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Acceleration of the spin-lattice relaxation in diluted magnetic quantum wells in the presence
of a two-dimensional electron gas
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Dynamics of spin-lattice relaxation of magnetic Mn ions in semimagnetigo@thg o;Te/Cd) ;gMdg 24T€
guantum wells containing two-dimensional electron 2BEG) has been studied by means of an optical
detection of injected nonequilibrium phonons. It is found that the spin-lattice relaxation rate is an increasing
function of electron concentration and electron temperature. The 2DEG provides an effective channel for the
energy transfer from magnetic ions to the lattice. A model accounting for the spin-flip transitions between Mn
ions and free electrons describes well our experimental results in a qualitative manner.
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Principles and basic issues of a future spin electronics arecarriers that is enhanced by the presence of a two-
discussed nowadays widely. Different possible concepts fodimensional electron gg@DEG).* This result shows that the
the design of electronic devices using spins of the carriers foihteraction of magnetic ions with 2DEG is quite strong and
computation(instead of their charges exploited in conven-that the modification of their spin dynamics might be very
tional electronicsare under consideration. Diluted magnetic significant. In the present paper we explore questions how
semiconductoDMS) materials combine typical semicon- dynamic magnetic properties of DMS QW’s, namely the
ductor electronic properties with a strong enhancement 0fpin_jattice relaxatioiSLR) rate of magnetic ions, are modi-
spin-dependent phenomena. The latter originated in the eXjeq py the presence of 2DEG, and how this rate depends on

change interaction of the free carriers with localized magyhe glectron density, electron temperature, and magnetic-field
netic moments of magnetic ions. DMS heterostructures Oﬁeétrength

the unique opportunity of manipulation of the carrier spins The
and, therefore, are very attractive as model systems.

It was demonstrated very recently that a layer of II-VI
DMS, deposited on top of a GaAs-basedtp light-emitting

investigated samples containing  80-A-thick

Cdy gMNo 01T€/Ch 7dMJo24T€  QW's  were grown by
molecular-beam epitaxy oril00) GaAs substrates. One
diode, serves as an effective injector of spin-polarizecdtUcture is nominally urlcgoped_ and contains 2DEG with the
carrierst A prerequisite for such structures relying on elec-9€nsity 0fne=6x 10°cm™? provided by residual impurities.
trical spin injection is the presence of free carriers achieved N€ remaining structures are TOdUlg"t'O” doped in the barrier
by doping of the DMS layer. However, the experimental in-layer and contain up to 1610 cm ™2 electrons. Details of
formation on the influence of doping and of free carriers onthe growth procedure and of optical properties are published
the dynamical magnetic properties of wide-gap DM@g., in Refs. 4—6. The samples were mounted inside a supercon-
(Cd, Mn)Te or (Zn, Mn)S¢] is very limited. It is known for ~ ducting magnet in the Faraday configuration and immersed
metals with magnetic impurities that the free carriers play ann liquid helium (T=1.6K). PhotoluminescencéL) was
important role for spin-lattice relaxation and for energy excited by the 514.5 nm line of an Ar-ion laser. The density
transfer away from magnetic ioAsThe Korringa effect and of 2DEG in the QW’s was evaluated from the optical spectra
the Knight shift are examples of the effects caused by suchn the basis of the oscillator strength of negatively charged
interaction. Similar effects have been reported for bulkexciton transition and on its polarization propertiegtails
narrow-gap DMS’s with a high concentration of free of the method are published in Ref). 7
carriers> However, a study of these phenomena has not been The experimental technique that we use here to measure
extended, to our knowledge, to wide-gap DMS’s. One carSLR rate combines an injection of nonequilibrium phonons
expect that the energy and spin transfer between the systerigo the sample followed by an optical detection of the in-
of the carriers, magnetic ions and phondhe., the lattice  duced changes via the exciton photoluminescént®Non-
can be modified significantly by the presence of a backequilibrium phonons were generated by a heat-pulse tech-
ground of free carriers. One should also expect strong modirique. A phonon generatga 10-nm-thick constantan film
fications in the case of low-dimensional electron systems rewith an area 0.%0.25mnf was evaporated on the narrow
alized in quantum wells, wires and dots, as the density ofdge of the GaAs substrate and was heated by current pulses
states in nanostructures differs qualitatively from that of theof duration ranging from 0.1 to Jus at a repetition rate
three-dimensional3D) system. varied from 1 kHz to 5 kHz. The pulse-power dendftywas

