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The self-trapped exciton magnetic polar@T-EXMP) in diluted magnetic semiconducto(BMS’s) has
been the subject of intensive investigations related to the obséqthotoluminescence 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 polarotEXMP) in Cd, _,Mn, Te (x=0.05-0.2) 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 abev/eK. This conclusion is different from a recent
theoretical reporfJ. Appl. Phys81, 6297(1997)] that the ST-EXMP in DMS's is stable up to relatively high
temperaturesT= 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 highersprdbexchange
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 nuni®er75.50.Pp, 78.55.Cr

I. INTRODUCTION romagnetic material diverges there; however, it can exist for
only several degrees around the Curie temperdfuFar a
In the last few years, a large number of publications havenetamagnetic semiconductor such as EuSe, or an antiferro-
been devoted to study the physics of diluted magnetic semimagnetic semiconductor such as EuTe, the possibility arises
conductorg§DMS’s),! in which a part of cations is randomly that the ST-MP can stably exist at the vicinity of the absolute
replaced by transition-metal ions with localized magneticzero temperature. In the case of EuSe, there is the hope for
moments such as the ternary alloy,CdVin,Te. The local existence due to the unique characteristics of the interaction
magnetic moments of M ions strongly interact with the between the localized f4spins'* In EuTe, however, there
electrons or holes in the conduction and valence bands, preseems little possibility>® Up to now, there has been no
ducing a variety of substantial phenomena in optical pro-conclusive proof for the existence of the ST-MP inXEinom
cesses, such as the giant Zeeman splittitige large Faraday experimental studies. On the other hand, the photoinduced
rotation? and the formation of so-called exciton magnetic localized magnetic polarons in Ruwere realized’° Re-
polarons (EXMP’s).* Among them, the possibility of the cently, the temperature dependence of the spatial extent of
photoinduced self-trapped exciton magnetic polaf®T- the localized magnetic polaron for EuS, EuSe, and EuTe has
EXMP), particularly in Cd_,Mn,Te, has attracted signifi- been deduced from an analysis of the luminescence dta.
cant interest related to the observie® photoluminescence Let us now return to DMS’s. In DMS's, several authors
line during the last two decadé&s* the L2 line shows the studied the possibility of the ST-MP by the valence hole
Gaussian shape in low temperatures and thus suggests a toeoretically using the molecular-field approximati®mFA ),
calization of the exciton. In 1983, Golnik, Ginter, and aj and reported that the ST-MP in €dMn,Te can exist only
discussed the following possible mechanisms: one is the loat temperatures below about 1-3°¥2? This may exclude
calization by alloy potential fluctuatiof&PF’s), inherent to  the existence of the ST-EXMP above 1-3 K since the ex-
the mixed crystals, and the other is a magnetic localization o€hange interaction between the conduction electron and lo-
excitons. Even in the latter case, two mechanisms have beemlized spins is relatively weak. On the experimental side, by
suggested: the localization by thermodynamic fluctuations ofhe transient luminescence technique, the time evolution of
magnetization and the localization as ST-EXMP’s. the exciton localization has been studied; the EXMP local-
Previously, the concept of the magnetic polaron was deization energy can, however, hardly be distinguished from
veloped through the study of the optical, magnetic, and transhe energy by APF’s, since both contribute to the localization
port properties in Eu chalcogeneides BEX=0, S, Se, and  with the same time scale. Takeyamizal,'*** however, took
Te).1*"1" The stability of the self-trapped magnetic polaronup the challenge to separate both contributions; they found
(ST-MP) in EuX, in which the excess carrier is @®onduc- that the energy shift of the2 peak above 20 K is insensitive
tion electron and the localized spins arise frofmedectrons, to the temperature, while below 20 K the shift increases dras-
has been also investigated; the revealed stability conditiortically with deceasing temperature for the sample with
however, is rather severe. In ferromagnetic semiconductors:0.12. They considered the temperature-independent shift
such as EuO and EuS, the ST-MP may be stable at or vergbove 20 K as a contribution from APF localization, and the
near the Curie temperature since the susceptibility of the fetemperature-sensitive shift below 20 K as a localization of

0163-1829/2003/6:8)/03520111)/$20.00 67 035201-1 ©2003 The American Physical Society



