperaturengn
not describe the observed dependecies correctly. This indi-
cates that we again have a heating of the Mn system by the
electron gas.

Here a problem appears of a comparison of the results for Before proceeding with a detailed theoretical analysis of
below- and above-barrier excitation. It is not proper to com-the electron-induced Mn heating, let us first make an over-

IV. ENERGY RELAXATION OF PHOTOCARRIERS
IN SEMIMAGNETIC SEMICONDUCTORS
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view of different energy reservoirs and relaxation channelgioned in our motivation of the choice of the samples. Under
that, conceivably, may be of importance in the heating prosteady-state conditions each system of DMS Q¥8&e Fig.
cess(see Fig. L Initially, the created photocarriers have a 1) is defined by its individual temperature. For our structure
certain amount of kinetic energy. The energy, as well as th&ve do not have quantitative information about the interaction
concentration of the photocarriers themselves, are functiongetween the photocarriers and the 2DEG. Therefore, we shall
of the light intensity, of the absorption coefficient, and of theregard the temperature of the electron gas as an adjustable
energy of the exciting lasetw, . Within a certain time parameter in the analysis presented in Sec. VI.

el » Which in the case of emission of acoustic phonons, The exchange interaction has often been theoretically
ranges from 1 to about 100 ps, the photocarriers relax theigonsidered in the past to calculate the relaxation rate of the
energy. It is passed to the lattice and results in raising of théarriers by magnetic impuritie®.g., see Refs. 35, 36, and
lattice temperatur®, . In addition, the Coulomb interaction 37). Unfortunately, none of these papers addressed this prob-
makes possible the energy transfer from the photocarrier tm in the context of Mn system heating.

the electron gad (time constantr,ge). It was recently

shown that this relaxation channel may be more efficient V. THEORY

than the phonon emissidfn.We shall assume that it is also

so in our case. The temperature of the electron gas is deteT[-
mined mainly by the energy tranferred from the photocarri- iel
ers, and by the energy flux from the electron gas to the lat

Here we present details of our theoretical model for the
d-dependent heating of the Mn system mediated by a
2DEG. The value of the Mn spin temperature is determined
by the balance between the heating by the 2DEG and cooling

tice. . Lo .
A heating of the magnetic system directly by photocarri-by spin-lattice interaction:
ers was shown experimentally to be important in the pres- dE  JE IE
ence of a high-density electron-hole-fi) plasma leading to — = — =0. (4)
the formation of domains in the magnetic system with low dt ot emn O mndat

and high temp_eraturésAs thge-h plasma transforms into a In a phenomenological model the term for the spin-lattice
system of excitons, the heating of Mn system was shown t?elaxation reads

vanish. This may be attributed to a combined spin-flip pro-

cesses of the electrons and holes within the exciton ;g E(B,By)—E(B,3.) Bun—BL
complex®?33 with a decreasing spin-flip scattering rate on — ~— — T NE2 L

Mn ions. Ryabchenket al.” studied the Mn heating by the T | nsat TsL Tsu(B.AL.Bun)
photocarriers in CglygMng osTe bulk crystals, using time- (5)

integrated PL, excitation densities up to 10 Wfcnand 4 4 )

magnetic fieldsB<2 T. From their data we estimated an WhereéBw,=(ke®yn) ~ andp =(kg®.) " are the inverse

increase of the Mn temperature by0.6 K for B=1.5 T temperature of the magnetic ions and the inverse lattice tem-

and atP,_ =4 Wi/cn?, which is equal to the maximum power Perature, and=(B,8)=N¢l4(£B) is the energy of the Mn

density used in the present work for above-barrier excitationSPin Systemé= uggwi,B is the Zeeman splitting of Mn spin

Such degree of the Mn heating is about ten times smallgleVels in an external magnetic fielfl wg is the Bohr mag-

than that observed for our structufef. Fig. 7. Further, in ~ N€ton, andgy,=2 is theg factor of the Mnd state.N is the

Ref. 7, a nonmonotonic behavior of the Mn temperature orfotal number of Mn ionsl, (¢8) is the average value of the

