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Picosecond dynamics of magnetic polarons governed by energy transfer to the Zeeman reservo
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We suggest a mechanism of magnetic polaron formation in semimagnetic quantum wells in external mag-
netic fields, which is characterized by a transfer of energy from the carrier–magnetic-ions exchange reservoir
to the Zeeman reservoir. This mechanism is related to the anisotropic exchange interaction due to the spin
structure of the heavy-hole state. The polaron formation is determined by a precession of a total spin of
magnetic ions inside the exciton volume in the sum of external and exchange field and happens inside the short
time of about 10 ps. Experimentally, this mechanism manifests itself in photoluminescence spectra as an
increase of the magnetic polaron shift at magnetic fields applied parallel to the quantum-well plane.
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I. INTRODUCTION

The electronic properties of semimagnetic~diluted mag-
netic! semiconductors such as Cd12xMnxTe are determined
by the strong exchange interaction of carrier spins with
magnetic moments of magnetic ions~Mn ions!. This ex-
change interaction induces considerable changes of the
ergy spectra of free carriers at external magnetic fields
manifests itself in the giant Zeeman splitting of band sta
and in the giant Faraday rotation.1 In the absence of externa
fields it leads to a magnetic polaron formation via the fer
magnetic alignment of magnetic-ion spins inside the volu
of carrier localization.2

Compared to the nonmagnetic semiconductors, semim
netic ones have an additional system of magnetic ions, wh
couples with the carrier and phonon systems.3,4 The dynam-
ics of energy and spin relaxation of photocarriers in se
magnetic semiconductors is strongly influenced by car
interaction with the system of magnetic ions, which in tu
dissipates excess energy into the phonon system via s
lattice relaxation. The effective interaction between the c
riers and the Mn-ion system has been well documented
experiments on photoinduced magnetization, where a m
netic moment of optically oriented photocarriers is tran
ferred into the system of Mn ions.5–7 Nowadays, interest in
the mentioned effects is stimulated by the successful pre
ration of quantum-confined heterostructures based on s
magnetic semiconductors. Spin superlattices formed at ex
nal magnetic fields,8 two-dimensional magnetic polaron
560163-1829/97/56~15!/9782~7!/$10.00
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modification of the magnetic properties in quasi-tw
dimensional semimagnetic-semiconductor layers,9–11 and
subpicosecond spin dynamics of the magnetic-ions syste12

are only some examples of the new physical phenome
which became accessible for investigation.

The dynamics of spin organization in the process of ex
ton magnetic polaron formation has been studied rece
experimentally and theoretically in bulk materials and
quantum-well structures~see Refs. 10 and 13 and referenc
therein!. It is contributed by various relaxation processe
dephasing and spin relaxation of photocarriers, spin re
ation of magnetic ions, and exciton recombination, wh
limits a polaron lifetime. The hierarchy of characteristic r
laxation times contributing to the magnetic polaron form
tion has been established recently.13–16 After photogenera-
tion and localization of excitons, the polarization of th
localized Mn spins inside an exciton volume emerges in
time scale of about a hundred picoseconds. The proces
magnetic polaron formation involves both spin and ene
relaxation. In the formation process, energy and spin m
mentum of the localized spins aligned by the exciton e
change field are dissipated with a relaxation rate of ab
1010 s21. The spin-lattice relaxation rate of 104– 107 s21 is
too slow to determine the time scale of magnetic pola
formation. It has been suggested that the excess energy i
polaron formation is transferred to the spin-spin reservoir
interacting Mn spins and the conservation of spin moment
is broken by strong nonscalar spin-spin interactions.13 The
polaron formation times are such that an equilibrium pola
9782 © 1997 The American Physical Society
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56 9783PICOSECOND DYNAMICS OF MAGNETIC POLARONS . . .
energy is not always achieved during the exciton lifetim
This dynamical effect on the magnetic polaron energy
been found to be strong at structures with low M
concentrations.15

In this paper we suggest a faster mechanism for the m
netic polaron formation in semimagnetic quantum we
present at external magnetic fields, which has its origin i
transfer of the carrier–magnetic-ions exchange energy to
energy reservoir determined by interaction of localized M
spins with the external magnetic field, known as the Zeem
reservoir.17 The dynamics of magnetic polaron formation d
to this mechanism is determined by the precession of
spins polarized by external magnetic field in the sum of
ternal and exchange field, with a typical time of about 10
which is one order of magnitude shorter than the pola
formation time at zero field. This mechanism allows that
polaron in magnetic fields applied in the quantum-well~QW!
plane comes closer to the equilibrium situation during
exciton lifetime. In the following, we first present our mod
and then report the experimental data.