MASAKATSU UMEHARA PHYSICAL REVIEW B 67, 035201 (2003

the EXMP. Furthermore, comparing with the magnitude ofwith the number of cations per unit volums,. Further-
both localization energies, they suggested that the APF’s amnmore, « (B8) is the coupling constant for the exchange inter-
not necessarily the primary mechanism for the localization ofction between electrothole) and localized Mn spins, and
the EXMP. Up to that time, theoretical studies by MFA gave o, (oy,) is the operator for the electrothole) spin. The
negative answers for the existence of the ST-MP or STiocalized Mn spinS is produced by substitution of the Cd
EXMP at such relatively high temperatures as mentionedon by a Mn ion:p;=1.0 when the sité is occupied by the
above. Then, taking account of the thermodynamic fluctuaMn ion with S=3; otherwisep;=0.0. In the ST-EXMP, the
tions of magnetization as well as the attractive Coulomb in{ocalized Mn spins within the EXMP are highly polarized by
teraction between the electron and the hole, Miao, Stirnetthe sp-dexchange interaction and the microscopic ferromag-
and Hagstof? first studied the self-trapping of the EXMP netic cluster may be established in the paramagnetic me-
theoretically by employing reasonable values for the materiadium; the exciton can be self-trapped in this self-induced
parameters: they found that the ST-EXMP iniCeMn,Te is  potential well of the ferromagnetic cluster under certain con-
stable up to relatively high temperatureB<(30 K) over a  ditions. Whether such a state stably occurs or not in DMS’s
wide range of Mn concentrations without any other primaryis the main subject of the present paper.
localization, e.g., APF’s. They demonstrated that the calcu- In DMS’s, the electronor hole spin is assumed to be
lated features are consistent with the experimental data refirected in one direction within the spatial extent of the
ported by Takeyamat al!®! Then, in that case, the ques- EXMP, because of a small number of the magnetic ions in
tion arises about what makes the ST-EXMP in DMS’s soaddition to no magnetic ordering. Thus, in calculating the
stabilized. expectation value of thep-d exchange interaction in Eq.

In this paper, we also study the stability of the ST-EXMP (2.1), the part of the direction of the electr¢hole) spin can
in DMS’s, taking account of the thermodynamic fluctuationsbe separable from the spatial integration as below through
of magnetization under these circumstances. We will showeglecting the spatial disorder of Mn ioft52’
that the ST-EXMP in Cd ,Mn,Te (x=0.05-0.2) is rarely
realized except at quite low temperatures belew K, but )
the other primary localization mechanisms, for example, <He><>:_“'e'|exefff f | B(re.rn)|*S(re)dredry
APF’s, are necessary for the localization above K, con-
trary to the findings of Miao, Stirner, and HagstonThe
present paper is organized as follows. The model and the
calculated results are given in Sec. Il: The molecular-field
calculation is performed in Sec. Il A, and the thermodynamic =— 0y A=y Ay, (2.3b
fluctuations of magnetization are incorporated in Sec. I B.
The conclusion and the several discussions for the stabilitywherex is the effective Mn concentration explained in Ap-
of the ST-EXMP are given in Sec. Il on the basis of the pendix A, andA, andA;,, defined by
calculation in Sec. Il. We also discuss why the conclusion for
the stability obtained by the present work is different from
that by Miao, Stirner, and Hagston. A brief report of this Aezlexeﬁf j |p(re.rn)|*Sre)dredry, (2.4
study has been published in Ref. 24.

_o'h'lhxeffff|¢(revrh)|28(rh)drhdre (2.3a

Il. MODEL AND CALCULATION Ahzlhxeﬁff|¢(relrh)|zs(rh)drhdreu (2.4b

Le_t us consider an e'eCtFO” in the conduction bands and gre, respectively, so called the spin-splitting vector for the
hole in the valence bands interacting each other through the

. . . . .___€lectron and hole.
attractive Coulomb force and also interacting with localized

. . . X In the usual MFA, the electron or hole spin is approxi-
2‘/|Cr:i (:)sr?msT(;rgrt:edV(\ilzd Igta(l:r? Sflﬁifnbytahgdfi)l(lg\:ﬁrqge Irrr]1t§cri-el mated to interact with the thermal average of the each spin-

