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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 semimagnetic Cd0.99Mn0.01Te/Cd0.76Mg0.24Te
quantum wells containing two-dimensional electron gas~2DEG! 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
discussed nowadays widely. Different possible concepts
the design of electronic devices using spins of the carriers
computation~instead of their charges exploited in conve
tional electronics! are under consideration. Diluted magne
semiconductor~DMS! materials combine typical semicon
ductor electronic properties with a strong enhancemen
spin-dependent phenomena. The latter originated in the
change interaction of the free carriers with localized m
netic moments of magnetic ions. DMS heterostructures o
the unique opportunity of manipulation of the carrier sp
and, therefore, are very attractive as model systems.

It was demonstrated very recently that a layer of II-
DMS, deposited on top of a GaAs-basedn-i-p light-emitting
diode, serves as an effective injector of spin-polariz
carriers.1 A prerequisite for such structures relying on ele
trical spin injection is the presence of free carriers achie
by doping of the DMS layer. However, the experimental
formation on the influence of doping and of free carriers
the dynamical magnetic properties of wide-gap DMS’s@e.g.,
~Cd, Mn!Te or ~Zn, Mn!Se# is very limited. It is known for
metals with magnetic impurities that the free carriers play
important role for spin-lattice relaxation and for ener
transfer away from magnetic ions.2 The Korringa effect and
the Knight shift are examples of the effects caused by s
interaction. Similar effects have been reported for b
narrow-gap DMS’s with a high concentration of fre
carriers.3 However, a study of these phenomena has not b
extended, to our knowledge, to wide-gap DMS’s. One c
expect that the energy and spin transfer between the sys
of the carriers, magnetic ions and phonons~i.e., the lattice!
can be modified significantly by the presence of a ba
ground of free carriers. One should also expect strong m
fications in the case of low-dimensional electron systems
alized in quantum wells, wires and dots, as the density
states in nanostructures differs qualitatively from that of
three-dimensional~3D! system.

It was reported recently that in~Cd, Mn!Te-based quan
tum wells ~QW’s! the magnetic-ion system can be substa
tially overheated by means of the interaction with hot ph
0163-1829/2001/64~15!/155205~6!/$20.00 64 1552
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tocarriers that is enhanced by the presence of a t
dimensional electron gas~2DEG!.4 This result shows that the
interaction of magnetic ions with 2DEG is quite strong a
that the modification of their spin dynamics might be ve
significant. In the present paper we explore questions h
dynamic magnetic properties of DMS QW’s, namely t
spin-lattice relaxation~SLR! rate of magnetic ions, are mod
fied by the presence of 2DEG, and how this rate depend
the electron density, electron temperature, and magnetic-
strength.

The investigated samples containing 80-Å-thi
Cd0.99Mn0.01Te/Cd0.76Mg0.24Te QW’s were grown by
molecular-beam epitaxy on~100! GaAs substrates. On
structure is nominally undoped and contains 2DEG with
density ofne563109 cm22 provided by residual impurities
The remaining structures are modulation doped in the bar
layer and contain up to 1.631011cm22 electrons. Details of
the growth procedure and of optical properties are publis
in Refs. 4–6. The samples were mounted inside a super
ducting magnet in the Faraday configuration and immer
in liquid helium (T51.6 K). Photoluminescence~PL! was
excited by the 514.5 nm line of an Ar-ion laser. The dens
of 2DEG in the QW’s was evaluated from the optical spec
on the basis of the oscillator strength of negatively charg
exciton transition and on its polarization properties~details
of the method are published in Ref. 7!.