P, at low magnetic fieldsB<1.5 T) was reported with an Mn spin, 7g. IS the characteristic time of the spin-lattice

initial decrease for power densities up4®.5 Wicn?, and ~ relaxation, and's; = 75, £(BL— Bun)/[11(£BL) —11(£Bmn)].

then followed by an onset of an increase with. This result  From Egs.(4) and(5), we obtain the increase of the Mn spin

was explained by the exchange scattering of holes by the MigMperature caused by interaction with a 2DEG:

ions, which gives rise to an effective magnetization of the

Mn system, i.e., to a decrease ®f,,, (also see Ref. 34In . TsdE

contrast to these results, we have observed a monotonic heat- Prn=PL= Ng2 ot

ing of the Mn system with an increasing power density for a

constant magnetic field. Thus, in view of the moderate exci-The overheating of the Mn system by the 2DEG is mediated

tation powers used in our experiments, which are to small t®y a spin-flip process which changes the numiligrof Mn

generate ar-h plasma, and in view of the basic differences ions in the stateM (= —5/2,-3/2, ... 3/2,5/2) and, conse-

with the results of Ref. 7, it is justified to neglect the directquently, influences the Mn spin temperature:

interaction between the photocarriers and Mn ions. The heat-

ing of the Mn system is ascribed by us to be an effect of the E

presence of the electron gas. at
The spin-lattice relaxation of Mn ions with a raterdy/ ) )

drives the magnetic system to thermal equilibrium with theFOr calculating dNy /ot we start with the well-known

lattice. It has been reported that(@d,Mn)Te 75, decreases Hamlltoman for thes-d exchange_mterac'qon between the

with increasing Mn content by several orders of magnitudeconduction electronga wave function ofs-like symmetry

as the relaxation is predominantly mediated by clusters oftnd thed shell of Mn ions:

ions'>2 (e.g., fo7r Xun=0.01, 75,~107° s, and for Xy, 1

=0.05, 7q,=10" ' s). Therefore, only a small Mn content _- _pR)— ,

permits one to observe a Mn heating by the 2DEG, as men- Hex=3 aZ oS o(r=Ry) Z Hexcns - ®

(6)

e-Mn

Ny

25% MT' (7)

e-Mn
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heating Mn system cooling Mn system as shown on the right-hand side of Fig. 9. The probabilities
for the two processes are functions of the electron and Mn
spin splitting. The electron momentum is changed in the
scattering process b, —k;. This momentum difference is
taken from or absorbed by the lattice with the Mn ion as the
mediating particle.

Since there is a strong confinement in #direction, only
electron states from the first quantum-confined subband are
taken into account. In the case of the QW studied here only
2% of the electron wave function penetrates the barriers
[ 5.=0.98, see Eq(2)]. Therefore, we may approximate the
FIG. 9. Schematic energy levels of the electrom (k;) and Mn  electron envelope function by that of a QW with the infinite

system(M) that contribute to the spin-flip scattering process. Leftharriers. Thus the electron eigenfunction reads
hand: increase of the Mn spin temperature; right hand: decrease of

the Mn spin temperature. The Fermi energy is denoted Jy

r andR; are the coordinates of the electron and ittremag- V= \/SZ—Lexp(ik”r)cos(kzz)lm|>, =1 and 2,

netic ion, respectivelya is the exchange constant, is the

vector of the spin Pauli matrixes, alis the spin operator (10

of the Mn ion. Applying Fermi’s golden rule for the case of

an energy conserving spin-flip process, the time evolution ofvith L being the quantum-well width anki the electron

Ny reads momentum in the QW plane. The matrix element in £).
is then obtained in the form

2
ﬁgtmzil—g(zi)‘l ml%z’ ffo|2|<1o|2|<2[|\|M,fml,k1 (= 1/2K1 ,M|Hexeni| + 1/2kp,M — 1)
M’ i 2 5 5
X (1= 1)~ NatFmy sy (1= g 1)l = st kA| g tM |5~ ML),
X(my K1, M [Hexeni| Mz, ko, M) (11
XS(Em—Em —&m, k, T &m, k) 9

