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Stability of the self-trapped exciton magnetic polaron in diluted magnetic semiconductors:
Cd1ÀxMn xTe

Masakatsu Umehara
Advanced Material Laboratory, National Institute for Materials Science, 1-1 Namiki, Tsukuba, Ibaraki, 305-0044, Japan

~Received 2 July 2002; published 9 January 2003!

The self-trapped exciton magnetic polaron~ST-EXMP! in diluted magnetic semiconductors~DMS’s! has
been the subject of intensive investigations related to the observedL2 photoluminescence during the past two
decades, although the stability seems still in controversy. In this paper we have studied the stability condition
for ST-EXMP theoretically: we applied the molecular-field approximation to begin with, and then incorporated
the effects of the thermodynamic fluctuations of magnetization. The calculation suggests that the exciton
magnetic polaron~EXMP! in Cd12xMnxTe (x50.05– 0.2) is not self-trapped except at quite low temperatures
below ;1 K, but the other primary localization mechanisms, for example, alloy potential fluctuations, are
necessary for the localization at the temperatures above;1 K. This conclusion is different from a recent
theoretical report@J. Appl. Phys.81, 6297~1997!# that the ST-EXMP in DMS’s is stable up to relatively high
temperatures (T<30 K) over a wide range of Mn concentrations without any other primary localization. The
reason for this difference is clarified. It is also discussed briefly that when the higher-ordersp-d exchange
interaction is taken into account, the ST-EXMP in DMS’s may become more unstable than that studied in the
present paper.

DOI: 10.1103/PhysRevB.67.035201 PACS number~s!: 75.50.Pp, 78.55.Cr
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I. INTRODUCTION

In the last few years, a large number of publications ha
been devoted to study the physics of diluted magnetic se
conductors~DMS’s!,1 in which a part of cations is randoml
replaced by transition-metal ions with localized magne
moments such as the ternary alloy Cd12xMnxTe. The local
magnetic moments of Mn21 ions strongly interact with the
electrons or holes in the conduction and valence bands,
ducing a variety of substantial phenomena in optical p
cesses, such as the giant Zeeman splitting,2 the large Faraday
rotation,3 and the formation of so-called exciton magne
polarons ~EXMP’s!.4 Among them, the possibility of the
photoinduced self-trapped exciton magnetic polaron~ST-
EXMP!, particularly in Cd12xMnxTe, has attracted signifi
cant interest related to the observedL2 photoluminescence
line during the last two decades;4–11 the L2 line shows the
Gaussian shape in low temperatures and thus suggests
calization of the exciton. In 1983, Golnik, Ginter, and Ga4

discussed the following possible mechanisms: one is the
calization by alloy potential fluctuations~APF’s!, inherent to
the mixed crystals, and the other is a magnetic localizatio
excitons. Even in the latter case, two mechanisms have b
suggested: the localization by thermodynamic fluctuation
magnetization and the localization as ST-EXMP’s.

Previously, the concept of the magnetic polaron was
veloped through the study of the optical, magnetic, and tra
port properties in Eu chalcogeneides (EuX, X5O, S, Se, and
Te!.12–17 The stability of the self-trapped magnetic polar
~ST-MP! in EuX, in which the excess carrier is a 5d conduc-
tion electron and the localized spins arise from 4f electrons,
has been also investigated; the revealed stability condit
however, is rather severe. In ferromagnetic semiconduc
such as EuO and EuS, the ST-MP may be stable at or
near the Curie temperature since the susceptibility of the
0163-1829/2003/67~3!/035201~11!/$20.00 67 0352
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romagnetic material diverges there; however, it can exist
only several degrees around the Curie temperature.13 For a
metamagnetic semiconductor such as EuSe, or an antife
magnetic semiconductor such as EuTe, the possibility ar
that the ST-MP can stably exist at the vicinity of the absol
zero temperature. In the case of EuSe, there is the hope
existence due to the unique characteristics of the interac
between the localized 4f spins.14 In EuTe, however, there
seems little possibility.15,16 Up to now, there has been n
conclusive proof for the existence of the ST-MP in EuX from
experimental studies. On the other hand, the photoindu
localized magnetic polarons in EuX were realized.17–19 Re-
cently, the temperature dependence of the spatial exten
the localized magnetic polaron for EuS, EuSe, and EuTe
been deduced20 from an analysis of the luminescence data18

Let us now return to DMS’s. In DMS’s, several autho
studied the possibility of the ST-MP by the valence ho
theoretically using the molecular-field approximation~MFA!,
and reported that the ST-MP in Cd12xMnxTe can exist only
at temperatures below about 1–3 K.21,22 This may exclude
the existence of the ST-EXMP above 1–3 K since the
change interaction between the conduction electron and
calized spins is relatively weak. On the experimental side,
the transient luminescence technique, the time evolution
the exciton localization has been studied; the EXMP loc
ization energy can, however, hardly be distinguished fr
the energy by APF’s, since both contribute to the localizat
with the same time scale. Takeyamaet al.,10,11however, took
up the challenge to separate both contributions; they fo
that the energy shift of theL2 peak above 20 K is insensitiv
to the temperature, while below 20 K the shift increases dr
tically with deceasing temperature for the sample withx
50.12. They considered the temperature-independent
above 20 K as a contribution from APF localization, and t
temperature-sensitive shift below 20 K as a localization
©2003 The American Physical Society01-1
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the EXMP. Furthermore, comparing with the magnitude
both localization energies, they suggested that the APF’s
not necessarily the primary mechanism for the localization
the EXMP. Up to that time, theoretical studies by MFA ga
negative answers for the existence of the ST-MP or
EXMP at such relatively high temperatures as mention
above. Then, taking account of the thermodynamic fluct
tions of magnetization as well as the attractive Coulomb
teraction between the electron and the hole, Miao, Stir
and Hagston23 first studied the self-trapping of the EXM
theoretically by employing reasonable values for the mate
parameters: they found that the ST-EXMP in Cd12xMnxTe is
stable up to relatively high temperatures (T<30 K) over a
wide range of Mn concentrations without any other prima
localization, e.g., APF’s. They demonstrated that the ca
lated features are consistent with the experimental data
ported by Takeyamaet al.10,11 Then, in that case, the que
tion arises about what makes the ST-EXMP in DMS’s
stabilized.