Hamiltonian® _splitting vecto_r:(Ae>T or (A,)t. However, since the local-
' ized Mn spins are strongly fluctuated even at low
;2 g2 temperatures in DMS’s and the number of Mn ions within
H=—-— vg— < Vﬁ— — the EXMP is finite, the deviation oA, or A, from each
2my elre=rl thermal average becomes large for both the direction and the
magnitude; the effect of the thermodynamic fluctuations may
—1e> (00)iSPi— 1> (04)iSpi, (2.1)  become relatively large, particularly at high temperatures.
' ! In this paper, then, we first study by the usual MFA and
wherem? (m}) is the effective mass for electrghole) in then incorporate the effect of the thermodynamic fluctuations

the conductior{valencé bandsy, (r},) is the position vector ~Of magnetization. Miao, Stirner, and I-!ags%%t_ook into ac-
for electron(hole), ¢ is the dielectric constant of the crystal, count the fluctuations of magnetization using the method

andl, (1) is the constant for the(p)-d exchange interac- Proposed by Warnock and Walff(Ww); thus, they consid-
tion defined by ered only thep-d exchange interaction between the hole and

the Mn spins, since the WW method is applicable to only one
le=3Noa, 1,=3Ny3 (2.2 carrier system. In the present paper, the thermodynamic fluc-
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tuations of magnetization are taken into account by extendafter the photoexcitation. Then, in the case when the electron
ing the fluctuating molecular-field method proposed for thespin, o, is directed to thet z direction, the hole sping,,
bound magnetic polarofBMP)?’ to the case of the EXMP. is directed to the—z direction, and vice versa. The free
Thus the fluctuations are considered for both spin freedomenergy for ST-EXMP in this case may be given as
of electron and hole.

The following approximations are adopte@ the effect  Fqreyyp(@e(r), @n(r),M(r))
of APF’s is not taken into account, since the localization due

to the purely magnetic origin is studied in this pag@y. For _ ﬁ_zf * (1 V2 d

the reference system to ST-EXMP, which is another solution ~~  2m? | ¥e (re) Vige(re)dre

of Hamiltonian Eq.(2.1), the free-exciton state, where the )

exciton is in motion through the crystal and the localized Mn _ ﬁ_f * (1 ) V20 (1) dr

spins are randomly fluctuated, is consideréd) For ST- 2m} ¢ (1) VEen(rn)dr,

EXMP, the electron-hole pair type, which is a Hartree-type

wave function e |@e(re)?[@n(rn)|?

- ;f f |re_rh| dredrh

D(re,rn)=o@e(re) @n(rn) (2.5

is used, where(r,) is assumed to be theshydrogen-type — kTIn[ 2 cosl{ E)]

wave function with the effective Bohr radiws,: kT

le

1
(Pe(re):\/?ex Ta)
e

and ¢y, (ry) is the same type of the wave function wil.
With these approximations, the following two cases for a

Mn concentration ok=0.1 are mainly studiedi@ mj/m,

=1.25, NoB=-1000meV. (b) mf/m,=0.81% NyB

= —880 meV?® Herem, is the free-electron mass. For other

Ay kT
(2.6 _"T'”{Z Cos’{ﬁ)]_v_pxeﬁf G(M(r))dr. (2.8

In Eg. (2.8), the first and second terms are the localization
energies for electron and hole, the third term is the attractive
Coulomb interaction energy between electron and hole, the
fourth and fifth terms are the free energy due to #ped
exchange interaction for electron and hole, respectively, and
the last term is the entropy for the localized spins by MFA.
e 28 29 Q/p is the volume per catiork is the Boltzman constant, and
employed: mg/me=0.096" Noa=220meVi™ and & 7' the temperature. The magnetizatibH(r) is given by
=10.6(Ref. 30; furthermorex;=0.039 andd =3.84 Kfor \(r)=pBy(h(r)), whereBsg(h(r)) is the Brillouin function
x=0.17" 0 is the phenomenological fitting parameter for anith the molecular fielch(r) given by

interaction between Mn ions as mentioned in Appendix A; so
the case for®=0K is also studied for comparison. The K(T+®)h(r)
values of the parameters for the valence hole in ¢asare