The summation over all Mn ions is performed by averaging
over the QW volumeé/ accounting for the probability to find

where M'=M=*=1, m;=%1/2, andm,=*1/2. S is the a Mn ion (xy is the Mn mole fraction

sample aream, k= &kinlt &m denotes the totdkinetic and

s:pin) energy of electrons wit'h momentukn and az projec- 3

tion of spinm;, andEy = £M is the energy of the M shell > COél(kzZi)_)XMnNOf cod(k,z)dV==N. (12
in stateM. For the electron Fermi-Dirac distribution function [ v 8
fmk=[EXPEmk—er.m)+1]7 % we introduced individual

Fermi levelser m for spin subbands witm=+1/2 and By inserting Egs(11) and(9) into Eq.(7), we finally obtain

—1/2. We note here that the elec"?,g momentum on the, expression for the energy flux from the 2DEG to the mag-
Fermi level |3kF:[2me(8F,m,—8ml)/ﬁ] , wherem, is the netic ion system

electron effective mass. In thermodynamic equilibrium the

electron temperature is equal to the lattice temperature, and

er1p=¢F, —1p=¢€fp. In this case the spin polarization de- JE

pends only on the electron spin splittiag-e1,—& _1,». The

flipflop collision with magnetic ions repopulates the electron-

spin subbands, and creates a difference between their Fermi &N

|eVe|S:A8F:8|:'+1/2_8|:’_1/2. ~ —_—
To illustrate the scattering process, Fig. 9 shows a scheme Temn

of the participating electron and Mn levels. An electron inwhere

the statgm; ,k;) is scattered via the nondiagonal elements of

the exchange Hamiltoniaf8) into a statgm; ,k;). The en-

ergy difference of these two states from the Zeeman splitting 2

of the Mn ion spin sublevels iy, — Ey _;. If the electron’s Temn=

initial spin ismy, a Mn ion withJ,=M’'=M —1 is excited W(e, Az & Be)F(&Bwn)

into the stateM, which is equivalent to an increase of the Mn

spin temperaturéthe left-hand side of the figureThe re- is a characteristic time for the electron-Mn relaxation pro-

versed process leads to a cooling of the magnetic ion systeroess. The function®/ andF are defined as

ot 2

_2§N . ’_{f(IBMn_IBe)_FAsFIBe
= Sin

e-Mn Te—Mn

(13

IBMn_ ,Be+ ASTFBe) ’

(14
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3a’miexf (¢-Asg)Bel2] (=
e ICL Y CICET RN}
B 3a?m? [erOSf[(Zs,:—e-l—2§—A8F)Be/4] E—Aep ] 19
8H5L2mB.sind (6—Aep)BJ2] | COSH(2ep—&+Ace) B4] 2 TP
_[Y}]35 y
F(y)=smr(§)hll(y)—la(y) +Iz(y)cosf(§>- (16)

The functionW depends on the Fermi energy:
(e —Aeg)Be N

2mhn
SFZBe_l'n( \/cosﬁ’- > exp(WTe'&) -1
e

B Cos%%” | an

2

,=(M") is proportional to thenth derivative of the statis-

tical sum of Mn stateg:

S el oLy ag
N Z(y) dy" v

In the presence of the field an electron with spin projection

has an energy

In(Y):
M=-5/2

em=— 8eNoaXynM(S,) + mgs ugB, m=*z, (19

with increasing electron concentration if the electron gas is
nondegenerate. For a degenerate electronfgas/alues of
n. chosen in Fig. 10, this is valid in the range=5
X 10 cm™2) Tou, does not depend on,. The field de-
pendence of the electron-magnetic ion relaxation time be-
comes less pronounced for higher electron concentrations.
Another factor, apart from the electron density and tem-
perature, that determines the degree of Mn heating is the
concentration of magnetic ions. As the spin-lattice relaxation
time shortens with the formation of ion clusters, the heating
is unlikely to show up in samples with high Mn fractions,
whereT.un>Ts . Moreover, the spin-flip process itself de-
pends onx,,, via the electron spin splitting. In Fig. 10 the
spin-lattice relaxation tim&g, calculated with experimental
values ofrg taken from Ref. 12X,,,=0.01) is presented by
a thick solid curve. For an electron density~10* cm 2
Te.vn IS @about eight times shorter than the spin-lattice relax-
ation timeTg atB=0, and longer thaff g in the presence
of the fieldB>0.3 T. The region of magnetic fields where