The experimental technique that we use here to mea
SLR rate combines an injection of nonequilibrium phono
into the sample followed by an optical detection of the
duced changes via the exciton photoluminescence.8–10 Non-
equilibrium phonons were generated by a heat-pulse te
nique. A phonon generator~a 10-nm-thick constantan film!
with an area 0.530.25 mm2 was evaporated on the narro
edge of the GaAs substrate and was heated by current p
of duration ranging from 0.1 to 1ms at a repetition rate
varied from 1 kHz to 5 kHz. The pulse-power densityPh was
varied from 25 to 250 W/mm2. The phonons from the gen
erator propagate through the GaAs substrate, reaching
Cd0.99Mn0.01Te QW’s and heating there the Mn ions. In th
©2001 The American Physical Society05-1
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presence of external magnetic fields an increase of the
ion temperature causes a reduction of the giant Zeeman
of excitons DE. The time-resolved detection of Mn spi
temperature is based on monitoring the dynamical shift
the exciton PL line as shown in the inset of Fig. 1~for details
see Ref. 10!. It is important to note that our measurements
SLR dynamics are not influenced by the phonon bottlen
effect observed in bulk materials.

The different energy reservoirs, characterized by vari
corresponding temperatures and relaxation channels, in D
QW’s with 2DEG are shown schematically in Fig. 1. In th
first stage of our experiment the injected nonequilibriu
phonons heat the Mn system. The heating of Mn ions may
induced directly through interaction of Mn ions wit
phonons or indirectly, i.e., via the 2DEG that is also hea
by the same nonequilibrium phonons. The spin-lattice rel
ation process~cooling of the Mn system!, due to a direct
coupling of the Mn system and the lattice~indicated by an
open arrow!, is rather slow at low Mn concentrations. I
Cd0.99Mn0.01Te it has a characteristic time of about 100ms.10

However, the bypassing channel involving the energy re
voir of 2DEG ~filled arrows! can be a fast process becau
the spin-flip exchange scattering of electrons by the magn
ions provides an efficient energy exchange between th
two systems.4 The efficiency of the bypassing channel is co
trolled by the electron densityne . Indeed, an increased SL
rate in QW’s with 2DEG has been established in our exp
ments. In what follows we will first describe experiment
findings and, then, compare the data to model calculatio

FIG. 1. Time evolution of the phonon-induced variation of t
PL intensity~related to the variation of the Mn spin temperature! in
two Cd0.99Mn0.01Te/Cd0.76Mg0.24Te QW samples with differentne

detected on the high-energy side of PL line at 1.634 eV. Spectra
normalized to their peak intensity. The inset shows the station
exciton PL spectra~solid lines! and the spectrum in the presence
nonequilibrium phonons~dashed line! for the sample withne51.5
31011 cm22. For details see Ref. 8–10. The experiments were
ried out atT51.6 K and photoexcitation densityP570 mW/cm2.
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The dramatic acceleration of SLR in the presence
2DEG is demonstrated in Fig. 1. The phonon-induced sign
DI (t)5I (t)2I 0 @hereI 0 and I (t) are the PL intensities be
fore and after the heat pulse, respectively# measured in two
samples withne563109 cm2 and 1.531011cm22 in a mag-
netic field of 2 T are displayed in this figure. We note that t
heating of Mn spin system by the nonequilibrium phonons
quite small and changes in the giant Zeeman shift of excit
are linearly proportional to the variation of the Mn spin tem
peratureTMn . Thus we may consider the measured sig
DI (t) to be proportional to the variation ofTMn . The leading
edges ofDI (t) have a width of about 2ms, which is about
the duration of the phonon pulse reaching the QW’s.9 The
decay timestSL determined from the exponential fit ofDI (t)
represent the cooling times of Mn system and in our ca
with the phonon bottleneck absent, they are actually equa
SLR times of the Mn ions. It is clearly seen in Fig. 1 that t
cooling of the Mn system is faster in the sample with high
ne . It is found thattSL decreases from 83ms in the nomi-
nally undoped sample to 20ms in the sample with 1.5
31011cm22 electrons.