In this paper, we also study the stability of the ST-EXM
in DMS’s, taking account of the thermodynamic fluctuatio
of magnetization under these circumstances. We will sh
that the ST-EXMP in Cd12xMnxTe (x50.05– 0.2) is rarely
realized except at quite low temperatures below;1 K, but
the other primary localization mechanisms, for examp
APF’s, are necessary for the localization above;1 K, con-
trary to the findings of Miao, Stirner, and Hagston.23 The
present paper is organized as follows. The model and
calculated results are given in Sec. II: The molecular-fi
calculation is performed in Sec. II A, and the thermodynam
fluctuations of magnetization are incorporated in Sec. I
The conclusion and the several discussions for the stab
of the ST-EXMP are given in Sec. III on the basis of t
calculation in Sec. II. We also discuss why the conclusion
the stability obtained by the present work is different fro
that by Miao, Stirner, and Hagston. A brief report of th
study has been published in Ref. 24.

II. MODEL AND CALCULATION

Let us consider an electron in the conduction bands an
hole in the valence bands interacting each other through
attractive Coulomb force and also interacting with localiz
Mn spins embedded in Cd sites by thesp-dexchange inter-
action. Then we start from the following mode
Hamiltonian,23

H52
\2

2me*
¹e

22
\2

2mh*
¹h

22
e2

«ure2rhu

2I e(
i

~se! iSi pi2I h(
i

~sh! iSi pi , ~2.1!

whereme* (mh* ) is the effective mass for electron~hole! in
the conduction~valence! bands,re (rh) is the position vector
for electron~hole!, « is the dielectric constant of the crysta
and I e (I h) is the constant for thes(p)-d exchange interac
tion defined by

I e5 1
2 N0a, I h5 1

2 N0b ~2.2!
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with the number of cations per unit volumeN0 . Further-
more,a ~b! is the coupling constant for the exchange inte
action between electron~hole! and localized Mn spins, and
se (sh) is the operator for the electron~hole! spin. The
localized Mn spinSi is produced by substitution of the C
ion by a Mn ion:pi51.0 when the sitei is occupied by the
Mn ion with S5 5

2 ; otherwisepi50.0. In the ST-EXMP, the
localized Mn spins within the EXMP are highly polarized b
thesp-dexchange interaction and the microscopic ferrom
netic cluster may be established in the paramagnetic
dium; the exciton can be self-trapped in this self-induc
potential well of the ferromagnetic cluster under certain co
ditions. Whether such a state stably occurs or not in DM
is the main subject of the present paper.

In DMS’s, the electron~or hole! spin is assumed to be
directed in one direction within the spatial extent of t
EXMP, because of a small number of the magnetic ions
addition to no magnetic ordering. Thus, in calculating t
expectation value of thesp-d exchange interaction in Eq
~2.1!, the part of the direction of the electron~hole! spin can
be separable from the spatial integration as below thro
neglecting the spatial disorder of Mn ions,25–27

^Hex&52se•I exeffE E uf~re ,rh!u2S~re!dredrh

2sh•I hxeffE E uf~re ,rh!u2S~rh!drhdre ~2.3a!

52se•De2sh•Dh , ~2.3b!

wherexeff is the effective Mn concentration explained in Ap
pendix A, andDe andDh , defined by

De5I exeffE E uf~re ,rh!u2S~re!dredrh , ~2.4a!

Dh5I hxeffE E uf~re ,rh!u2S~rh!drhdre , ~2.4b!

are, respectively, so called the spin-splitting vector for
electron and hole.

In the usual MFA, the electron or hole spin is approx
mated to interact with the thermal average of the each s
splitting vector:^De&T or ^Dh&T . However, since the local
ized Mn spins are strongly fluctuated even at lo
temperatures in DMS’s and the number of Mn ions with
the EXMP is finite, the deviation ofDe or Dh from each
thermal average becomes large for both the direction and
magnitude; the effect of the thermodynamic fluctuations m
become relatively large, particularly at high temperatures

In this paper, then, we first study by the usual MFA a
then incorporate the effect of the thermodynamic fluctuatio
of magnetization. Miao, Stirner, and Hagston23 took into ac-
count the fluctuations of magnetization using the meth
proposed by Warnock and Wolff26 ~WW!; thus, they consid-
ered only thep-d exchange interaction between the hole a
the Mn spins, since the WW method is applicable to only o
carrier system. In the present paper, the thermodynamic fl
1-2
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STABILITY OF THE SELF-TRAPPED EXCITON . . . PHYSICAL REVIEW B67, 035201 ~2003!
tuations of magnetization are taken into account by exte
ing the fluctuating molecular-field method proposed for
bound magnetic polaron~BMP!27 to the case of the EXMP
Thus the fluctuations are considered for both spin freedo
of electron and hole.

The following approximations are adopted:~i! the effect
of APF’s is not taken into account, since the localization d
to the purely magnetic origin is studied in this paper.~ii ! For
the reference system to ST-EXMP, which is another solut
of Hamiltonian Eq.~2.1!, the free-exciton state, where th
exciton is in motion through the crystal and the localized M
spins are randomly fluctuated, is considered.~iii ! For ST-
EXMP, the electron-hole pair type, which is a Hartree-ty
wave function

f~re ,rh!5we~re! wh~rh! ~2.5!

is used, wherewe(re) is assumed to be the 1s hydrogen-type
wave function with the effective Bohr radiusae :

we~re!5
1

Apae
3

expS 2
r e

ae
D , ~2.6!

andwh(rh) is the same type of the wave function withah .
With these approximations, the following two cases fo

Mn concentration ofx50.1 are mainly studied:~a! mh* /me

51.25, N0b521000 meV. ~b! mh* /me50.81,28 N0b
52880 meV.29 Hereme is the free-electron mass. For oth
material parameters, the following experimental values
employed: me* /me50.096,28 N0a5220 meV,29 and «
510.6~Ref. 30!; furthermore,xeff50.039 andQ53.84 K for
x50.1.29 Q is the phenomenological fitting parameter for
interaction between Mn ions as mentioned in Appendix A;
the case forQ50 K is also studied for comparison. Th
values of the parameters for the valence hole in case~a! are
larger than those in case~b! obtained by the experimen
Then, case~a! is favorable to ST-EXMP than case~b!, while
the case~b! may be closely relevant to Cd12xMnxTe. Even in
case~b!, the ~heavy! hole mass is a little bit larger than tha
usually reported:mh* /me50.6.28 This is because the hol
mass in case~b! includes the effect of the LO-phono
interaction.28

After the calculation of the ST-EXMP, the stabilizatio
free energy is calculated as the difference of the free ene
between the ST-EXMP and the free exciton state:

FS52~FST-EXMP2F free exciton!. ~2.7!