where the first part is the exchange energy in the frame of thée conditionT.\,<Ts_is valid, and where heating of the
virtual-crystal and molecular-field approximations, with the Mn system should occur, increases witg. For electron

thermal mean value of the Mn sp{i$,) defined in Eq.(2).

The second part is the Zeeman term with the intrinsic elec- 10
If the system deviates slightly from ther-

tron g factor gj .
modynamic equilibrium @ .~0,,,, Asg~=~0), Eq. (13 is

zero, and the energy flux from the electron gas to the mag-
netic ion system vanishes. For small deviations from the

-3 -

S . . 10
equilibrium [ sinhx~x in Eq. (13)] the productW F repre- =
sents the electron-Mn relaxation rate, and from Efsand %

(13) we obtain £
T A E
SL EF =107k
| Be=Bun—Be—z— | =Bwn—BL- (20 510k
e-Mn & = F
. ~
Hence for small differences between the electron tempera-
ture and the lattice temperature the basic parameter of our
theory is the ratiol g / Tepn - If Teun> T the temperature 10°

of the magnetic ions is equal to the lattice temperature. In the
opposite limit,© , is determined by the interaction with the
2DEG. Generally, Ty, depends strongly on the tempera-
tures of the 2DEG and of the magnetic ion system, and on
the splitting of the electron quasi Fermi levels. These depen-

2 3 4 5 6 7
Magnetic field (T)

dencies can be neglecteddf,~0,,~0® andAgg~0. For
such a casf .y, is drawn in Fig. 10 as a function of the
magnetic field for various electron concentratior®y,
~0, =2 K and xy,=0.01. Further parameters am,
=0.096n,, L=80 A, a=1.5x10"2° evm®, and g}
= —1.46. In the absence of a magnetic fi€ld,y,, decreases

FIG. 10. Magnetic-field dependence of the electron-magnetic
ion relaxation timeT .., for different electron concentrations and
Xun=0.01 determined by Eq14). T, is a modified spin relaxation
time as defined in Sec. V, with the field dependencergftaken
from Ref. 12. The following parameters were useth,
=0.096n,, L=80 A, a=1.5x10"?° eV n?, andgf =—1.46.
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n_(cm”) >0.016, T, is longer thanTg, even for the highest elec-

1 tron concentrations. Note that.,, depends on the electron
T mass, QW width, and exchange constant, the factors which
allow one to control the conditions, and thus the degree, of
the Mn heating.

In semimagnetic semiconductors the electron system is
usually characterized by short times of the spin relaxation.
Therefore, effects of optical orientation by photocarriers can
often be ignored. However, in the present case, the
electron-Mn spin-flip transitions not only heat the Mn system
but, at the same time, create a nonequilibrium electron po-
larization, i.e., they lead to an increase of the difference be-
tween the quasi-Fermi levels of the two electron spin-split
subbands\ e . For very short spin relaxation times of elec-
trons 75, the equilibrium population of the electron spin
states is established very quickly and one can nedlegtin
Eq. (20). Then only the electron temperature determines the

i . . Mn heating. In the opposite case the electron-spin state
0.00 0.02 0.04 0.06 =1/2 will be depopulated by the spin-flip scatterifig-
Mn content crease ofAeg), which decreases the number of scattering
events that heat the Mn system. Here one has to account for