It was reported recently that ifCd, Mn)Te-based quan- varied from 25 to 250 W/mf The phonons from the gen-
tum wells (QW’s) the magnetic-ion system can be substan-erator propagate through the GaAs substrate, reaching the
tially overheated by means of the interaction with hot pho-Cdy odMng o1Te QW’s and heating there the Mn ions. In the
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measured (symbolg and calculated (solid line for n.,=1.2
FIG. 1. Time evolution of the phonon-induced variation of the x 10°cm2 and dotted line for 1.5 10 cm ) in the regime of
PL intensity(related to the variation of the Mn spin temperajure  |ow-optical excitation P=70mW/cnf) at T=1.6 K. The TgL(B)
two Cdh gdMing 01Te/Cdy 7dMgo 24T€ QW samples with different,  dependence is shown by a dashed [isee also Fig. @)]. Inset:
detected on the high-energy side of PL line at 1.634 eV. Spectra ar§|R time as a function of electron density. The lines are guides for
normalized to their peak intensity. The inset shows the stationaryhe eye.
exciton PL spectrésolid lineg and the spectrum in the presence of

nonequilibrium phonongdashed lingfor the sample wit,=1.5 The dramatic acceleration of SLR in the presence of
>_<10110m’2. For details see Ref. 8-10. The experiments were car2DEG is demonstrated in Fig. 1. The phonon-induced signals
ried out atT=1.6 K and photoexcitation densif=70 mWi/cnft. Al(t)=1(t)— 1, [herel, andl(t) are the PL intensities be-

fore and after the heat pulse, respectiyetheasured in two

presence of external magnetic fields an increase of the Mrsamples witm,=6x10° cn® and 1.5<10**cm ™% in a mag-
ion temperature causes a reduction of the giant Zeeman shifietic field of 2 T are displayed in this figure. We note that the
of excitons AE. The time-resolved detection of Mn spin heating of Mn spin system by the nonequilibrium phonons is
temperature is based on monitoring the dynamical shift ofiuite small and changes in the giant Zeeman shift of excitons
the exciton PL line as shown in the inset of Figfdr details ~ are linearly proportional to the variation of the Mn spin tem-
see Ref. 10 It is important to note that our measurements ofPeratureTy,. Thus we may consider the measured signal
SLR dynamics are not influenced by the phonon bottleneci!(t) to be proportional to the variation dy, . The leading
effect observed in bulk materials. edges ofAl(t) have a width of about s, which is about
The different energy reservoirs, characterized by varioughe duration of the phonon pulse reaching the QWEhe
corresponding temperatures and relaxation channels, in DMggecay timesrs, determined from the exponential fit & (t)
QW’s with 2DEG are shown schematically in Fig. 1. In the represent the cooling times of Mn system and in our case,
first stage of our experiment the injected nonequilibriumwith the phonon bottleneck absent, they are actually equal to
phonons heat the Mn system. The heating of Mn ions may b&LR times of the Mn ions. It is clearly seen in Fig. 1 that the
induced directly through interaction of Mn ions with cooling of the Mn system is faster in the sample with higher
phonons or indirectly, i.e., via the 2DEG that is also heatedle. It is found thatrg_ decreases from 8as in the nomi-
by the same nonequilibrium phonons. The spin-lattice relaxnally undoped sample to 2@s in the sample with 1.5
ation procesdcooling of the Mn system due to a direct X 10" cm~2 electrons.
coupling of the Mn system and the latti¢@dicated by an Figure 2 shows the dependence mf on the magnetic
open arrow, is rather slow at low Mn concentrations. In field B for three values ofi, measured at low-density pho-
Cdp oMing o;Te it has a characteristic time of about 1081°  toexcitaton @=70mW/cnf). The data for n,=6
However, the bypassing channel involving the energy reserx 10° cm™2 s in a good agreement with a dependence<f
voir of 2DEG (filled arrows can be a fast process becausein nominally undopedCd, Mn)Te QW sample? In this par-
the spin-flip exchange scattering of electrons by the magnetiticular samplerg, increases in weak fields and becomes
ions provides an efficient energy exchange between thesghorter when the magnetic field exceeds 1 T that is similar to
two system$.The efficiency of the bypassing channel is con-results reported also in Ref. 11 for bu(lcd, Mn)Te. The
trolled by the electron density,. Indeed, an increased SLR behavior ofrg, in QW's with 2DEG shows some differences
rate in QW's with 2DEG has been established in our experifrom that in the undoped sample. Although a general behav-
ments. In what follows we will first describe experimental ior seems to be similar far,=1.2x 10'°cm 2 and low mag-
findings and, then, compare the data to model calculationsnetic fields 8<1T) rg_ is much shorter than fon,=6
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- =25-250 W/mm). The temperature of the Mn-ion systems
0 was determined at the maximum of the phonon pulse. It is
seen thatg, does not depend on the initial degree of heating
o of the Mn ions and the relatively slow cooling of Mn ions