II. THEORY

In semimagnetic semiconductors, the exchange inte
tion of charge carriers and electrons fromd shells of mag-
netic ions is described by the Heisenberg Hamiltonian

Ĥex5a(
i

~ ĴŜi !Wi52mBgMn(
i

bi

J
~ ĴŜi !, ~1!

wherea is a parameter of the exchange interaction,Ĵ is the
operator of a carrier spin~for holes, which give dominan
contribution in the magnetic-polaron formation
Cd12xMnxTe crystals,J5 3

2!. gMn , Ŝ, andWi are theg fac-
tor, the spin ofi th magnetic ion, and the probability of find
ing the carrier at the location of this ion, respectively.bi5
2aJWi /mBgMn is the value of the mean-exchange field
the i th ion location, produced by the carrier with the max
mum average value of spin.mB is the Bohr magneton.

In addition, the magnetic-ion spins are affected by lo
fields created by adjacent magnetic ions, which are given
the Hamiltonian

Hii 5(
i , j

CabSi
aSj

b . ~2!

At low temperatures, the interaction among ionic sp
brings forth spin clustering, which results, for instance, in
decrease of the magnetic susceptibility.1 The spin-spin inter-
action also provides the effective channel of the energy
laxation for the magnetic polarons to form.13

A magnetic polaron is contributed for by a large numb
of magnetic ions inside the orbit of the localized carri
Therefore, it is convenient to consider the carrier spin wh
couples with the total spin of all these ions, that is practica
classical.18–20It is natural to define the total spin of magnet
ions as having its average given by the vectorI5S i^Si&Wi
that governs the exchange field affecting the carrier. In or
to do this, one can use the adiabatic approximation. In
particular case, one can write down the spin part of the w
function of the whole system ‘‘carrier1magnetic ions’’ as a
product of the carrier-spin wave function and the wa
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function of the ion spins: C(J,S1 ,S2 ,...)
5Fc(J,I )FMn(S1 ,S2 ,... ,̂ J&). Then, the exchange Hamil
tonian expressed by Eq.~1! can be recast in the following
equivalent form:

Ĥex5a~ IĴ !2mBgMnF(
i

bi~Ŝi^J&!

1(
i

bi@~Ŝi2^Si&!•~ Ĵ2^J&!#2(
i

bi~^Si&^J&!G .
~3!

Here^Si& and^J& are the mean values of thei th ion spin and
of the carrier spin, respectively. They are calculated by
eraging over the functionsFMn(S1 ,S2 ,... ,̂ J&) andFc(J,I ).
The first term of the Hamiltonian results in a rotation of t
carrier spin in the mean-exchange-field of the magnetic io
The second term causes a rotation of thei th ion spin in the
mean field of the rapidly revolving carrier spinJ. The third
term describes an interaction of fluctuations in the carrier-
spin system, which lead to deviations from the adiabatic
proximation. Specifically, it is responsible for the indire
exchange interaction among ions via flip-flop transitions
volving the carrier spin. Finally, the last term just allows f
the fact that the mean exchange energy in the previous te
of the Eq.~3! is counted twice: as the energy of the carr
spin in the ionic exchange field and as the energy of the i
in the exchange field of the carrier.

Within the adiabatic approximation, the dynamics of t
spin system is traced by use of a self-consistent rout
Namely, the mean value of the carrier spin,^J&, is found as a
function of the mean total spin of the magnetic ions^I (t)&.
Then, ^J& is used to calculate exchange fields produced
the carrier at each ion, thus finding out differential equatio
for all ^Si& as functions of time. Finally, an averaging ov
the ionic positions closes the loop, giving the rates of cha
ing the components of̂I (t)&.