FIG. 11. Calculated electron-Mn relaxation tinfe,, as a the spin flux to the electron system due to exchange scatter-
function of the 2DEG concentratiofupper scalgfor B—0. The Ing with Mn ions, and also due to an intrinsic electron Spin
same parameters were used as for the calculations shown in Fig. 1®laxation timerg. For diamondlike semiconductors we have
Symbols represent values for the spin-lattice relaxation figeas 10 1°<7,<1078 538

Relaxation time (s)

a function of the Mn mole fractioflower scal¢, deduced withrg, The spin-flip transition generates a difference between the

taken from Refs. 4@open symbolsand 12(closed symbols populationn,, of spin-up and -down subbands with a veloc-
ity

concentrations above >810'° cm™? the condition Ty AN 1) 2 JE

<Tg is satisfied for the whole range of magnetic fields stud- DA Uy 2 0= (21)

ied. Figure 11 compare$,.y, as a function of the 2DEG at & I

concentration in the limiB—0, with Tg_ for various Mn .

contents. As mentioned above, the relaxation timgy, The temporal change df is

saturates for high electron concentrations, where the 2DEG dAeg B Aep dAep 2 JE

is degenerate. The figure can be used to determine the con- dt 7 d(Niyp—N_yp) € It " (22)

e-Mn

dition for which heating of the Mn system can be observed.
That is forxy,,=0.01 the Mn system is significantly influ- Taking Egs(6) and(13) into account, one can write the final
enced by the 2DEG for concentrations larger thansystem of nonlinear equations for the Mn spin temperature
~10° cm 2 only, where Toy,<Ts . Already for xy, and Fermi-level splitting in the form

Ts
BeASF:T_f(BMn_BL), (23
sL
Te—Mn+ TS
‘f(ﬁe_ﬁMn):T—,BeAst (24)
167Xy No# 2L Be

Te= Tsme{2+tanr[(28|:_8+A8F)ﬁe/4]+tanr[(28F+8_A8F):89/4]} .

(25

If the difference between magnetic ion and lattice temperak follows from Eq. (26) that the heating of the Mn spin
ture is small, i.e., 11(BL)—11(éBwn)=~é[12(éBun)  system is determined by the ratiy /(Temn+ Ts), Where

— If(gﬁMn)](BMn—ﬂL), one can useBe~pBun~PBL and  T.y,+ T is the total characteristic time of energy transfer
Aep~0. In this limit Egs.(23) and(24) is a system of linear from the 2DEG into the Mn spin system. In Fig. 12 the field

equations resulting in dependences ofg, Toun, and Tg are presented foxy,
- =0.01 using the following parametens,=3x 10 cm 2,
Bun— BL= St (Bo—BL).- 260 ©L=2 K, 7,=0.1 ns, andNg=1.47x10?* cm °. All