N goes with the other parameters kept constant, independently
of Py,.

(i) An efficient reduction ofrg, is achieved when the
excitation density was increased up to 6 Wcii=1.6 K
and P, =250 W/mn¥), which is plotted in the inset of Fig. 3
5T by full triangles.

I (iii) We also measureds, at T=4.2K (P=70mW/cnt
5 and P,,=250 W/mnf). An open circle plots the result. It is
clearly seen that in this case the temperature of Mn ions is
ol higher than that achieved at the maximum photoexcitation
0.01 0.1 1 10 density (compare with the data shown by full triangles
Excitation density (W/cm?) However,rg, is not as short as dt= 1.6 K and at the highest
excitation densities.

FIG. 3. The dependence of the SLR time on the density of Combining all these observations leads us to the conclu-
photoexcitation for two values of thg magnetic-field detezcted iN asjon that the decrease of, with an increase of photoexci-
Cdl oM oTe/Cc 7dMgo osTe QW with ne=1.5<10"cm % I ya4ion density cannot be explained simply by the increase of
trr:e |'\r;|se_t the SLR Ell_me Is'rﬁIOtrt]ed as affulz\/lctlc_)n of the tel_mpgra_tl;re %he lattice temperature by the laser beam. This statement
the Mn-ion system . e heating o n ions is realized either
by the optica)I/ excitah:i%rﬁclosed trianggleb or by phonons from the (iomes frors?t_he fact thats, meilsumd aT_AT'Z K andP
generator whose power varied from 25 to 250 W/mopen dia- _.70. mwie 1S longer than aff = 1.‘6 K and h.lgh photoex- .
monds or by an increase of bath temperature to 4.@Ken circle. citation densllty. Y\Zle checked that in the s.tud|ed sampl_g with
The lines are guides for the eye. Ne= 1._5>< 10t cm- und_er the act_ual experimental c_ondrglons

there is no significant increase in the 2DEG density with an

increase of photoexcitation powkkVe conclude, then, that
x10° cm™2 Then, an increase af;, with B is observed and the elevated electron temperature in the 2DEG at a high-
for fieldsB>2 T the values ofrs, do not differ significantly  optical excitation density is responsible for the reduction of
from 75 measured in the undoped sample. A further increas¢éhe SLR time. In the case of the photoexcitation the tempera-
of ne up to 1.5< 10" cm™2 leads to a decrease of, in the  ture of 2DEG may significantly exceed the temperatures of
whole range of magnetic-fields studied. SLR time dependenthe lattice and of Mn-ion system. This conclusion is sup-
cies on the electron density are plotted in the inset of Fig. 2ported by an observation of similar 2DEG heating caused by
One can see thatg, the variation aB=2 T is indeed much photoexcitation in GaA®&l, Ga)As QW'’s reported recently
stronger than that at the higher field of 5 T. It is interesting toin Ref. 12.
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note that in the sample with,=1.5x 10'*cm 2 the depen- For a theoretical analysis of the observed effects we use
dence ofrg (B) in high fields is nonmonotonic with a repro- the approach developed in the recent work ohigoet al*
ducible dip atB=6.25T. The SLR time measured in the QW’s with 2DEG is governed