Figure 2 shows the dependence oftSL on the magnetic
field B for three values ofne measured at low-density pho
toexcitation (P570 mW/cm2). The data for ne56
3109 cm22 is in a good agreement with a dependence oftSL
in nominally undoped~Cd, Mn!Te QW samples.10 In this par-
ticular sampletSL increases in weak fields and becom
shorter when the magnetic field exceeds 1 T that is simila
results reported also in Ref. 11 for bulk~Cd, Mn!Te. The
behavior oftSL in QW’s with 2DEG shows some difference
from that in the undoped sample. Although a general beh
ior seems to be similar forne51.231010cm22 and low mag-
netic fields (B,1 T) tSL is much shorter than forne56

re
ry

r-

FIG. 2. The dependence of the SLR times on the magnetic-fi
measured ~symbols! and calculated ~solid line for ne51.2
31010 cm22 and dotted line for 1.531011 cm22! in the regime of
low-optical excitation (P570 mW/cm2) at T51.6 K. ThetSL

0 (B)
dependence is shown by a dashed line@see also Fig. 4~a!#. Inset:
SLR time as a function of electron density. The lines are guides
the eye.
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ACCELERATION OF THE SPIN-LATTICE RELAXATION . . . PHYSICAL REVIEW B64 155205
3109 cm22. Then, an increase oftSL with B is observed and
for fieldsB.2 T the values oftSL do not differ significantly
from tSL measured in the undoped sample. A further incre
of ne up to 1.531011cm22 leads to a decrease oftSL in the
whole range of magnetic-fields studied. SLR time depend
cies on the electron density are plotted in the inset of Fig
One can see thattSL the variation atB52 T is indeed much
stronger than that at the higher field of 5 T. It is interesting
note that in the sample withne51.531011cm22 the depen-
dence oftSL(B) in high fields is nonmonotonic with a repro
ducible dip atB56.25 T.

Another interesting experimental finding is a shorten
of the SLR time with an increasing density of photoexci
tion P. This is illustrated in Fig. 3 for the sample withne
51.531011cm22. One can conclude, that some addition
amount of energy supplied to the system via the photoe
tation causes a reduction oftSL . An increase of the density
of photoexcitation leads to an increase of 2DEG tempera
and also to a heating of Mn-ion system.4 A weak heating of
the lattice directly by the laser beam is also possible. In or
to determine the heating of which of the three syste
~2DEG, Mn ions or the lattice! is principally responsible for
the observed reduction oftSL , we compare the modification
of SLR time by different experimental parameters. Resu
are presented in the inset of Fig. 3 as plots oftSL vs TMn ,
where the temperature of the Mn-ion system was determ
from the energy shift of the PL line~see Refs. 8–10! under
varying experimental conditions. Three data sets~measured
at B52 T! are shown:

~i! Open diamonds corresponding to the lowest-excitat
density P515 mW/cm2, T51.6 K and for several differen
power levels of the phonon generator (Ph

FIG. 3. The dependence of the SLR time on the density
photoexcitation for two values of the magnetic-field detected i
Cd0.99Mn0.01Te/Cd0.76Mg0.24Te QW with ne51.531011 cm22. In
the inset the SLR time is plotted as a function of the temperatur
the Mn-ion systemTMn . The heating of Mn ions is realized eithe
by the optical excitation~closed triangles!, or by phonons from the
generator whose power varied from 25 to 250 W/mm2 ~open dia-
monds! or by an increase of bath temperature to 4.2 K~open circle!.
The lines are guides for the eye.
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525– 250 W/mm2). The temperature of the Mn-ion system
was determined at the maximum of the phonon pulse. I
seen thattSL does not depend on the initial degree of heat
of the Mn ions and the relatively slow cooling of Mn ion
goes with the other parameters kept constant, independe
of Ph .

~ii ! An efficient reduction oftSL is achieved when the
excitation density was increased up to 6 W/cm2 ~T51.6 K
andPh5250 W/mm2!, which is plotted in the inset of Fig. 3
by full triangles.

~iii ! We also measuredtSL at T54.2 K ~P570 mW/cm2

and Ph5250 W/mm2!. An open circle plots the result. It is
clearly seen that in this case the temperature of Mn ion
higher than that achieved at the maximum photoexcitat
density ~compare with the data shown by full triangles!.
However,tSL is not as short as atT51.6 K and at the highes
excitation densities.