The next step towards a more simplified, if not quite p
cise, description of the spin-system dynamics can be don
considering a precession of^I (t)& as a whole in the mean
exchange field

Bex5
^J&
J (

i
Wibi5

^J&
J

Bp

~which, in turn, depends onI !, instead of doing calculations
for each ^Si& with a consequent averaging. Here,Bp
5( iWibi is a parameter, which is equal to the mean e
change field that would affect the ions, if the carrier is co
pletely polarized. The main shortcoming of this simplest a
proach is a coherent description of the dynamics
individual spins. Actually, spins precess independently w
various frequencies, due to inhomogeneity of the excha
field. The effect of the field inhomogeneity can be a
counted for by introducing a relaxation of the components
I transversal to the mean fieldBex, which should result from
the dephasing of ionic spins. As the variance of the car
field at different ions is on the order of the mean value of t
field, the estimate of the corresponding relaxation time
close to the period of precession ofI .
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9784 56D. R. YAKOVLEV et al.
In bulk crystals with the cubic symmetry, such
Cd12xMnxTe, the mean spin of the carrier just traces t
direction ofI . Therefore,I is collinear to the exchange field
and does not precess. If, however, the symmetry is redu
~for instance, in wurtzite-type crystals, in strained cubic cr
tals, or in low-dimensional structures!, the directions ofI and
^J& may differ significantly. The difference is much mo
important for holes, than for electrons, due to the stro
spin-orbit interaction in the valence band. In particular,
quantum wells, the direction of the heavy-hole spin is go
erned by confinement and strain effects.16,19–21This property
of the hole spin in QW structures plays the dominant role
the fast energy relaxation mechanism considered in
paper.22

A. Instructive limiting case: Extreme anisotropy

In order to give a qualitative insight into the model su
gested, we consider first the demonstrative extreme cas
the magnetic polaron~MP! formed by a strongly confined
heavy hole. Assuming the splitting between the light-h
and heavy-hole states (D lh-hh) to be much more than the hol
exchange energy, we put the in-plane components of
heavy-hole spin equal to zero:Jx5Jy50. The exchange
interaction, given above by the Heisenberg Hamiltonian@see
Eq. ~1!#, now reduces to the Ising form2mBgMn(Bp /
J)(I zJz) ~in this caseBex56Bpz, wherez is a unit vector
along the normal to the QW plane!. The exchange fieldBex is
‘‘switched on’’ by the creation of a localized hole, which ca
be realized experimentally by a direct photoexcitation of
calized excitons or by localization of excitons excited no
resonantly. It is obvious that the exchange field is ‘‘switch
off’’ by an exciton recombination.

Let us consider an ensemble of magnetic ions aligne
an external fieldB and having an average spinI . After the
creation of a localized hole with the orbit covering the sp
ensemble, the average spinI is exposed to the effective field
which is the sum of exchange and external fields:BS5B
1Bex. If Bex andB are not parallel to each other, the spinI
starts to precess aroundBS ~see inset in Fig. 1!. In the fol-
lowing, we consider for simplicity the caseB'Bex, i.e.,B is
applied parallel to the quntum-well plane. In this case,
field BS is directed at the anglew to the normal to the QW
plane, withw defined by the relations cosw5Bp /ABp

21B2

and sinw5B/ABp
21B2. As a result of the precession, th

projection of I on B decreases, and its projection onBex
increases. Respectively, the Zeeman energy of magnetic
spins Ez52mBgMnBI increases, and the exchange ene
Eex52mBgMnBexI decreases. The decrease of the excha
energy corresponds to the magnetic polaron formation w
an energyEMP52Eex. This polaron formation process i
provided by the energy transfer from the exchange to
Zeeman reservoir, with the total energy of the syst
‘‘hole1magnetic ions’’ conserved.

Keeping in mind that the MP energy is determined by
projection of the average spinI on the direction of the ex-
change field, we distinguish three stages of the magnetic
laron formation at external magnetic fields applied perp
dicular to the hole exchange field.