Another interesting experimental finding is a shorteningby two possible channels of the energy flow to and from the
of the SLR time with an increasing density of photoexcita-Mn-ion system(see the diagram in Fig.)1Therefore, there
tion P. This is illustrated in Fig. 3 for the sample with,  are two contributions targ, the SLR time of the Mn ions
=1.5x 10" cm™2. One can conclude, that some additional 72, caused by their direct coupling with the lattice, and the
amount of energy supplied to the system via the photoexcieharacteristic timér,.,;, due to the interaction of the Mn
tation causes a reduction @&, . An increase of the density ions with 2DEG:
of photoexcitation leads to an increase of 2DEG temperature
and also to a heating of Mn-ion systém weak heating of 1 1
the lattice directly by the laser beam is also possible. In order P + * : 1)
to determine the heating of which of the three systems st st TeMn

(2DEG, Mn ions or the latticeis principally responsible for For the value ongL we used in our model calculations the

the observed reduction o, , we compare the modification SLR time measured in the nominally undoped sample, while

of SLR time by different experimental parameters. Resultsre_Mn was calculated using the formalism presented in Ref.

arhe pretf]entted in thte insittr?f ,I\:/Iig._3 as p:OtSrgi VSdT';"“' . 4. From Egs(13) and(24) of this paper we obtain the fol-
where the temperature ot the Mn-ion system was de erm'nef?)wing expression for the variation of the inverse tempera-
from the energy shift of the PL linésee Refs. 8—10under ture of Mn ionsBy,=1KgTyp

n n-

varying experimental conditions. Three data deteasured
atB=2T) are shown:

(i) Open diamonds corresponding to the lowest-excitation % - ;E =_ —;(IBMn_Be)v
density P=15mW/cnf, T=1.6K and for several different dt |, 1Cs(B)dt]|_,,,  Tewmn
power levels of the phonon generator Py( (2
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FIG. 5. Schematic energy diagram illustrating spin-flip transi-
tions in the presence of a magnetic fi@d(a) spin-flip transitions
are not allowed at lown, because of energy conservatidgh) the
number of possible transitions increases with an increaBandien
n. is sufficiently high.

results in this plot can be directly compared with the experi-
mental data. Analyzing the results of Fig. 4 one observes that
for ne<7x10%cm 2 75 at low fields B<1-2 T) is domi-
nated byr..n(B), but at high fields it is determined by the
72,(B) dependence. The situation is different fog=7

X 10%cm ™2, where7e y, yields the main contribution to
7. In the whole range of the magnetic fields.

To compare the experimental results with calculations we
have plotted the calculated dependeneig¢B) for undoped
sample(fitted curve given by the dashed linas well as for
ne=1.2x10%m 2 andn,=1.5x 10*cm 2 in Fig. 2 (solid

and dotted lines, respectivelyFirst it is important to men-
10'60 2 2 5 tion that at lowB=0.25T we have a reasonable agreement
Ma I in the absolute values of the measureg with the calcu-
gnetic Field (T) . ;
lated values for the corresponding. This strongly supports

FIG. 4. Model calculations of the SLR time as a function of the OUr main idea of the SLR of Mn ions via the interaction with
magnetic field using the approach of Ref(d. 72, (B) dependence the 2DEG.

(dashed lingis taken to be given by an interpolation of the experi- It is seen in Fig. 2 that the theoretical dependencies of
mental data for the undoped sample from this papgen circles ~ 7s.(B) differ very much for different values of,. For rela-
and from Ref. 11(full circle). (b) 7_wna(B) dependencies calcu- tively low-electron concentrationn(=1.2x10cm™?) a
lated from Eq.(3) for different electron densities(c) 75 (B) rapid increase ofg; with B is observed and then, for higher
=1[1/73 + 1/7e_\a] for different electron densities. The dashed B, g, follows the SLR time in an undoped samgkee the
line again shows?2,(B). solid curve in Fig. 2 Qualitatively this is explained by the

fact that for this electron concentration the Fermi level is
Cs(B) very low (eg,=0.3meV). The giant Zeeman splitting of the
C4(0) [Te-mn(B,er . Bes Bun) + Ts(er . Be, 76) ], conduction .band, cau;e_d by Fhe exchange interaction of the