We define the ST-EXMP to be stable compared with fr
exciton state when the stabilization free energy,FS , is posi-
tive.

A. Molecular-field approximation

To begin with, we start from the usual MFA. In the MFA
the electron and hole spins interact with the thermal aver
of each spin-splitting vector, that is, the thermal average
the magnetization of the localized spinsM (r )
5^Sz(r )&T /S, wherez is the mean-field axis. Sincea.0
andb,0, the mean-field polaron ground state is the dou
degenerate electron-hole spin singlet,31 which is the state jus
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after the photoexcitation. Then, in the case when the elec
spin,se , is directed to the1z direction, the hole spin,sh ,
is directed to the2z direction, and vice versa. The fre
energy for ST-EXMP in this case may be given as

FST-EXMP„we~r !,wh~r !,M ~r !…

52
\2

2me*
E we* ~re!¹

2we~re!dre

2
\2

2mh*
E wh* ~rh!¹2wh~rh!drh

2
e2

« E E uwe~re!u2uwh~rh!u2

ure2rhu
dredrh

2kT lnH 2 coshS De

kTD J
2kT lnH 2 coshS Dh

kTD J 2
kT

Vp
xeffE G„M ~r !…dr . ~2.8!

In Eq. ~2.8!, the first and second terms are the localizati
energies for electron and hole, the third term is the attrac
Coulomb interaction energy between electron and hole,
fourth and fifth terms are the free energy due to thesp-d
exchange interaction for electron and hole, respectively,
the last term is the entropy for the localized spins by MF
Vp is the volume per cation,k is the Boltzman constant, an
T is the temperature. The magnetizationM (r ) is given by
M (r )5BS„h(r )…, whereBS„h(r )… is the Brillouin function
with the molecular fieldh(r ) given by

k~T1Q!h~r !

5VpH I eSuwe~r !u2 tanhS De

kTD1I hSuwh~r !u2 tanhS Dh

kTD J .

~2.9!

HereQ is the parameter for an interaction between Mn io
determined from experiment~see Appendix A!. For the
electron-hole spin singlet ST-EXMP, both the molecu
fields from the electron and the hole polarize the localiz
Mn spins cooperatively. Using the variation method, the f
energy for ST-EXMP, Eq.~2.8!, is minimized with respect to
ae andah afterM (r ) was obtained as a function ofae andah
through Eq.~2.9!.

On the other hand, the free energy for the free-exci
state is obtained as

F free exciton52
e4

2«2\2 S 1

me*
1

1

mh*
D 21

22kT ln 22xeffN0kT ln~2S11!. ~2.10!

The first term in Eq.~2.10! is the binding energy due to th
relative motion of electron and hole, the second is the
tropy for both electron and hole spins, and the third term
the entropy for localized spins. The kinetic energy of t
1-3
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center-of-mass motion is taken as zero since the bottom
the exciton band is considered. Thesp-d exchange interac
tion energy for the free-exciton state is zero within the fir
order perturbation of the interaction.

We first study the cases~a! and ~b! with Q53.84 K at 2
K: for comparison, the case withQ50 K is also studied. The
calculation shows that the stabilization free energyFS for
case~a! with Q53.84 K is 6.74 meV, while that for case~b!
with Q53.84 K is 22.37 meV; the ST-EXMP in case~a!
with Q53.84 K is, thus, stable at 2 K compared to the free
exciton state, while the free-exciton state is stable at 2 K for
case~b! with Q53.84 K. To examine the stability for othe
choices of the material parameters, we perform the sa
calculation for several sets ofmh* and N0b; the results are
shown in Fig. 1 as a map ofFS at T52 K for Q53.84 K. It
is seen that in the case usually accepted for Cd12xMnxTe,
mh* /me50.6 and N0b52880 meV, the ST-EXMP is no
stable at 2 K; the ST-EXMP becomes stable when the
lowing approximate inequality is satisfied:mh* /me

.20.0017uN0bu12.5, where the unit ofN0b is taken as
meV. The ST-EXMP states calculated at 2 K for cases~a! and
~b! are shown in Figs. 2~a! and 2~b!, respectively. For case
~a! with Q53.84 K, the localized Mn spins within;10 Å
from the trapped center are aligned ferromagnetically w
almost saturated magnetizations, and furthermore the lo
ized Mn spins situated between 10 and 15 Å are highly
larized; in this ferromagnetic microregion with the substa
tial polarization of localized Mn spins, the hole wav
function is strongly bound withah514.4 Å, while the elec-
tron wave function is quite loosely bound withae564 Å;
the self-trapping is, thus, caused by the hole localization
to the strongp-d exchange interaction together with the re
tively largemh* . Similar characteristics are seen for case~b!.
The ST-EXMP state withQ50 K is also shown in Fig. 2 for
cases~a! and ~b! for comparison; the induced ferromagne
microregion with almost saturated magnetization consid
ably enlarges compared with that forQ53.84 K, while the

FIG. 1. Map of the stabilization free energyFS for the ST-
EXMP obtained by the MFA is given by varying the hole massmh*
and thep-d exchange interaction,N0b. This is the case for the
Mn21 concentration ofx50.1, the temperature of 2 K, andQ
53.84 K. FS is classified by the blocks with several patterns.
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extent of the hole and the electron wave function is lit
changed. Both the ST-EXMP’s withQ50 and 3.84 K for
case~a! shown in Fig. 2~a! are stable. On the other hand, th
ST-EXMP for case~b! with Q50 K shown in Fig. 2~b! is
stable, while that for case~b! with Q53.84 K is unstable.