~i! After the exchange fieldBex is switched on by photo-
generation of an exciton at the time momentt50, the
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magnetic-ion spins begin to precess with Larmor freque
vL5mBgMnBS /\ around the direction of the effective fiel
BS5B1Bex ~see inset of Fig. 1!. All spins start their preces
sion simultaneously, and at the very beginning, they mo
coherently with respect to each other. The precession of
total magnetic moment aroundBex leads to the ‘‘coherent’’
MP state with oscillating energy and with the periodic
transmission of energy between the exchange and the
man reservoirs. This initial ‘‘coherent’’ stage of th
magnetic polaron formation has been observed rece
by means of resonant Raman spectroscopy
Cd0.98Mn0.02Te/Cd0.76Mg0.24Te quantum-well structures.16

~ii ! The component of the spinI transversal to the fieldBS

relaxes within the timeT2 . The transversal relaxation tim
T2 corresponds to the dephasing time of the coherent pre
sion of all magnetic-ion spins inside the hole orbit. AfterT2
the MP reaches its stationary state with the average ion
I (BS ,t'T2) directed along the effective fieldBS .

~iii ! Further relaxation to the equilibrium MP state by a
increase of theI value up toI (BS ,t@T1) is inevitably con-
nected with energy transfer to the spin-spin reservoir or
the lattice. This process is determined by the time of lon
tudinal relaxation of the magnetic-ion spinsT1 .

Let us now estimate typical times related to the differe
stages of the MP formation. A considerable part of the M
energy is gained within the characteristic timeT05TL/4
5p/(2vL). This time can be estimated from the value
exchange fieldBex, as the effective fieldBS is not less than
Bex. Measured energies of MP’s allow us to obtain the va
of about 1 T as an estimation forBex.14 Therefore, we esti-
mateT0;10 ps. This time corresponds to the typical time
the mechanism of MP formation suggested in this paper
the strongly inhomogeneous exchange field of the hole
spread of precession frequencies is as large as a mean
of the precession frequency. Therefore, the coherence am
the magnetic-ion spins is destroyed within one period of L
mor precession, and energy oscillations are damped
within typical times of the order of the transversal relaxati

FIG. 1. Behavior of the magnetic polaron energy at exter
magnetic fieldB51.4Bp ~solid line!. Parameters used for calcula
tion Bp51 T, T250.75TL , and T155TL . Dashed-dotted line
shows the polaron formation withT1 , i.e., without account of the
mechanism. The inset displays the precession motion ofI in BS

5B1Bex.



-

M

e

an
e

a
ov
gy

ro
d-
rg

t

em
x
e

b-
tr

je

um

th

the
ion
-
ole
s

he
the
a-

in

bout

bly

ted
s-
by
ge

in
tor

aic

ag-

56 9785PICOSECOND DYNAMICS OF MAGNETIC POLARONS . . .
time T2 , which is of the same order asT0 . The longitudinal
relaxation timeT1 should be of the order of the MP forma
tion time at zero field, i.e., 100–200 ps.15,23

On that account, one can introduce two characteristic
energies gained with characteristic timesT0 andT1 , respec-
tively: ~i! Ea , gained adiabatically by the energy transf
to the Zeeman reservoir only; and~ii ! the equilibrium energy
Eeq determined by the energy transfer to the Zeeman
spin-spin reservoirs and to the lattice. We note that the Z
man reservoir has a finite capacity atBÞ0. The behavior of
the MP energy with time at an external magnetic fieldB is
shown in Fig. 1 by a solid line. It demonstrates all typic
features of the polaron formation scenario suggested ab
At B51.4Bp chosen for this example, 70% of the MP ener
is gained by the fast adiabatic process, i.e.,Ea50.7Eeq. A
dashed-dotted line given for comparison shows the pola
formation with timeT1 , when the mechanism is not consi
ered and the polaron formation is determined by the ene
transfer to the spin-spin reservoir only.

Now we are going to linkEeq andEa with parameters tha
can be measured experimentally. BothEeq and Ea are
exchange parts of the total energy of the syst
‘‘hole1magnetic ions,’’ i.e., scalar products of the hole e
change fieldBex and the magnetic moment of all ions insid
the hole orbitI . In the equilibrium case,I is determined by
the effective fieldBS ,19 so that

Eeq~B!5mBgMn@Bex•I ~B1Bex!#5mBgMnsinwI ~BS!Bex.
~4!

Taking into account that«F(B)52mBgMnI (B)Bex we get

Eeq~B!5sinw 1
2 «F~BS!, ~5!

where«F(B) is the Zeeman splitting of the heavy-hole su
levels in the magnetic field applied in the Faraday geome
(Biz). Note that«F(B) can be measured experimentally.