(3)  electrons with magnetic ions, is equalig ¢|= upgerB. Due

to the large value of effectivg factor (g.4~50) the splitting
wheredE/dt|ewn is the energy flux between Mn-ion system E,, | exceeds:¢ even in relatively small magnetic fields. As
and 2DEG,B.=1/kgTe is the inverse temperature of free a result, only the lower-spin subband of electrons veith
electronsC4(B) is the heat capacity of magnetic ions in the —1/2 is occupied, while the upper subband vstk- + 1/2 is
presence of a magnetic field, and is the Fermi energy of empty as its energy significantly exceeding the Zeeman split-
2DEG. Te.mp and Tg are characteristic times calculated by ting of Mn ions Ez mn=9mnB (Gun=2). This is sche-
means of Eqs(14) and (25 of Ref. 4. We note here that matically shown in Fig. &). Thus, the energy transfer from
Tsx s, Where rs—the only free parameter of the present Mn ions to the 2DEG becomes almost impossible at high
model—is the spin-relaxation time of electrons. For the calmagnetic fields, when the giant Zeeman splittifyge, essen-

Relaxation Time (s)

3x10"
1.2x10"

undoped

Te-Mn—

culations we takers=10"'%s as evaluated in Ref. 4. tially exceedseg. Such behavior is in qualitative agreement
Figure 4 shows the results of model calculations of thewith the experimental finding&Fig. 2).
magnetic-field dependence of the SLR time. In Fig) 4he However, the experimentally observed increasergf

function 73 (B) is evaluated as the interpolation of experi- with magnetic field is not as rapid as the one predicted theo-
mental data for the undoped samitgoen circles show our retically. The reason for this behavior may be that the density
data and full circle is a data point Bt=0 T from Ref. 1.  of 2DEG is not uniform and it actually fluctuates in the plane
The field dependenciés._y,(B) calculated from Eq(3) for of the QW. Analyzing the oscillator strength of trion reso-
different electron densities are plotted in Fig. 4b. Finally,nance in reflection experiments we evaluate the mean density
7s1(B) calculated using Eql) is shown in Fig. 4c). The  of 2DEG. However, in the present, nonequilibrium phonon
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experiments, the measured PL sighals come mainly from thkevels does not give us a good quantitative agreement with
spatial regions with a maximum electron density. These rethe measured width and depth of the observed dip. We may
gions are heated more effectively by nonequilibriumspeculate that this disagreement is due to a higher density of
phonons because of a stronger coupling between phonomscalized “tail” states of the Landau levels, than it is given
and the Mn system via the electron gage the diagram in by the Gaussian distribution used in our estimations.
Fig. 1). Correspondingly these regions have a minimzgp. Let us now turn to the experimental dependence of the
Thus the experimentally measured curve shown in Fig. 2 fos| R time on the excitation density shown in Fig. 3. It may
ne=1.2x10"%cm 2 should be compared with the theoretical e qualitatively explained by an increase of the electron tem-
curve for some higher effectivee, which yields a better perature in 2DEG. The heating of 2DEG at elevated excita-
agreement between the model and the experiment. - tion densities has been studied in Ref. 4. An acceleration of
The theloryipzredmts also a different behavior for high o energy transfer rate between 2DEG and magnetic ions
=1.5<10"cm * (dotted curve in Fig. R which corre- with increasing electron temperature is expected to occur in

sponds to a degenerate Fermi ga;.;:é?;_.s meV). The cal- ._degenerate 2DEG. In such case, an increase of the thermal
culated value ofrg, decreases with increasing mag”et'cenergkaTe leads to a smearing of the Fermi edge and,

field. Qualitatively this may be explained by an increase of,,ogyondingly, to an increase of the number of electrons
the number of “active” electrons near the Fermi level that

. ) ) that participate in the spin-flip transitions. This argument is
participate in thg Mn-e energy Fransfer while the Zeeman  5;q provided that the thermal energgg T, is smaller than
splitting of Mn ions increasesFig. 5b. However, such @ HnEG Fermi energy. The number of electrons, which are
rapid decrease ofs; with B is not observed experimentally.