Combining all these observations leads us to the con
sion that the decrease oftSL with an increase of photoexci
tation density cannot be explained simply by the increase
the lattice temperature by the laser beam. This statem
comes from the fact thattSL measured atT54.2 K andP
570 mW/cm2 is longer than atT51.6 K and high photoex-
citation density. We checked that in the studied sample w
ne51.531011cm22 under the actual experimental condition
there is no significant increase in the 2DEG density with
increase of photoexcitation power.4 We conclude, then, tha
the elevated electron temperature in the 2DEG at a h
optical excitation density is responsible for the reduction
the SLR time. In the case of the photoexcitation the tempe
ture of 2DEG may significantly exceed the temperatures
the lattice and of Mn-ion system. This conclusion is su
ported by an observation of similar 2DEG heating caused
photoexcitation in GaAs~Al, Ga!As QW’s reported recently
in Ref. 12.

For a theoretical analysis of the observed effects we
the approach developed in the recent work of Ko¨nig et al.4

The SLR time measured in the QW’s with 2DEG is govern
by two possible channels of the energy flow to and from
Mn-ion system~see the diagram in Fig. 1!. Therefore, there
are two contributions totSL the SLR time of the Mn ions
tSL

0 , caused by their direct coupling with the lattice, and t
characteristic timet̃e-Mn due to the interaction of the Mn
ions with 2DEG:

1

tSL
5

1

tSL
0 1

1

t̃e-Mn
. ~1!

For the value oftSL
0 we used in our model calculations th

SLR time measured in the nominally undoped sample, wh
t̃e-Mn was calculated using the formalism presented in R
4. From Eqs.~13! and ~24! of this paper we obtain the fol
lowing expression for the variation of the inverse tempe
ture of Mn ionsbMn51/kBTMn :

dbMn

dt U
e-Mn

52
1

uCb~B!u
]E

]t U
e-Mn

52
1

t̃e-Mn
~bMn2be!,

~2!

f
a

of
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t̃e-Mn5UCb~B!

Cb~0!
U@Te-Mn~B,«F ,be ,bMn!1Ts~«F ,be ,ts!#,

~3!

where]E/]tue-Mn is the energy flux between Mn-ion syste
and 2DEG,be51/kBTe is the inverse temperature of fre
electrons,Cb(B) is the heat capacity of magnetic ions in th
presence of a magnetic field, and«F is the Fermi energy of
2DEG. Te-Mn and TS are characteristic times calculated b
means of Eqs.~14! and ~25! of Ref. 4. We note here tha
TS}tS , wheretS—the only free parameter of the prese
model—is the spin-relaxation time of electrons. For the c
culations we taketS510210s as evaluated in Ref. 4.

Figure 4 shows the results of model calculations of
magnetic-field dependence of the SLR time. In Fig. 4~a! the
function tSL

0 (B) is evaluated as the interpolation of expe
mental data for the undoped sample~open circles show ou
data and full circle is a data point atB50 T from Ref. 11!.
The field dependenciest̃e-Mn(B) calculated from Eq.~3! for
different electron densities are plotted in Fig. 4b. Fina
tSL(B) calculated using Eq.~1! is shown in Fig. 4~c!. The

FIG. 4. Model calculations of the SLR time as a function of t
magnetic field using the approach of Ref. 4.~a! tSL

0 (B) dependence
~dashed line! is taken to be given by an interpolation of the expe
mental data for the undoped sample from this paper~open circles!
and from Ref. 11~full circle!. ~b! t̃e2Mn(B) dependencies calcu
lated from Eq. ~3! for different electron densities.~c! tSL(B)
51/@1/tSL

0 11/t̃e2Mn# for different electron densities. The dashe
line again showstSL

0 (B).
15520
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results in this plot can be directly compared with the expe
mental data. Analyzing the results of Fig. 4 one observes
for ne,731010cm22 tSL at low fields (B,1 – 2 T) is domi-
nated byte-Mn(B), but at high fields it is determined by th
tSL

0 (B) dependence. The situation is different forne>7
31010cm22, where t̃e-Mn yields the main contribution to
tSL in the whole range of the magnetic fields.