larger than those in cas@) obtained by the experiment. A, Ap,
Then, caséa) is favorable to ST-EXMP than cagb), while :Vp{lesl <pe(r)|2tan)'(k—_r +|h5|€0h(r)|2tam‘(ﬁ) ]
the casdéb) may be closely relevant to ¢d,Mn,Te. Even in

case(b), the (heavy hole mass is a little bit larger than that (2.9

usually reportedm’/m,=0.62® This is because the hole
mass in caseb) includes the effect of the LO-phonon

interaction?® L =2
After the calculation of the ST-EXMP, the stabilization glectron-hole spin singlet ST-EXMP, bOth. the molecylar
free energy is calculated as the difference of the free energ&'éleIds from the electrtlnn and thre1 hole polarize thhedIOEahfzed
) . ) n spins cooperatively. Using the variation method, the free
between the ST-EXMP and the free exciton state: energy for ST-EXMP, Eq(2.8), is minimized with respect to
Fs= — (Fstexvp— Firee exciton- (2.7 a. anda,, afterM(r) was obtained as a function af anday,

i . through Eq.(2.9).
We define the ST-EXMP to be stable compared with free- " the other hand, the free energy for the free-exciton

exciton state when the stabilization free enefgy, is posi-  giate is obtained as
tive.

Here ® is the parameter for an interaction between Mn ions
determined from experimentsee Appendix A For the

. — et (1 1)\t
A. Molecular-field approximation Firee excitoi= — 5772 | +—
& me mh

To begin with, we start from the usual MFA. In the MFA,
the electron and hole spins interact with the thermal average —2kTIN2—XzNokTIn(2S+1). (2.10
of each spin-splitting vector, that is, the thermal average of
the magnetization of the localized spinsM(r) The first term in Eq(2.10 is the binding energy due to the
=(S¥(r))+/S, wherez is the mean-field axis. Since>0  relative motion of electron and hole, the second is the en-
and 8<0, the mean-field polaron ground state is the doublytropy for both electron and hole spins, and the third term is
degenerate electron-hole spin singfetvhich is the state just the entropy for localized spins. The kinetic energy of the
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MFA : ©=384K, x=0.1, T=2K
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FIG. 1. Map of the stabilization free enerdys for the ST- 0.004 N N 600K case(b)y| °8
EXMP obtained by the MFA is given by varying the hole masgs 0.003 8-\384K N x=0.1 | 06

and thep-d exchange interactiorfyB. This is the case for the \ T=2K
Mn2" concentration ofx=0.1, the temperature of 2 K, an@

=3.84 K. Fg is classified by the blocks with several patterns.
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0.001

/
s

|

()N

N 0.4
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center-of-mass motion is taken as zero since the bottom of 3
the exciton band is considered. Thp-d exchange interac-
tion energy for the free-exciton state is zero within the first- (] 10 20 30 40 50
order perturbation of the interaction. r (A)
We first study the case®) and (b) with ®=3.84K at 2
K: for comparison, the case with =0 K is also studied. The FIG. 2. The state of the ST-EXMP at 2 K calculated by the MFA
calculation shows that the stabilization free eneFey for is shown forx=0.1 as a function of the distance from the trapped
case(a) with ®=3.84 K is 6.74 meV, while that for cagb) center.(a) is for case(a), while (b) is for case(b). The hole and
with ®=3.84 K is —2.37 meV: the ST-EXMP in casé) electron wave functions are shown with the scale on the left-hand
with ® =3.84 K is, thus, stablet® K compared to the free- sidey axis, while the magnetization of the localized Mn spins is
exciton state, while the free-exciton state is stabl2 K for ~ Shown with the scale on the right-hand sidaxis. The solid line is
case(b) with ® =3.84 K. To examine the stability for other for ©=3.84 K, while t_he b;\o.ken line is fo) =0 K. The figure
choices of the material parameters, we perform the Sam%hows the state within=50 A; the actual calculation is performed
. " r within r=160 A.
calculation for several sets ofi; andNy3; the results are

shownin Fig. 1 asamap ¢fsatT=2K for ®=3.84 K. It  extent of the hole and the electron wave function is little
is seen that in the case usually accepted foy ChIn,Te,  changed. Both the ST-EXMP’s with =0 and 3.84 K for
m;/me=0.6 andNyB=—880 meV, the ST-EXMP is not case(a) shown in Fig. 2a) are stable. On the other hand, the
stable at 2 K; the ST-EXMP becomes stable when the folST-EXMP for caseb) with ® =0 K shown in Fig. 2b) is
lowing approximate inequality is satisfiedm}/m,  stable, while that for casé) with ®=3.84 K is unstable.