In order to calculate the adiabatically gained energyEa ,
one must use the value of the ionic spin equal to the pro
tion of I (B) on BS . Thus we obtain

Ea~B!5mBgMnS Bex

BS

BS
D S BS

BS
I ~B! D5mBgMncoswBpI ~B!.

~6!

Keeping in mind that in our case (Bexiz), Bex[Bp and using
the connection between«F(B) and I (B), we will get the
following expression forEa :

Ea~B!5
BpB

Bp
21B2

1

2
«F~B!. ~7!

Figure 2 depicts the dependences of the MP equilibri
energyEeq ~curve 1! and its fast adiabatic componentEa
~curve 2! on a magnetic field calculated according to Eqs.~5!
and ~7!. The experimental dependence«F(B) for
Cd0.93Mn0.07Te at a temperature of 1.6 K andBp51 T have
been used for the calculation. It is clearly seen thatEa ap-
proximatesEeq at B>2Bp , which in turn should result in the
decrease of MP formation time fromT1 down to aboutT0
with the magnetic field increase. Note that Fig. 1 shows
time evolution of MP formation corresponding toB51.4Bp
at Fig. 2.
P

r

d
e-

l
e.

n

y

-

y

c-

e

B. General case: Finite splitting of light-hole
and heavy-hole states

For the magnetic polaron formed by the heavy-hole,
model considered in the Sec. II A is the zero approximat
in the parameterh(B)5«F(B)/D lh-hh. This parameter deter
mines the mixing between the light-hole and heavy-h
states caused by a deviation of the spin of magnetic ionI
from thez axis.

In the Voigt geometry (B'z), in the lowest orders of the
perturbation theory, the shift of the center of gravity of t
spin doublet of the heavy-holes, which is analogous to
field-induced shift of the ground state of Van Vleck par
magnets, is proportional to«F(B)h(B)}B2. Spin splitting
of the heavy-hole doublet is proportional to«F(B)h2(B)
}B3.19 The effect of the fast energy transfer considered
this paper shows up most distinctly atB'Bp and the ex-
pected changes of the magnetic polaron energy are a
«F(B). Therefore, the value ofh(Bp) is an important param-
eter of the problem. Ifh(Bp)!1, the admixture of the light-
hole wave functions to the heavy-hole ones is negligi
small. In this case, the adiabatic part of MP energyEa can be
calculated by use of Eq.~7!.

However, in the situation seen in the experiments repor
below,h(Bp)<1. In this case, the evolution of the spin sy
tem in the process of MP formation is no longer limited
the precession ofI at a constant field, as the hole exchan
field Bex(I ) is no longer parallel to thez axis. The direction
and value ofBex(I ) are determined by the mean hole sp
^J&, that is found now by averaging the hole-spin opera
over the eigenfunction of the spin Hamiltonian:

Ĥ52 2
3 mBgMnBp~ IĴ !2

D lh-hh

2
Ĵz

2, ~8!

corresponding to the minimum energyE0 . HereĴa are spin
component operators of the hole withJ5 3

2 (a5x,y,z).
Therefore,E0 corresponds to the least root of an algebr
four-power equation.

FIG. 2. Magnetic polaron energies as function of external m
netic field: ~1! equilibrium MP energy;~2! a part of MP energy
gained by the energy transfer to the Zeeman reservoir;~3! modeling
of an experimental situation witht f't0 .
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9786 56D. R. YAKOVLEV et al.
The adiabatic part of the MP energy equals the differe
of E0 taken at initial and final states with the spin of ma
netic ionsI i(B) and I f(B), respectively:

Ea~B!5E0@ I i~B!#2E0@ I f~B!#; ~9!

here

I i~B!5 1
2

«F

Bp

B

B
.

For a numerical calculation ofI f(B) we use the same
assumptions as in Sec. II A.

~i! After the fast relaxation,I f(B) is oriented parallel to
the direction of the fieldB1Bex(I f) acting on it.

~ii ! Sums of the exchange and magnetic energies of
system ‘‘hole1magnetic ions’’ at the initial and the fina
states are equal:

2mBgMn~ I iB!1E0~ I i !52mBgMn~ I fB!1E0~ I f !. ~10!

Therefore, the endpoint of vectorI f belongs to the surface
given by the condition of energy conservation. The value
I f should be minimal.24 Under these conditionsI f is deter-
mined numerically from Eq.~10! and afterwordsEa(B) can
be calculated from Eq.~9!.