The temperature dependence of the stabilization ene
FS calculated by MFA is shown in Fig. 3 by the thin soli
line for Q50 K, and by the thin broken line forQ
53.84 K: we see that the ST-EXMP for case~a! is stable up
to Tc55.2 K for Q53.84 K and Tc56.2 K for Q50 K,
while that for case~b! is stable up toTc51 K for Q
53.84 K andTc52.4 K for Q50 K. Here,Tc is the critical
temperature below which the ST-EXMP is stable. Note t
the case forQ50 K is purely paramagnetic; in this case th
ST-EXMP becomes surely stable asT approaches to zero
since the susceptibility diverges atT50 K.

We further calculate the Mn21 concentration dependenc
of the stabilization free energy,FS , for case~a! at 2 K and
show in Fig. 4 together with the concentration dependenc
the Stokes shift, which is defined by the energy differen
between the absorption and the emission. For this calc
tion, the Mn concentration dependence of bothxeff and Q,
discussed in the last paragraph of Appendix A, was used.

FIG. 2. The state of the ST-EXMP at 2 K calculated by the MF
is shown forx50.1 as a function of the distance from the trapp
center.~a! is for case~a!, while ~b! is for case~b!. The hole and
electron wave functions are shown with the scale on the left-h
side y axis, while the magnetization of the localized Mn spins
shown with the scale on the right-hand sidey axis. The solid line is
for Q53.84 K, while the broken line is forQ50 K. The figure
shows the state withinr 550 Å; the actual calculation is performe
within r 5160 Å.
1-4
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STABILITY OF THE SELF-TRAPPED EXCITON . . . PHYSICAL REVIEW B67, 035201 ~2003!
see that the existence of the minimum concentration
Mn21 ions for the stable ST-EXMP. We also see a cons
tency between the experiment10,11 and the calculation for the
Mn21 concentration dependence of the Stokes shift. T
consistency may suggest the existence of a localized EX
after the photoabsorption even if the ST-EXMP is not stab

B. Effect of thermodynamic fluctuations of magnetization

In Sec. II A, we have studied the stability of ST-EXMP b
MFA. Judging from the calculation for case~b!, which is
closely relevant to Cd12xMnxTe, we conclude that the ST
EXMP in Cd12xMnxTe atx50.1 may be stable at low tem
peratures below 1 K for Q53.84 K and below 2.4 K forQ
50 K. This conclusion seems consistent with the previo
stability study on the self-trapped hole in DMS’s,21,22 since
the s-d exchange interaction between the electron and
localized Mn21 spins is fairly weak. The high critical tem

FIG. 3. The temperature dependence of the stabilization
energyFS is shown forx50.1 for the cases with and without th
thermodynamic fluctuations of magnetization.~a! is for case~a!,
while ~b! is for case~b!. The result from the MFA is shown by th
thin solid or broken line, while that with the fluctuations of magn
tization is shown by the thick solid or broken line. The closed
opencircle is for Q50 K, while the closed or opensquareis for
Q53.84 K. The ST-EXMP is stable for positiveFS . In ~b!, FS

calculated by the WW method forQ50 K is also shown by the
mark D for comparison.
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perature Tc as reported in Ref. 23, namely, 30 K fo
Cd12xMnxTe or 90 K for Cd12xMnxSe, is never obtained by
the MFA. Then, does the thermodynamic fluctuations
magnetization drastically improve the stability of ST-EXMP
In Sec. II B, we thus incorporate the effects of the therm
dynamic fluctuations of magnetization.

For the BMP in DMS’s, a degree of localized spin alig
ment around the donor is caused not only by the molec
field produced by the donor electron spin but also by
thermodynamic fluctuation of magnetization.25–27 This has
been clearly confirmed by the comparison between exp
ment and calculation.32 Even in the ST-EXMP, the thermo
dynamic fluctuations of magnetization may assist the loc
ization of EXMP. By extending the fluctuating molecula
field method for the BMP27 to the case for EXMP, the sum
over states33 for the EXMP with the thermodynamic fluctua
tions of magnetization may be given by

Z5E E expF2
1

kT
F„T,De ,Dh ;@M ~r !#…GdDedDh ,

~2.11!

whereF„T,De ,Dh ;@M (r )#… is the free energy from the MFA
given by Eq.~2.8!. M ~r ! in Eq. ~2.11!, however, means one
of the possible space profiles of the magnetization for loc
ized Mn21 spins, which produces one of the possible sets
De andDh through Eq.~2.4!: the thermodynamic fluctuation
of M ~r ! thus produces the fluctuation ofDe and Dh . The
electron and the hole lower the energy by aligning their s
direction to the direction of instantaneousDe and Dh , re-
spectively, but not the direction of the thermal average ofDe
andDh , since the motion of the electron and the hole spin
fairly faster than that of the localized spins. The integrati
in Eq. ~2.11! should be taken over, in principle, all possib
values and directions of the macroscopic order paramete
De andDh . A sampling method for possible profiles ofM ~r !
is given in Appendix B. OnceZ is obtained, the stabilization
free energy for ST-EXMP,FS , with the thermodynamic fluc-
tuations of magnetization may be given by

e

r

FIG. 4. The Mn concentration dependence of the stabilizat
free energyFS calculated by the MFA at 2 K is shown for case~a!,
together with the Stokes shift~SS!. FS is shown by the solid line,
while SS by the broken line.
1-5
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FS„ae ,ah ,j~T!…

52F2kT lnE E expH 2
1

kT
FST-EXMP~De ,Dh!J

3dDedDh1kT ln

3E E expH 2
1

kT
F free exciton~De ,Dh!J dDedDhG ,

~2.12!