> —0.0017NyB|+ 2.5, where the unit oNyg is taken as The temperature dependence of the stabilization energy
meV. The ST-EXMP states calculatet?eK for caseda) and  Fg calculated by MFA is shown in Fig. 3 by the thin solid
(b) are shown in Figs. @) and 2b), respectively. For case line for ®=0K, and by the thin broken line foi®

(a) with ®=3.84 K, the localized Mn spins within-10 A =3.84 K: we see that the ST-EXMP for ca&® is stable up
from the trapped center are aligned ferromagnetically withto T,=5.2K for ®=3.84K andT,=6.2 K for ®=0K,
almost saturated magnetizations, and furthermore the localvhile that for case(b) is stable up toT.=1K for ®

ized Mn spins situated between 10 and 15 A are highly po=3.84 K andT.=2.4 K for ®=0 K. Here, T, is the critical
larized; in this ferromagnetic microregion with the substan-temperature below which the ST-EXMP is stable. Note that
tial polarization of localized Mn spins, the hole wave the case fo® =0 K is purely paramagnetic; in this case the
function is strongly bound witta,=14.4 A, while the elec- ST-EXMP becomes surely stable @sapproaches to zero,
tron wave function is quite loosely bound with,=64 A; since the susceptibility diverges @t=0 K.

the self-trapping is, thus, caused by the hole localization due We further calculate the M concentration dependence
to the strongp-d exchange interaction together with the rela- of the stabilization free energfg, for case(a) at 2 K and
tively largem}; . Similar characteristics are seen for céise  show in Fig. 4 together with the concentration dependence of
The ST-EXMP state witl® =0 K is also shown in Fig. 2 for the Stokes shift, which is defined by the energy difference
cased@a) and(b) for comparison; the induced ferromagnetic between the absorption and the emission. For this calcula-
microregion with almost saturated magnetization considertion, the Mn concentration dependence of bath and 0,

ably enlarges compared with that fér=3.84 K, while the  discussed in the last paragraph of Appendix A, was used. We

hole and electron wave functions
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§ FIG. 4. The Mn concentration dependence of the stabilization
free energyF 5 calculated by the MFA at 2 K is shown for ca&®,
together with the Stokes shif8S. Fg is shown by the solid line,
5 = while SS by the broken line.
4 case(b) MFA fluc‘:luations'
s | x=01 2:234& o perature T, as reported in Ref. 23, namely, 30 K for
' ) Cd; _,Mn,Te or 90 K for Cd _,Mn,Se, is never obtained by
2 5 the MFA. Then, does the thermodynamic fluctuations of

magnetization drastically improve the stability of ST-EXMP?
In Sec. Il B, we thus incorporate the effects of the thermo-
dynamic fluctuations of magnetization.
» ; AN ED\\A l For the BMP in DMS'’s, a degree of localized spin align-
o \;\\ ment around the donor is caused not only by the molecular
-2 ~ b field produced by the donor electron spin but also by the
0 1 2 3 4 5 thermodynamic fluctuation of magnetizatith?’ This has
T(K) been clearly confirmed by the comparison between experi-
ment and calculatio®? Even in the ST-EXMP, the thermo-
FIG. 3. The temperature dependence of the stabilization fre%iynamic fluctuations of magnetization may assist the local-
energyFs is shown forx=0.1 for the cases with and without the zation of EXMP. By extending the fluctuating molecular-
thermodynamic fluctuations of magnetizatida) is for case(a), field method for the BMP to the case for EXMP, the sum

while (b is for case(b). The result from the MFA is shown by the - o1 5tate% for the EXMP with the thermodynamic fluctua-
thin solid or broken line, while that with the fluctuations of magne- tions of magnetization may be given by

tization is shown by the thick solid or broken line. The closed or
opencircle is for ® =0 K, while the closed or opesquareis for
0®=3.84 K. The ST-EXMP is stable for positivEs. In (b), Fg

calculated by the WW method fa =0K is also shown by the Z:f f exp{ — iF(T,Ae,Ah (IM(r)])|dAdA,,
mark A for comparison. kT 1