X ) active in the spin-flip transitions, is proportional kgT,.
The discrepancy between the field dependencespfmea- Then, 50% decrease of, observed experimentalkFig. 63)
sured in the experimentd=ig. 2) and the calculations for

I means that the electron temperature is twice higher than the
ne=15x 10""em > may be due to two reasons that are NOYjattice temperature and thdg=4 K for P=6 W/cn?. This

tgken_ into account by the model._ The; first reason is a poséxplanation and the estimated valueTgfare supported by
sible increase of the spin-relaxation time of electrons in

calculations performed using the model developed in Ref. 4,
2DEG at highB.*® This will lead to an increase &,.y;, and, P - P

; . . which predicts an enhancement of the energy transfer be-
correspondingly, to an increase of the measured SLR tim D 9y

) fiveen 2DEG and magnetic ions with an increase of the elec-
7sL. The second reason of the discrepancy between the ex: temperature.

periment and the theory may be in the Landau quantization |, conclude, in modulation-doped quantum wells with
of the electron spectrum of 2DEG, which is ignored in ouronEG of [ow density(n,<1.5x 10" cm2, sr<4 me\) a
model. This qugnti;ation brings 2D electron levels with dif- strong increas(areachingean order of mag,nitublef the SLR
ferent spin projections,= = 1/2 out of resonance with the 51055 found experimentally. It is evident that a new effec-
Mn Zeeman splitting, which makes the probability for elec- e mechanism of spin-lattice relaxation operates when the
tron spin-flip transitions in the ZDEG negligible. energy from Mn-ion system is first transferred to 2DEG and,
On the other hand, the formation of Landau levels shouldye, “trom 2DEG further to the lattice. Therefore, the pres-
result in a number of resonances for the SLR time at certai \~o of 2DEG significantly modifies dynamic magnetic
values ofB when the energy separation between Landau Ievbroperties of DMS heterostructures. This sensitivity provides
els (n;, s,=—1/2) and(n;, s,=+1/2) is equal to the Zee- 3 ey method of controlling the character of the spin dynam-
man splitting of Mn ions. CaICL_JIatlons, based on the knownics, such as spin-lattice and spin-spin relaxation rates, by
parameters for' the exchange interactienchange constgnt changing the density of free carriers, which is important for
for the conduction bantl,=0.22 eV and electron effective gegjgning new spintronic devices. We stress here that not
mass 0.961,™), show that two such resonances should occugy ‘the dynamics of cooling, but also the heating dynamics
atB=1.4 and 3.6 T between the pairs of Landau levels  should depend strongly on the presence of free-carrier gases.
=2, n;=0) and (nj=1, n;=0), respectively. No well- one can predict that 2D hole gas should cause even stronger
distinguished resonances were observed in the experimentgects due to stronges-d exchange coupling with the Mn

at these_fields, which, we thin_k, is due to the relatively Iargesystem_ We have preliminary experimental data confirming
broadening of Landau levels in our sample. Another type op,ig expectatiort®

the pseudoresonance may, in principle, occur when the Fermi

level is located almost in the middle between the two Landau This work is supported by the Deutsche Forschungsge-
levels with the sama and different spirs,= +1/2. Then the meinschaftgrant Nos. SFB 410 and 436 RUS 17/23/a6e
spin-flip transitions probability near the Fermi level pos- NATO Grant No. PST CLG 976858, Russian Foundation for
sesses a maximum and the SLR time may decrease at tf@ndamental Researd89-02-18276 Russian Ministry of
corresponding field strength. Actually, the dip observed exScience and Technolog$9-3011, and in Poland by Center
perimentally atB=6.25T in the sample withn,=1.5 of Excellence CELDIS established under EU Contract No.
x 10" cm™? (see Fig. 2 corresponds to filling factop=1  ICA1CT200070018. I.A.M. gratefully acknowledges the
and is consistent with this idea. However, the modeling ofVolkswagen Stiftung for enabling a stay at the khurg

the pseudoresonance assuming the Gaussian shape of Landiniversity as a visiting Roentgen Professor.
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