To compare the experimental results with calculations
have plotted the calculated dependenciestSL(B) for undoped
sample~fitted curve given by the dashed line! as well as for
ne51.231010cm22 andne51.531011cm22 in Fig. 2 ~solid
and dotted lines, respectively!. First it is important to men-
tion that at lowB50.25 T we have a reasonable agreem
in the absolute values of the measuredtSL with the calcu-
lated values for the correspondingne . This strongly supports
our main idea of the SLR of Mn ions via the interaction wi
the 2DEG.

It is seen in Fig. 2 that the theoretical dependencies
tSL(B) differ very much for different values ofne . For rela-
tively low-electron concentration (ne51.231010cm22) a
rapid increase oftSL with B is observed and then, for highe
B, tSL follows the SLR time in an undoped sample~see the
solid curve in Fig. 2!. Qualitatively this is explained by the
fact that for this electron concentration the Fermi level
very low («F50.3 meV). The giant Zeeman splitting of th
conduction band, caused by the exchange interaction of
electrons with magnetic ions, is equal toEZ,el5mBgeffB. Due
to the large value of effectiveg factor (geff;50) the splitting
EZ,el exceeds«F even in relatively small magnetic fields. A
a result, only the lower-spin subband of electrons withsz5
21/2 is occupied, while the upper subband withsz511/2 is
empty as its energy significantly exceeding the Zeeman s
ting of Mn ions EZ,Mn5mBgMnB (gMn52). This is sche-
matically shown in Fig. 5~a!. Thus, the energy transfer from
Mn ions to the 2DEG becomes almost impossible at h
magnetic fields, when the giant Zeeman splittingEZ,el essen-
tially exceeds«F . Such behavior is in qualitative agreeme
with the experimental findings~Fig. 2!.

However, the experimentally observed increase oftSL
with magnetic field is not as rapid as the one predicted th
retically. The reason for this behavior may be that the den
of 2DEG is not uniform and it actually fluctuates in the pla
of the QW. Analyzing the oscillator strength of trion res
nance in reflection experiments we evaluate the mean den
of 2DEG.7 However, in the present, nonequilibrium phono

FIG. 5. Schematic energy diagram illustrating spin-flip tran
tions in the presence of a magnetic fieldB: ~a! spin-flip transitions
are not allowed at lowne because of energy conservation;~b! the
number of possible transitions increases with an increase ofB when
ne is sufficiently high.
5-4
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experiments, the measured PL signals come mainly from
spatial regions with a maximum electron density. These
gions are heated more effectively by nonequilibriu
phonons because of a stronger coupling between pho
and the Mn system via the electron gas~see the diagram in
Fig. 1!. Correspondingly these regions have a minimumtSL .
Thus the experimentally measured curve shown in Fig. 2
ne51.231010cm22 should be compared with the theoretic
curve for some higher effectivene , which yields a better
agreement between the model and the experiment.

The theory predicts also a different behavior for highne
51.531011cm22 ~dotted curve in Fig. 2!, which corre-
sponds to a degenerate Fermi gas («F53.5 meV). The cal-
culated value oftSL decreases with increasing magne
field. Qualitatively this may be explained by an increase
the number of ‘‘active’’ electrons near the Fermi level th
participate in the Mn↔e energy transfer while the Zeema
splitting of Mn ions increases~Fig. 5b!. However, such a
rapid decrease oftSL with B is not observed experimentally
The discrepancy between the field dependence oftSL mea-
sured in the experiments~Fig. 2! and the calculations fo
ne51.531011cm22 may be due to two reasons that are n
taken into account by the model. The first reason is a p
sible increase of the spin-relaxation timetS of electrons in
2DEG at highB.13 This will lead to an increase oft̃e-Mn and,
correspondingly, to an increase of the measured SLR t
tSL . The second reason of the discrepancy between the
periment and the theory may be in the Landau quantiza
of the electron spectrum of 2DEG, which is ignored in o
model. This quantization brings 2D electron levels with d
ferent spin projectionssz561/2 out of resonance with th
Mn Zeeman splitting, which makes the probability for ele
tron spin-flip transitions in the 2DEG negligible.