\ A : WW's method]
AN \A\ (for@=0.0K}) -
0
N\
W\

stabilazation free energy ; FS (meV)
free state | self-trapped state

see that the existence of the minimum concentration of

Mn?* ions for the stable ST-EXMP. We also see a consiswhereF (T,A.,A;,;[M(r)]) is the free energy from the MFA
tency between the experiméht!and the calculation for the given by Eq.(2.8). M(r) in Eq. (2.11), however, means one
Mn?" concentration dependence of the Stokes shift. Thi®f the possible space profiles of the magnetization for local-
consistency may suggest the existence of a localized EXMized Mr?* spins, which produces one of the possible sets of
after the photoabsorption even if the ST-EXMP is not stableA, andA,, through Eq.(2.4): the thermodynamic fluctuation
of M(r) thus produces the fluctuation df, and A,. The
electron and the hole lower the energy by aligning their spin
direction to the direction of instantaneos and A,,, re-

In Sec. Il A, we have studied the stability of ST-EXMP by spectively, but not the direction of the thermal averagd of
MFA. Judging from the calculation for cas®), which is  andA,;,, since the motion of the electron and the hole spin is
closely relevant to Cd ,Mn,Te, we conclude that the ST- fairly faster than that of the localized spins. The integration
EXMP in Cd; _,Mn,Te atx=0.1 may be stable at low tem- in Eq. (2.11) should be taken over, in principle, all possible
peratures belw 1 K for ® =3.84 K and below 2.4 K fo® values and directions of the macroscopic order parameter of
=0 K. This conclusion seems consistent with the previousA, andA,,. A sampling method for possible profiles Mf(r)
stability study on the self-trapped hole in DM$'s2? since s given in Appendix B. Onc& is obtained, the stabilization
the s-d exchange interaction between the electron and théree energy for ST-EXMF; g, with the thermodynamic fluc-
localized Mrf* spins is fairly weak. The high critical tem- tuations of magnetization may be given by

B. Effect of thermodynamic fluctuations of magnetization
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Fs(ae,an,&(T)) are incorporated. FoP =3.84 K, T.=5.2 K for the MFA,
1 while T.=7.4 K when the fluctuations are incorporated. The
_ —kTInj j exp — —Fop A A increase quc is ~2 K m_these cases. F_urthermoiés for _
[ p{ kT ST Exwrl Ae h)] case(b) with the fluctuations of magnetization is shown in

Fig. 3(b) in the same way. We see that f@@=0K, T,
=2.4 K for the MFA, whileT.= 2.8 K when the fluctuations
1 are incorporated. Fo®=3.84 K, T,=1.0 K for the MFA,
XJ f exp[ ~ e excitor(AevAh))dAedAh}a while T,=2.4 K with the fluctuations. The increase Bf is
0.4 Kfor®=0K, and 1.4 K for®=3.84 K. As shown by
(212 these examples, the effect of the thermodynamic fluctuations
) of magnetization o, is not so large as expected. The rea-
whereF sr.exve is the free energy for EXMP by the MFAfor - gop for this is due to the condition for the stable ST-EXMP
one of the possible sets df and Ay, andF e excitoniS the  that the induced magnetization of localized spins within the
free energy for the free-exciton state including the e”trombolaron should be nearly saturatéd*6the energy lowering
term due to the fluctuation of the localized spins. Furthergye to the thermodynamic fluctuations is small for almost
more, a, anda, are, respectively, the variation parameterssatyrated regions. From these calculations, we conclude that
for the electron and the hole, ariqT) is also a variation the ST-EXMP for casga) is stable below 7.4 K for®
parametezr7 associated with the fluctuation of magnetization —3 g4 kK and 8.3 K for® =0 K, while that for casgb) is
(see also Appendix B The trace of the spin for the electron giapje pelow 2.4 K fo® =3.84 K and 2.8 K for® =0 K.
and the hole has been evaluated-igr.exvp @8NdFiree exciton  Above that temperature, the exciton moves freely throughout
as is shown in Eq92.8) and(2.10. It is worth mentioning  the crystal without any relaxation of localized Rinspins.
that for the free-exciton state, the gain of ggdexchange  The high critical temperaturg, as reported in Ref. 23 is not

interaction by the effect of the thermal fluctuations iNCOrpo-gptained even when the thermodynamic fluctuations of mag-
rated in the present study averages out to zero since the fregatization are incorporated.