whereFST-EXMP is the free energy for EXMP by the MFA fo
one of the possible sets ofDe andDh , andF free excitonis the
free energy for the free-exciton state including the entro
term due to the fluctuation of the localized spins. Furth
more, ae and ah are, respectively, the variation paramete
for the electron and the hole, andj(T) is also a variation
parameter27 associated with the fluctuation of magnetizati
~see also Appendix B!. The trace of the spin for the electro
and the hole has been evaluated inFST-EXMP andF free exciton,
as is shown in Eqs.~2.8! and ~2.10!. It is worth mentioning
that for the free-exciton state, the gain of thesp-dexchange
interaction by the effect of the thermal fluctuations incorp
rated in the present study averages out to zero since the
exciton state spreads over a macroscopic volume.25,27 We
obtain both the ST-EXMP state andFS with the fluctuations
of magnetization by following two methods: one is th
method of maximizingFS , Eq. ~2.12!, directly with respect
to ae , ah , andj(T). The other is similar to that used in Re
27: we obtainae , ah , and j(T) by minimizing the free
energy of ST-EXMP with the thermodynamic fluctuations
magnetization, namely, by maximizing the first term on t
right-hand side of Eq.~2.12!, and then calculate Eq.~2.12!
with the sameae , ah , andj(T). Both methods should give
the same result in the rigorous calculation. Even in
present approximation, however, we confirmed that b
methods give the nearly same result for the tempera
range shown in Fig. 3; in this paper, thus, we show the
sults by the former method. In the actual calculation, we fi
calculate the case forQ50 K and obtainae , ah , andj(T)
by the method mentioned above. In the calculation for
case ofQÞ0 K, we determineae andah by maximizingFS
with j(T) fixed to the value obtained for the case ofQ
50 K.

The stabilization free energyFS calculated in this way is
shown in Fig. 3 as a function of temperature:FS for Q
50 K is shown by the thick solid line, while that forQ
53.84 K by the thick broken line.FS obtained by the MFA is
also shown for comparison by the thin solid line forQ
50 K and by the thin broken line forQ53.84 K. We see
from Fig. 3~a! that the stabilization by the thermodynam
fluctuations for case~a! is about 1–2 meV at 2 K and 2.5
meV at 6 K for both cases ofQ50 and 3.84 K, as estimate
from the energy difference between the thick and thin so
lines for Q50 K, or the thick and thin broken lines forQ
53.84 K; the effect of the fluctuations thus stabilizes t
ST-EXMP and increases with temperature. By this stabili
tion, the critical temperatureTc increases: forQ50 K, Tc
56.2 K for the MFA, whileTc58.3 K when the fluctuations
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are incorporated. ForQ53.84 K, Tc55.2 K for the MFA,
while Tc57.4 K when the fluctuations are incorporated. T
increase ofTc is ;2 K in these cases. Furthermore,FS for
case~b! with the fluctuations of magnetization is shown
Fig. 3~b! in the same way. We see that forQ50 K, Tc
52.4 K for the MFA, whileTc52.8 K when the fluctuations
are incorporated. ForQ53.84 K, Tc51.0 K for the MFA,
while Tc52.4 K with the fluctuations. The increase ofTc is
0.4 K for Q50 K, and 1.4 K forQ53.84 K. As shown by
these examples, the effect of the thermodynamic fluctuati
of magnetization onTc is not so large as expected. The re
son for this is due to the condition for the stable ST-EXM
that the induced magnetization of localized spins within
polaron should be nearly saturated;13–16 the energy lowering
due to the thermodynamic fluctuations is small for alm
saturated regions. From these calculations, we conclude
the ST-EXMP for case~a! is stable below 7.4 K forQ
53.84 K and 8.3 K forQ50 K, while that for case~b! is
stable below 2.4 K forQ53.84 K and 2.8 K forQ50 K.
Above that temperature, the exciton moves freely through
the crystal without any relaxation of localized Mn21 spins.
The high critical temperatureTc as reported in Ref. 23 is no
obtained even when the thermodynamic fluctuations of m
netization are incorporated.

III. DISCUSSION AND CONCLUSION

In this section, we make a conclusion for the stability
the ST-EXMP in Cd12xMnxTe and would like to look deepe
into the obtained conclusion.

(i) The stability of the ST-EXMP inCd12xMnxTe. As
mentioned in Sec. II, the case~b! is closely relevant to
Cd12xMnxTe. Judging from the calculated result in Sec.
the ST-EXMP in Cd0.9Mn0.1Te seems unstable except at qu
low temperatures below 1–2 K. On the other hand, the tr
sient luminescence experiment in Cd0.88Mn0.12Te certainly
shows that the emission energy shift associated with a m
netic localization is observed up to;25 K, although the
energy shift seems continuous with temperature. Provi
that the ST-EXMP is stable at low temperatures, it is e
pected to change to the free-exciton state discontinuo
with increasing temperatures.34 The present calculation to
gether with the experimental result thus suggests that
EXMP in Cd12xMnxTe (x50.05– 0.2) is not self-trapped a
temperatures above;1 K where the experiments have bee
performed, but is localized by the other primary localizati
mechanisms, for example, APF’s. In this sense, the EXMP
Cd12xMnxTe may resemble the BMP in DMS’s, which i
primarily localized by the attractive Coulomb interaction b
tween the defect and the electron~hole!. The L2 lumines-
cence thus is considered to observe the EXMP state trap
by the cooperation of the APF’s and thesp-dexchange inter-
action at low temperatures. On the other hand, at high t
peratures the luminescence observes the thermodyn
fluctuations of magnetization through the spin freedom of
exciton state trapped by the APF’s.

(ii) Comparison with the stabilization energy calculate
by the WW method.26 Since Miao, Stirner, and Hagston23

applied the method by WW,26 we also performed the stability
1-6
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STABILITY OF THE SELF-TRAPPED EXCITON . . . PHYSICAL REVIEW B67, 035201 ~2003!
calculation using the same method. The WW method gi
an accurate result for the classical localized spins interac
with one excess carrier~that is, only electron or hole!
through the exchange interaction; the method however
applicable only forQ50 K. Then, we applied the WW
method by taking account of only the exchange interact
between the hole and the localized spins forQ50 K, as in
Ref. 23. The free energy for ST-EXMP by the WW method
minimized by variation with respect toae andah . The result
obtained forFS in case~b! is shown by the markD in Fig.
3~b! to be compared with our result shown by the thick so
line @for case~b! with Q50 K]; FS obtained by our calcu-
lation is always about 0.5 meV larger than that by the W
method. This seems reasonable since our method take
count of also the exchange interaction between the elec
and localized spins: the exchange interaction energy betw
the electron and localized spins estimated from our calc
tion is less than 1 meV at temperatures between 1.6 and
This result therefore may guarantee a validity of the fluc
ating molecular-field method used in the present paper.
difference in the stability conclusion between Miao, Stirn
and Hagston23 and the present work thus is not attributed
the method for calculating the thermodynamic fluctuations
magnetization. The comparison ofae and ah between the
WW and present method is also shown in Fig. 5, where
mark D shows the result by WW, while the solid line show
that by the present method.