Tsit (TemntTs) other parameters are given in the caption of Fig. 10. One can
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mined in GaAs-based QW%.The intrinsic electromy factor
in CdTe-based QW'’s was determined in Ref. 41, andZis
=—1.46 in the studied structure, where the energy of the
heavy-hole exciton transition is 1.65 eV. The electron den-
sity, which influences the Mn heating according to ELy),
changes for excitation above the barrier band ¢age Fig.
3). For this reason we have interpolatedfor the individual
excitation densities between the values determined from the
reflectivity spectra, assuming a linear increasengfwith
P_. The electron densities used in our calculation are listed
in Table I. Our best fits to the field-dependent Mn tempera-
ture for different excitation powers are plotted by solid
— T .1 curves in Fig. 7. We restricted the calculations to magnetic
....... T fields lower than 4 T, as we did not take Landau quantization
........ T into account, which may be of importance for high-field val-
ues. TheX™ energies determined by E@L) with the field-
% ) . . dependent Mn temperature are shown in Fig. 6 by solid lines.
0.0 0.5 1.0 1.5 20 Especially for the two lowest excitation densities the agree-
Magnetic field (T) ment between e)_(pe_ri_ment anc_J t_heory is quite good_. How-
ever, there are significant deviations from the experimental
FIG. 12. Theoretical relaxation timek, v, [Eq. (14] and T,  data for higher excitation densities.
[Eq. (25)] for xy,=0.01, ® =2 K, andn,=4x10° cm 2 as a Although the field dependence 6fy, cannot be simu-
function of magnetic fieldT g, is a modified spin-relaxation time as lated for all excitation densities with high precision, we can
defined in Sec. V, with the field dependencergf taken from Ref.  estimate the electron temperatue from the limit B—0.
12. The same parameters were used as for the calculations shownTine dependence dd. on the excitation power density,
Fig. 10, andNo=1.47x 10?* cm™3. evaluated from the best fit is plotted in the inset of Fig. 7 by
solid symbols. The electron temperature reveals a reasonable
see that for small magnetic field8<0.5 T the time of monotonic increase witk, . It is possible to reproduce the
electron-magnetic ion energy transfer is dominatedTgy  overall behavior o®,, for the two lowest excitation densi-
which is considerably longer thafi.,. As a result the ties using a lattice temperature 8f =1.6 K (the tempera-
splitting of the Fermi level(i.e., nonequilibrium electron- ture of the He bath However for® =1.6 K we found
spin polarizatioh suppresses the heating of the Mn spin sys-differences between theoretical and experimental points in
tem here. In the high-field regimeB>0.5 T, the the field range wher®,,, saturates. Thus we additionally
electron-Mn interaction is determined By.\,(>Ts), and adjusted the lattice temperature in addition to the electron
the Fermi-level splitting does not influence the Mn spin tem-temperature. The best agreement between experiment and
perature. theory was obtained fo®, ~2.3 K. We assume that this
The calculation done is restricted to isolated Mn ionssmall heating of the lattice is generated by direct interaction
which is justified for DMS’s with a few percent of Mn mole of the lattice either with the 2DEG or with the magnetic
fraction and sufficient for the studied structure. That is, forsystem, i.e., the spin-lattice relaxation. Further studies are
Xun=0.01 the probability of finding isolated ions with no required to clarify this small increase of the lattice tempera-
nearest neighbors is 90¢after Ref. 39. For higher Mn com-  ture.
positions the probability for isolated Mn ions is reduced According to the Fermi enerdwee Eq(17)], which con-
(e.g., 50% forxy,=0.05) which would require a treatment tributes to the energy fluxE/dt the Mn overheating depends
of Mn ions coupled in clustergairs, triplet$ via the super- on the concentration of the 2DEG. This relation was shown
exchange interaction. In Sec. VI we compare results of ouexperimentally in Sec. Ill by the different energy shift of the

107

10

Relaxation time (s)

model with experimental values &, . X~ luminescence line for below- and above-barrier excita-
tion (see the inset of Fig.)8For completeness we have cal-
VI. DISCUSSION culated the trion energy as a function Bffor the case of a