exciton state spreads over a macroscopic voltiiéWe
obtain both the ST-EXMP state akd; with the fluctuations
of magnetization by following two methods: one is the
method of maximizing=s, Eq.(2.12, directly with respect In this section, we make a conclusion for the stability of
toae, ap, and§(T). The other is similar to that used in Ref. the ST-EXMP in Cd_,Mn,Te and would like to look deeper
27: we obtaina,, an, and &(T) by minimizing the free into the obtained conclusion.
energy of ST-EXMP with the thermodynamic fluctuations of (i) The stability of the ST-EXMP iCd;_,Mn,Te. As
magnetization, namely, by maximizing the first term on thementioned in Sec. Il, the cas@) is closely relevant to
right-hand side of Eq(2.12, and then calculate Eq2.12  cd,_,Mn,Te. Judging from the calculated result in Sec. II,
with the samea,, a,, and¢(T). Both methods should give the ST-EXMP in Cg Mn, ;Te seems unstable except at quite
the same result in the rigorous calculation. Even in theow temperatures below 1-2 K. On the other hand, the tran-
present approximation, however, we confirmed that bothsient luminescence experiment in GgVing 1,Te certainly
methods give the nearly same result for the temperaturghows that the emission energy shift associated with a mag-
range shown in Fig. 3; in this paper, thus, we show the renetic localization is observed up te25 K, although the
sults by the former method. In the actual calculation, we firsienergy shift seems continuous with temperature. Provided
calculate the case fd» =0 K and obtaina., a,, and§(T)  that the ST-EXMP is stable at low temperatures, it is ex-
by the method mentioned above. In the calculation for theyected to change to the free-exciton state discontinuously
case of® #0 K, we determine, anday, by maximizingFs  with increasing temperaturé$.The present calculation to-
with §(T) fixed to the value obtained for the case ®f gether with the experimental result thus suggests that the
=0K. EXMP in Cd,_,Mn,Te (x=0.05-0.2) is not self-trapped at
The stabilization free enerdys calculated in this way is  temperatures above 1 K where the experiments have been
shown in Fig. 3 as a function of temperatuffeg for performed, but is localized by the other primary localization
=0K is shown by the thick solid line, while that fd® mechanisms, for example, APF’s. In this sense, the EXMP in
=3.84 K by the thick broken ling= s obtained by the MFAis  Cd,_,Mn,Te may resemble the BMP in DMS’s, which is
also shown for comparison by the thin solid line f&  primarily localized by the attractive Coulomb interaction be-
=0K and by the thin broken line fo®=3.84 K. We see tween the defect and the electr@mole). The L2 lumines-
from Fig. Ja) that the stabilization by the thermodynamic cence thus is considered to observe the EXMP state trapped
fluctuations for casea) is about 1-2 meV @2 K and 2.5 by the cooperation of the APF’s and thp-dexchange inter-
meV at 6 K for both cases @ =0 and 3.84 K, as estimated action at low temperatures. On the other hand, at high tem-
from the energy difference between the thick and thin solicberatures the luminescence observes the thermodynamic
lines for ®=0 K, or the thick and thin broken lines fd fluctuations of magnetization through the spin freedom of the
=3.84 K; the effect of the fluctuations thus stabilizes theexciton state trapped by the APF’s.
ST-EXMP and increases with temperature. By this stabiliza- (i) Comparison with the stabilization energy calculated
tion, the critical temperatur@, increases: fo®=0K, T, by the WW methot Since Miao, Stirner, and Hagstoh
=6.2 K for the MFA, whileT,=8.3 K when the fluctuations applied the method by W\ we also performed the stability