III. EXPERIMENT AND DISCUSSION

An idea of the experimental identification of the su
gested mechanism could be discussed on the base of F
where the equilibrium and adiabatical parts of the pola
energy are shown by solid and dashed lines, respectivel

A peculiarity of the exciton magnetic polaron is that t
time for its formation is limited by the exciton lifetime
which is about 100–200 ps in II-VI semiconductor QW’s
low temperatures.10,15,25As a result, the MP shift of the lu
minescence line taken under cw excitation (EMP

cw ) is smaller
than the equilibrium polaron energy if the polaron formati
time (t f) is equal or longer than the exciton lifetim
(t0).15,23Curves shown in Fig. 2 also reflect the depende
of the MP shift onB for structures with different values o
ratio t f /t0 : ~1! t f!t0 , in this caseEMP

cw (B) is just equal to
the equilibrium polaron energyEeq(B) ~shown by a solid
line!; ~2! t f@t0 , EMP

cw (B50)'0 and with rising field
EMP

cw (B)5Ea(B), i.e., EMP
cw (B) just reflects the part of the

MP energy formed by the fast adiabatic process~see a
dashed line!; ~3! t f't0 , this is an intermediate case betwe
~1! and ~2!. The MP shift atB50 corresponds to a part o
Eeq, but at magnetic fields the fast adiabatic process shif
rapidly towardsEeq ~see the dotted line!. It is remarkable,
that in cases~2! and ~3! the MP shift increases in externa
fields. It cannot be explained in any model that consid
equilibrium MP states only, as the magnetic susceptibi
decreases in magnetic fields. Therefore, the experimenta
servations of such an increase can document the reductio
the MP formation time fromT1 down toT0 by the in-plane
magnetic field applied.

Experiments have been performed on
Cd0.93Mn0.07Te/Cd0.64Mn0.07Mg0.29Te heterostructure with
80-, 45-, and 18-Å-thick single QW’s. The structure w
grown by molecular-beam epitaxy on~100!-oriented
e

e

f

. 2,
n

e

it

s
y
b-
of

Cd0.96Zn0.04Te substrate.26 The MP energies at external mag
netic fields andT51.6 K were determined by selective c
excitation of localized excitons.9,10 Under these excitation
conditions the nonmagnetic spectral diffusion is suppres
and the polaron energy is measured from the shift of
luminescence line with respect to the excitation energy. T
photoluminescence~PL! spectra of the 80-Å-thick QW taken
under nonselective and selective excitation are shown in
inset of Fig. 3.

At zero magnetic field the dynamics of the MP formatio
was measured from the evolution of the polaron line sh
after 5-ps excitation pulses.15,23 A streak camera with time
resolution of 15 ps was used in this experiment. The pola
shift plotted in logarithmic scale is shown in Fig. 3 by circle
together with the decay of the spectrally integrated PL in
80-Å-thick QW. For this QWt f5190 ps andt05110 ps,
which results in a strong dynamical effect on the MP ener
The equilibrium MP energy, determined as a saturation va
at longer delaysEeq(B50)5EMP(t→`,B50)58 meV, ex-
ceeds strongly the polaron shift measured under cw exc
tion EMP

cw 51.2 meV. We note here that this experimen
situation is very close to the case~2! shown in Fig. 2.

As expected, in the Faraday geometry (Biz) the MP shift
decreases effectively and is not any more measurabl
fields above 0.2 T~shown by triangles in Fig. 4!.10 At mag-
netic fields applied in the Voigt geometry (B'z) we found a
very pronounced increase of the MP shift up to 2.8 meV
B50.7 T ~see Fig. 4 and inset of Fig. 3!. We stress here tha
the increase of the MP shift in magnetic fields applied
quite an unusual appearence. It is definitely caused by
dynamical effect, namely, by a decrease oft f /t0 ratio. Ast0
is not modified by magnetic fields we associate this eff
with the reduction oft f with the magnetic-field increase. A
possible mechanism for reduction oft f is suggested in the
Sec. II of this paper. In the following we estimate its cont
bution for the 80-Å-thick QW.