fixed electron densityn,=1.2x10° cm™ 2, which corre-

The linear approach for the Mn temperature given in Secsponds to experimental conditions of below-barrier excita-
V is valid only for small deviations from the thermodynamic tion. Equations(1), (23), and (24) were used, with®,
equilibrium (O,~0,). In experiments, however, the Mn =8.7 K, ® =19 K, and 7,=0.1 ns (further values are
temperature increases up to 8 K. Therefore, we have to angiven above The calculated values are shown by a dotted
lyze the experimetnal data by numerical solutions of thdine in Fig. 8; they quantitatively reproduce the experimental
coupled nonlinear equatiori®3) and(24). In addition to the  points.
parameters already given in Sec. Ill, we used the electron Let us summarize the results of the fitting procedure. We
effective massm,=0.096m,,*" the electron-spin relaxation found that the theory describes well the value of the Mn-
time 7,=0.1 ns, and the field-dependent spin-lattice relax-system heating in the whole range of magnetic fields in the
ation time g taken from data of Ref. 1275 covers the case of low levels of photoexcitation. In fact, we have used
range~4x10"° s (B=0) up to~4x10 ¢ s (B=9 T)]. one basic fitting parameter: the temperature of the 2DEG
The value ofrg is of the same order of magnitude as deter-0.. Another parameter—the electron-spin relaxation time
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without contribution of the flipflop scattering by magnetic intrinsic spin-relaxation time of the electrons with increasing
ions—can be tuned in a wide range. However, this time canmagnetic fields, i.e., the increase gaf, will also lead to a
not be longer than the spin-relaxation time of the electronglecrease of the heating efficiency. In the frame of the
via the flipflop process with  Mn ions 7gp0p D’yakonov Perel’ mechanism this field dependence can be
=8h°3L/15a’MNoxyn~6X10"1 s, ie.  7<mypop  expressed by(B)=74(0)(1+B%Bf).*® Applying this for-
~10 1% s. In the casers> Thpm0p @ large nonequilibrium  mula to Eq.(25) with the parameters(0)=10"*° s and
polarization of the 2DEG would develop, and this would B,=1 T, we have calculated values of the Mn temperature,
prevent the heating of the Mn system. An electron-spin reas shown by dotted curves in Fig. 7. The value®qfex-
laxation time of the order 10° s is consistent with values tracted forrs(B) are shown by open symbols in Fig. 7. Ob-
found in the literaturée.g., Ref. 33 Typical spin-relaxation viously the agreement between experiment and theory is im-
times in nonmagnetic semiconductors cover the range frorproved. However, a detailed theoretical analysis of the
10 up to 108 s3¥ They are usually related to the follow- heating in high magnetic fields requires a refinement of the
ing relaxation mechanisms: Elliot-Yaffét, D’yakonov-  model employed, and is beyond the scope of this paper.
Perel’}® and Bir-Aronov-PikugBAP).* It is not clear which Finally, we note that for a 2DEG concentration smaller
of these mechanisms dominates in our structures. Howevethan 13° cm™? the time Ty, increases strongly, and the
we can suggest that under low levels of photoexcitation theange of magnetic fields wherg, ,,<Ts, decreases. For
concentration of the photoholes is small, and that the BAR <10° cm 2 and®,=2 K the conditionT¢>Tg, is valid
mechanism does not play an important role. for all values of magnetic fields, and the heating of the Mn
It is worthwhile to note that in the case~10""" s a  system is practically absent. A sizable heating of the Mn
remarkable nonequilibrium polarization of the 2DEG causedsystem in this case is possible if the photoexcitation provides
by flipflop scattering can be achieved, and that the splittinghot only a heating of the 2DEG, but also a significant in-
between quasi-Fermi levels for different spin orientationscrease of the concentration of the 2DEG.
reaches several hundredsoéV. It is important to note that In conclusion, we have experimentally found an efficient
this polarization is caused by interaction with the magneticchannel of energy transfer from photocarriers into the Mn
ions, and that its value increases with an increasing concesystem via a 2DEG. Ann-type modulation-doped
tration of magnetic ions. This is contrary to the optical ori- Cd, ggMing o;T€/Cd, 7dMgg 24T€ quantum well was investi-
entation effect which is suppressed by increasing Mn con- gated by reflectance and photoluminescence in external mag-
tent (due to acceleration of the spin-lattice relaxationnetic fields. We suggested a model of the energy exchange
processes In the case of high levels of photoexcitation, between the 2DEG and the Mn system which allowed us to
when the 2DEG temperature elevates to 10 K and the ele@btain a good quantitative description with the experimental
tron concentrations increase a few times, our model does nefata. The presented mechanism is based on the spin-flip scat-
satisfactory describe the decrease of the Mn-ion temperatukering of electrons on magnetic ions and, thus, depends on
in magnetic fields stronger than 1 T. Under these conditionshe magnetic-field value. Our studies may be of importance
the suppression of the flipflop processes in the magnetifor the research of spintronic devices, where a current of
fields is not very effective; the calculated time ©f, is  electrons is spin polarized in antype doped semimagnetic
always shorter thaffg, , and the theoretical value for the semiconductof®
Mn-spin temperature significantly exceeds the experimental
data. Several explanations for his deviation can be suggested. ACKNOWLEDGMENTS
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