On the other hand, the formation of Landau levels sho
result in a number of resonances for the SLR time at cer
values ofB when the energy separation between Landau
els ~ni , sz521/2! and ~nj , sz511/2! is equal to the Zee-
man splitting of Mn ions. Calculations, based on the kno
parameters for the exchange interaction~exchange constan
for the conduction bandN0a50.22 eV and electron effective
mass 0.96m0

14!, show that two such resonances should oc
at B51.4 and 3.6 T between the pairs of Landau levels~ni
52, nj50! and ~ni51, nj50!, respectively. No well-
distinguished resonances were observed in the experim
at these fields, which, we think, is due to the relatively la
broadening of Landau levels in our sample. Another type
the pseudoresonance may, in principle, occur when the F
level is located almost in the middle between the two Land
levels with the samen and different spinsz561/2. Then the
spin-flip transitions probability near the Fermi level po
sesses a maximum and the SLR time may decrease a
corresponding field strength. Actually, the dip observed
perimentally at B56.25 T in the sample withne51.5
31011cm22 ~see Fig. 2! corresponds to filling factorv51
and is consistent with this idea. However, the modeling
the pseudoresonance assuming the Gaussian shape of L
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levels does not give us a good quantitative agreement w
the measured width and depth of the observed dip. We m
speculate that this disagreement is due to a higher densi
localized ‘‘tail’’ states of the Landau levels, than it is give
by the Gaussian distribution used in our estimations.

Let us now turn to the experimental dependence of
SLR time on the excitation density shown in Fig. 3. It m
be qualitatively explained by an increase of the electron te
perature in 2DEG. The heating of 2DEG at elevated exc
tion densities has been studied in Ref. 4. An acceleration
the energy transfer rate between 2DEG and magnetic
with increasing electron temperature is expected to occu
degenerate 2DEG. In such case, an increase of the the
energy kBTe leads to a smearing of the Fermi edge an
correspondingly, to an increase of the number of electr
that participate in the spin-flip transitions. This argument
valid provided that the thermal energykBTe is smaller than
2DEG Fermi energy. The number of electrons, which
active in the spin-flip transitions, is proportional tokBTe .
Then, 50% decrease oftSL observed experimentally~Fig. 3!
means that the electron temperature is twice higher than
lattice temperature and thusTe54 K for P56 W/cm2. This
explanation and the estimated value ofTe are supported by
calculations performed using the model developed in Ref
which predicts an enhancement of the energy transfer
tween 2DEG and magnetic ions with an increase of the e
tron temperature.

To conclude, in modulation-doped quantum wells w
2DEG of low density~ne<1.531011cm22, «F,4 meV! a
strong increase~reaching an order of magnitude! of the SLR
rates is found experimentally. It is evident that a new effe
tive mechanism of spin-lattice relaxation operates when
energy from Mn-ion system is first transferred to 2DEG an
then, from 2DEG further to the lattice. Therefore, the pre
ence of 2DEG significantly modifies dynamic magne
properties of DMS heterostructures. This sensitivity provid
a new method of controlling the character of the spin dyna
ics, such as spin-lattice and spin-spin relaxation rates,
changing the density of free carriers, which is important
designing new spintronic devices. We stress here that
only the dynamics of cooling, but also the heating dynam
should depend strongly on the presence of free-carrier ga
One can predict that 2D hole gas should cause even stro
effects due to strongerp-d exchange coupling with the Mn
system. We have preliminary experimental data confirm
this expectation.15
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meinschaft~grant Nos. SFB 410 and 436 RUS 17/23/00!, the
NATO Grant No. PST CLG 976858, Russian Foundation
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of Excellence CELDIS established under EU Contract N
ICA1CT200070018. I.A.M. gratefully acknowledges th
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