(iii) The reason for the difference between Miao, Stirn
and Hagston23 and the present author. Let us now discuss
the reason for the difference in the stability between Ref.
and the present work. The independent pair model used
the ST-EXMP, Eq.~2.5!, may be valid when the extent of th
hole and the electron is small. When the extent becom

FIG. 5. The extents of the hole and the electron wave funct
ah and ae , at x50.1 are shown as a function of temperature
case~b! with Q50 K. The result by the MFA is shown by th
broken line, while that with the thermodynamic fluctuations by t
solid line.ah andae obtained by the WW method are also shown
the markD for comparison. The vertical arrow showsTc below
which the ST-EXMP is stable.
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quite large, it loses validity since the attractive Coulomb
teraction between electron and hole is not taken into acco
properly. In such a case, it is necessary to describe the w
function as the product of the relative motion and the cen
of the mass motion for exciton. We therefore estimated
energy of the free exciton on this point of view in the prese
paper. Nevertheless, Miao, Stirner, and Hagston23 adopted
the independent model even for the free-exciton state as
as ST-EXMP. As a result, they obtained a conclusion diff
ent from the present study. To show the situation clearly,
give a brief discussion below. The free-exciton energy in
electron-hole pair model is obtained as a function ofae and
ah as23

Eex~ae ,ah!5
\2

2mh* ah
2 1

\2

2me* ae
22

e2~ah
21ae

213ahae!

«~ah1ae!
3 .

~3.1!

After minimizing with respect toae , the free-exciton energy
is only a function ofah . Then Eex„ah(ae)… for case~a! is
shown as a function ofah in Fig. 6 by the solid line: the
minimum energy is25.917 meV withah544.8 Å. They23

regarded this minimum energy as the energy for the fr
exciton state, while the present study took the first term
Eq. ~2.10!, 210.79 meV, as the energy of the free-excit
state for case~a!. ~This energy is indicated by a horizonta
arrow in Fig. 6.! Thus, the free-exciton state in the prese
study is 4.88 meV deeper for case~a!, 5.14 meV deeper for
case~b! than these cases by them. Their stabilization f
energy is always overestimated.

Moreover, when thesp-d exchange interaction is turne
on, the ST-EXMP for the present approximation appears

,

FIG. 6. Eex„ah(ae)… for case~a! calculated from Eq.~3.1! is
shown as a function of the extent of holeah by the solid line@see
item ~iii ! in Sec. III#. The vertical arrow shows the minimum o
Eex„ah(ae)…, while the horizontal arrow shows the free-exciton e
ergy adopted in the present calculation for case~a!. The total free
energy for ST-EXMP obtained by the MFA for case~a! with Q
50 K is plotted as a function ofah by the broken line forT55 and
8 K, respectively. Note that the free energy for the free-exciton s
is obtained by adding22kT ln 2 ~that is, 20.597 meV for T
55 K and20.956 meV forT58 K) to the energy of free-exciton
state.
1-7
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MASAKATSU UMEHARA PHYSICAL REVIEW B 67, 035201 ~2003!
shown by the broken line in Fig. 6. Thus, the free energy
ST-EXMP is always deeper than that for the free-exci
state employed in Ref. 23: the ST-EXMP always stably ex
in this point of view. The physical picture of this is as fo
lows. Provided that the free-exciton state is defined as
minimum state of Eq.~3.1!, the free-exciton state, that is, th
photoexcited state after the interband transition is not
tended over the crystal, but is constrained within a fin
space characterized by Eq.~3.1!. Thesp-dexchange interac
tion stabilizes this constrained ‘‘free-exciton state’’ a
makes it a localized EXMP. In Fig. 5, with increasing tem
perature, we further see that the extent of the ST-EXMP
proaches the extent determined by the minimum of Eq.~3.1!.
This unphysical result is due to an insufficiency of the p
model. Strictly speaking, thus, the wave function should
described as the product of the relative motion and the ce
of the mass motion even for ST-EXMP.34 Further study along
this line is now in progress.

(iv) Effects by the second-order sp-d exchange inter
tion. In the molecular-field approximation in Sec. II A, w
used the static approximation that the hole and the elec
experience only the average motion of the localized sp
and obtained the free energy of Eq.~2.8!. The obtained so-
lution, however, can be taken as the zeroth approximation
the Hamiltonian, Eq.~2.1!. We studied the effect of the the
modynamic fluctuations of localized spins in Sec. II B, a
showed that the thermal fluctuations make the self-trap
EXMP a little more stable. Another deviation from the sta
approximation may be estimated by a perturbation calc
tion of the sp-d exchange interaction, which requires th
knowledge of the excited state of the magnetic polaron;
calculation of all the excited state is, however, difficult
actual cases. Adopted that the magnetic polaron state
large polaron as seen in Fig. 2, the excited state may
possibly approximated by the free state orthogonal to
magnetic polaron state obtained by the static model.16 Then
the deviationDE2 from Eq.~2.8! may be estimated as belo
for the space profile ofM (r ):

DE252xeffG
~ I eS!2

EB
e E uwe~r !u2@12M ~r !2#dr

2xeffG
~ I hS!2

EB
h E uwh~r !u2@12M ~r !2#dr , ~3.2!

in which EB
e and EB

h are, respectively, concerned with th
bandwidth of the electron and the hole, andG is a numerical
constant of order unity.16 The proper values ofEB

e , EB
h , and

G for magnetic polarons have not been reported since
difficulties of calculating all the excited states for magne
polarons. In the free-exciton state, however, Eq.~3.2! tends
to the result in the usual second-order perturbation for
sp-d exchange interaction by takinguwe(r )u25uwh(r )u2
51/V and M (r )50.0. Thus, the effect by the second-ord
perturbation of the interaction is not favorable to the S
EXMP, since M (r ) within the stable ST-EXMP is highly
polarized as seen from Fig. 2, whileM (r ) in the free-exciton
state is zero even at the almost absolute zero tempera
The critical temperatureTc thus may descend considerab
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to the lower temperature than that obtained in Sec. II by
effect of the higher-order perturbation of the exchange in
action.