In the 80-Å-thick QW a nonvanishing Zeeman splitting
exciton states at the Voigt geometry evidences that the c

FIG. 3. Magnetic polaron formation~circles! and the photolu-
minescence decay ~solid line! in an 80-Å-thick
Cd0.93Mn0.07Te/Cd0.64Mn0.07Mg0.29Te QW. The inset displays pho
toluminescence line taken under selective~solid lines! and nonse-
lective ~dotted line! cw excitation with and without magnetic field
applied perpendicular to thez axis.
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ponents of the heavy-hole spin (Jx ,Jy) are not equal to zero.
In this QW, the experimentally measured dependence«F(B)
determined from the PLE spectra is described well with t
phenomenologically modified Brillouin function with param
eters for effective spinS051.3 and effective temperature
T054.7 K.27 The value of the exchange field in the magne
polaron was found out from the experimentally determin
parameters, according to the approach suggested in Ref

Bp5
2Eeq

@d«F~B!/dB#uB50
. ~11!

For the studied QWBp amounts to 0.7 T.
In the 80-Å-thick QW the value «F(Bp50.7 T)

514 meV, which is not negligibly small in comparison wit
D lh-hh524 meV. That means that conditionh(Bp)!1 is not
satisfied and the dependenceEa(B) should be found numeri-
cally following the procedure described in the Sec. II B. Th
values of the magnetic moment at the initial state were fou
from the experimentally determined parameters:I i(B)
5«F(B)/2mBgMnBp . The result of the calculation is pre
sented by the solid line in Fig. 4. It reproduces all trends
the experimental behavior shown by closed circles. The m
netic polaron shift increases in low fields, achieves its ma
mum at about 1 T and then falls down at higher fields. Th
increase in fields below 1 T is caused by the reduction of the
magnetic polaron formation time, which allows for MP’s t

FIG. 4. Magnetic polaron shift taken under cw excitation in a
80-Å-thick Cd0.93Mn0.07Te/Cd0.64Mn0.07Mg0.29Te QW as a function
of magnetic field applied parallel~triangles! and perpendicular
~circles! to the z axis. Solid line shows the results of the mod
calculation withBp50.7 T.
he
-

tic
ed
. 14:

h

e
nd

-
of
ag-
xi-
e

o

gain a larger part of equilibrium MP energy during the p
laron lifetimet0 . It is in line with the scenario suggested i
Sec. II fort f@t0 and illustrated by the curve 2 in Fig. 2. Th
decrease of the polaron shift in magnetic fields above 1 T is
related to the suppression of the equilibrium MP energy.

We note here that all parameters for the model calculat
presented in Fig. 4 are determined experimentally. To av
introduction of additional parameters the calculation was r
for the conditiont f@t0 , i.e., the adiabatical part of the MP
energy was computed, which dominates the polaron ene
in the 80-Å-thick QW in magnetic fields above 0.3 T. W
believe that the good agreement between the experime
results and the calculated behavior of the MP energy sho
in Fig. 4 proves the adequate description of the obser
phenomenon.

A similar behavior was found for 45- and 18-Å-thic
QW’s, where the dynamical effect on the MP energy is co
siderable (t f.t0). We stress here that all structures witho
dynamical effect on the MP energy~i.e., with t f!t0 at B
50! show the monotonic decrease of the polaron energy
magnetic fields,9 which is in good agreement with the sce
nario proposed by curve 1 in Fig. 2.

In conclusion, we have suggested a mechanism of m
netic polaron formation in QW structures, which is co
trolled by the strength of external magnetic field. Th
mechanism is determined by the fast energy transfer~within
about 10 ps! from the carrier–magnetic-ions exchange res
voir to the Zeeman reservoir. The underlying physics rela
to reduced symmetry and is close to that responsible
other spin-dynamic effects observed in semimagnetic lo
dimensional structures.16,21 An unusual increase of the mag
netic polaron shift at magnetic fields applied parallel to t
quantum-well plane is observed experimentally in t
quantum-well structures with the strong dynamical effe
This behavior is modeled well by an accounting of th
mechanism. The strong reduction of the polaron format
time provided by this mechanism can affect the hierarchy
relaxation processes by moving the polaron formation ti
from the range of polaron lifetime down to the range
dephasing and spin-relaxation times of carriers. This eff
allows to scan in time by magnetic fields the spin organiz
tion process and can be used for the study of basic prope
of strongly correlated spin systems.
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