In this paper, we studied the stability of the self-trapp
exciton magnetic polaron in diluted magnetic semicond
tors theoretically, related to the observedL2 photolumines-
cence in these substances. First, the usual molecular-
approach was performed, and then the effect of the ther
dynamic fluctuations of magnetization was incorporated
the fluctuating molecular-field method. The calculation su
gests that the exciton magnetic polaron in Cd12xMnxTe (x
50.05– 0.2) is not self-trapped except at quite low tempe
tures below;1 K, but the other primary localization mecha
nisms, for example, alloy potential fluctuations, are nec
sary for the localization at temperatures above;1 K,
contrary to the theoretical study by the previous authors.23 It
is briefly discussed further that when the higher-ordersp-d
exchange interaction is taken into consideration, the
EXMP in DMS’s may become more unstable than that st
ied in the present paper.
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APPENDIX A

As the concentration of Mn ions increases, the stand
Brillouin function becomes inadequate because of the in
action between Mn ions. In such concentration regions,
magnetization is expressed by a modified Brillouin functi
as35

M ~T,H !5gmBxeffN0SBSS gmBSH

k~T1Q! D , ~A1!

whereN0 is the number of cations,BS is the Brillouin func-
tion, H is the applied magnetic field,T is the temperature,mB
is the Bohr magneton,g52, andS5 5

2 for Mn21 ions. xeff
andQ are fitting parameters to the experimental data and
respectively, regarded as the effective Mn concentration
an antiferromagnetic temperature. The values forxeff andQ
for Cd0.9Mn0.1Te used in Sec. II were employed from th
experimental data.29 The Mn concentration dependence o
xeff has been theoretically proposed also on an isolated-
cluster model, in which the Mn spins in each cluster inter
with others antiferromagnetically, however, there is no int
action among different clusters. An effective Mn concent
tion xeff on this model was, for example, reported by Shap
et al.,36 considering four types of the nearest-neighbor cl
ters: isolated Mn ions, pairs, open triangles, and closed
1-8
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STABILITY OF THE SELF-TRAPPED EXCITON . . . PHYSICAL REVIEW B67, 035201 ~2003!
angles, together with the upper bound forxeff . The result is
shown in Fig. 7, wherexeff is shown by the thick solid line
and the upper bound forxeff by the thick broken line. Nu-
merical simulation forxeff was also performed by Fata
et al.37 in which the nearest-neighbor unpaired magnetic io
were searched under a random distribution of magnetic
oms. The result is shown by the thin solid line in Fig.
which shows an intermediate value between the thick s
and broken lines obtained by Shapiraet al.36

In Sec. II A, we calculated the stabilization free ener
and the Stokes shift as a function of the Mn concentratiox,
which requires the Mn concentration dependence of bothxeff
andQ; we usedxeff obtained by the numerical simulation b
Fatahet al.37 mentioned above, and also used the followi
antiferromagnetic temperatureQ interpolated for the experi
mental data29 between x50.005 and 0.3: Q556.02x
2251.02x21766.18x3 K. When we restrict the fitting area
betweenx50.005 and 0.2,Q5(37.4561.06)x K represents
the experimental data29 well.

APPENDIX B

In this appendix, we show how to generate the thermo
namical fluctuations of magnetization in Sec. II B. In th
method, instead of all possible fluctuated states of magn
zation, we take account of the fluctuated states that see
be effective to the problem.27 We introduce a fluctuating mo
lecular field on the localized spin at r ,
H(r :ue ,uh ,je ,jh ,ne ,nh), and divide it into two compo-
nents:

H~r :ue ,uh ,je ,jh ,ne ,nh!

5He~r :ue ,je ,ne!1Hh~r :uh ,jh ,nh!. ~B1!

Here the componentsHe and Hh are assumed to be tw
independent fluctuating molecular fields resulting from t
excess carriers, the electron and the hole, for example;

FIG. 7. The effective Mn concentrationxeff calculated by Sha-
pira et al. ~Ref. 36! is shown as a function ofx by the thick solid
line while the upper bound forxeff by the thick broken line.xeff

obtained by a numerical simulation by Fatahet al. ~Ref. 37! is also
shown by the thin solid line~see Appendix A!.
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are fluctuated in both the direction and the magnitude:ue
(uh) is the angle betweenz axis andHe (Hh), andje (jh) is
the angle between thex axis andHe (Hh). He and Hh are
further described as

H i~r :u i ,j i ,n i !5Ri~r :n i !ei~u i ,j i !, ~B2!

with

ei~u i ,j i !5
H i~r :u i ,j i ,n i !

uH i~r :u i ,j i ,n i !u
~ i 5e and h!. ~B3!

Therefore, whenue andje (uh andjh) are varied, the direc-
tion of He (Hh) is fluctuated; whenne (nh) is varied, the
magnitude ofHe (Hh) is fluctuated. In the present calcula
tion, we employed the 1s hydrogen-type function forRi
(r :n i), which is the same type of function as the variati
wave function for electron and hole. Thus,Ri (r :n i) is ex-
plicitly shown as

Ri~r :n i !5Vp~ Ĩ iS!~n i
3/p!exp~22n i r !. ~B4!

Then, when we takene51/ae , nh51/ah , and furtherue

5uh50 or ue2uh5p, together withĨ e5I e and Ĩ h5I h , Eq.
~B1! reproduces the usual molecular field as expressed
Eq. ~2.9!. This is why the present method is called a fluct
ating molecular-field method. Now, the magnetization flu
tuating atr , M ~r !, is given by

M ~r :ue ,uh ,je ,jh ,ne ,nh!

5BS„uH~r :ue ,uh ,je ,jh ,ne ,nh!u/j~T!k~T1Q!…e~r !.

~B5!

In the present approximation, all the magnetization vect
for EXMP exist in the plane spanned byHe andHh ; within
this plane the direction of magnetization, however, depe
on r, as shown by the unit vectore(r ), since two indepen-
dentHe andHh are used. This ensures the possibility that t
direction of the spin-splitting vector for holeDh is different
from that for electronDe for each instance in the fluctuation
In Eq. ~B5!, BS is the Brillouin function, and thej(T) is a
variation parameter, which is determined by minimizing t
free energy with the thermodynamic fluctuations
magnetization.27 The fluctuating magnetizationM (r ) is gen-
erated from the fluctuating molecular field in this way.

Now, we can calculate the spin-splitting vectors,De and
Dh for the electron and the hole by Eq.~2.4!, and also the
free energy for the ST-EXMPFST-EXMP by Eq.~2.8! using the
instantaneous magnetizationM (r ) given by Eq.~B5!. In this
process, both the electron and hole spins are assume
adiabatically follow to eachinstantaneous spin-splitting vec
tor since the motion of the electron and hole spins is cons
erably faster than that of localized spins. In the pres
method, the fluctuation is produced whenue , uh , je , jh ,
ne , andnh are varied. Then in changing the variables of t
integration fromDe andDh to ue , uh , je , jh , ne , andnh in
Eq. ~2.11!, the transformation factor, the so-called Jacobi
is required:
1-9
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J~ne ,nh ,cosue ,cosuh ,je ,jh!

5
]~De ,Dh ,cosxe ,cosxh ,he ,hh!

]~ne ,nh ,cosue ,cosuh ,je ,jh!
, ~B6!

in which xe (xh) is the angle between thez axis andDe
(Dh), while he (hh) is the angle between thex axis andDe
(Dh). Here, the Jacobian is defined, for example, for the c
of two variables asJ(p,q)5](x,y)/](p,q), and is given
explicitly by

J~p,q!5U ]x

]p

]y

]p

]x

]q

]y

]q

U . ~B7!

Since

dDedDh5De
2Dh

2dDedDhd~cosxe!d~cosxh!dhedhh ,
~B8!
ls

ka

ev

K

R

ys

cz

i.
-
,

.

re

r.
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the integration bydDedDh in Eq. ~2.11! is changed to

De
2Dh

2J~ne ,nh ,cosue ,cosuh ,je ,jh!dnednh

3d~cosue!d~cosuh!djedjh . ~B9!

When there is no external magnetic field, thez axis is no
special axis; the free energy Eq.~2.8! thus depends on the
relative angle betweenDe andDh together with their magni-
tudes. Thus, sextuple integrals appeared in Eq.~B9! reduce
to triple integrals for the case without the external magne
field studied in this paper; the integration forne and nh is
performed from 0 to each upper value numerically; the up
value for ne and nh was estimated with consulting the ST
EXMP state obtained by the MFA. As forĨ i in Eq. ~B4!, one
possible choice isĨ e5I e and Ĩ h5I h ; this choice was used
for the present study conventionally. Other choices to gen
ate proper fluctuations, such asĨ e5 Ĩ h5 1

2 (uI eu1uI hu) with
the same upper value forne andnh , are also possible.
z.

ev.
he
po-

n
re-

-
the
the
po-
1See the review, J. K. Furdyna, J. Appl. Phys.53, 7637~1982!; see
also P. A. Wolff, inDiluted Magnetic Semiconductors, edited by
J. K. Furdyna and J. Kossut,Semiconductors and Semimeta
Vol. 25 ~Academic, London, 1988!, p. 413.

2M. Nawrocki and R. Planel, G. Fishman, and R. R. Galaz
Phys. Rev. Lett.46, 735 ~1981!.

3D. V. Bartholomew, J. K. Furdyna, and K. A. Ramdas, Phys. R
B 34, 6943~1986!.

4A. Golnik, J. Ginter, and J. A. Gaj, J. Phys. C16, 6073~1983!.
5J. J. Zayhowski, C. Jagannath, R. N. Kershow, D. Ridgley,

Dwight, and A. Wolt, Solid State Commun.55, 941 ~1985!.
6T. Ito and E. Komatsu, J. Lumin.38, 266 ~1987!.
7F. Minami and K. Era, J. Lumin.38, 84 ~1987!.
8Y. Oka, T. Ohnishi, H. Sato, and I. Souma, J. Cryst. Growth117,

840 ~1992!.
9G. Mackh, W. Ossau, D. R. Yakovlev, A. Waag, G. Landwehr,

Hellmann, and E. O. Gobel, Phys. Rev. B49, 10 248~1994!.
10S. Takeyama, S. Adachi, Y. Takagi, and V. F. Aguekian, Ph

Rev. B51, 4858~1995!.
11S. Takeyama, S. Adachi, Y. Takagi, G. Karczewski, T. Wojtowi

J. Kossut, and T. Karasawa, Mater. Sci. Eng., B63, 111 ~1999!.
12For example, see T. Kasuya, Crit. Rev. Solid State Mater. Sc3,

131 ~1972!; also E. L. Nagaev,Physics of Magnetic Semicon
ductors ~Mir, Moscow, 1983!; also A. Mauger and C. Godart
Phys. Rep.141, 52 ~1986!.

13T. Kasuya, Y. Yanase, and T. Takeda, Solid State Commun8,
1543 ~1970!; A. Yanase, Int. J. Magn.2, 99 ~1972!.

14M. Umehara, Phys. Rev. B54, 5523~1996!.
15M. Umehara and T. Kasuya, J. Phys. Soc. Jpn.33, 602 ~1972!.
16M. Umehara and T. Kasuya, J. Phys. Soc. Jpn.40, 340 ~1976!.
17P. Wachter, inHandbook on the Physics and Chemistry of Ra

Earths, edited by K. A. Gschneidner and L. Eyring~North-
Holland, Amsterdam, 1979!, Chap. 19, p. 507; Crit. Rev. Solid
State Mater. Sci.3, 189 ~1972!; P. Streit, Phys. Kondens. Mate
15, 284 ~1973!.
,

.

.

.

.

,

18R. Akimoto, M. Kobayashi, and T. Suzuki, J. Phys. Soc. Jpn.63,
4616 ~1994!.

19M. Umehara, Phys. Rev. B52, 8140 ~1995!; J. Magn. Magn.
Mater.187, 177 ~1998!.

20M. Umehara, Phys. Rev. B65, 205208~2002!.
21Yu. F. Berkovskaya, B. L. Gelmont, and E. I. Tsidilkovskii, Fi

Tekh. Poluprorodn.,22, 855 ~1988! @Sov. Phys. Semicond.22,
539 ~1988!#.
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