X dAgdA,+KTIn

Ill. DISCUSSION AND CONCLUSION
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0 2 4 6 8 10 FIG. 6. E.(an(ae)) for case(a) calculated from Eq(3.1) is
T(K) shown as a function of the extent of halg by the solid line[see

item (iii) in Sec. llll. The vertical arrow shows the minimum of
FIG. 5. The extents of the hole and the electron wave functiong_ (3, (a.)), while the horizontal arrow shows the free-exciton en-

ap anda,, atx=0.1 are shown as a function of temperature for ergy adopted in the present calculation for céme The total free
case(b) with ®=0K. The result by the MFA is shown by the energy for ST-EXMP obtained by the MFA for cag® with ©
broken line, while that with the thermodynamic fluctuations by the — g K s plotted as a function o, by the broken line fof =5 and
solid line.a,, anda, obtained by the WW method are also shown by gk respectively. Note that the free energy for the free-exciton state
the markA for comparison. The vertical arrow shoWs below s optained by adding-2kTIn2 (that is, —0.597 meV forT
which the ST-EXMP is stable. =5K and —0.956 meV forT=8K) to the energy of free-exciton

state.
calculation using the same method. The WW method gives
an accurate result for the classical localized spins interactinguite large, it loses validity since the attractive Coulomb in-
with one excess carriefthat is, only electron or hoJe teraction between electron and hole is not taken into account
through the exchange interaction; the method however, iproperly. In such a case, it is necessary to describe the wave
applicable only for®=0K. Then, we applied the WW function as the product of the relative motion and the center
method by taking account of only the exchange interactiorof the mass motion for exciton. We therefore estimated the
between the hole and the localized spins@®=0K, as in  energy of the free exciton on this point of view in the present
Ref. 23. The free energy for ST-EXMP by the WW method ispaper. Nevertheless, Miao, Stirer, and Hagstadopted
minimized by variation with respect t, anda;,. The result  the independent model even for the free-exciton state as well
obtained forFg in case(b) is shown by the marlA in Fig.  as ST-EXMP. As a result, they obtained a conclusion differ-
3(b) to be compared with our result shown by the thick solident from the present study. To show the situation clearly, we
line [for case(b) with ®=0K]; Fg obtained by our calcu- give a brief discussion below. The free-exciton energy in the
lation is always about 0.5 meV larger than that by the Wwelectron-hole pair model is obtained as a functioragfind
method. This seems reasonable since our method takes & as>
count of also the exchange interaction between the electron

and localized spins: the exchange interaction energy between h? h? e’(ai+a+3apa,)
the electron and localized spins estimated from our calcula- Eed@c,@n) =5 52+ 5 52— 3

Lo 2mia, 2mgag e(aptae)

tion is less than 1 meV at temperatures between 1.6 and 4 K. (3.1

This result therefore may guarantee a validity of the fluctu-
ating molecular-field method used in the present paper. ThAfter minimizing with respect t@., the free-exciton energy
difference in the stability conclusion between Miao, Stirner,is only a function ofa;,. ThenEg(an(ae)) for case(a) is
and Hagstof? and the present work thus is not attributed toshown as a function o, in Fig. 6 by the solid line: the
the method for calculating the thermodynamic fluctuations ofninimum energy is—5.917 meV witha,=44.8 A. They?
magnetization. The comparison af and a;,, between the regarded this minimum energy as the energy for the free-
WW and present method is also shown in Fig. 5, where th@xciton state, while the present study took the first term of
mark A shows the result by WW, while the solid line shows Eg. (2.10, —10.79 meV, as the energy of the free-exciton
that by the present method. state for casda). (This energy is indicated by a horizontal
(iii) The reason for the difference between Miao, Stirner,arrow in Fig. 6) Thus, the free-exciton state in the present
and Hagstof® and the present autholLet us now discuss study is 4.88 meV deeper for caé®, 5.14 meV deeper for
the reason for the difference in the stability between Ref. 2Zase(b) than these cases by them. Their stabilization free
and the present work. The independent pair model used fagnergy is always overestimated.
the ST-EXMP, Eq(2.5), may be valid when the extent of the ~ Moreover, when thesp-d exchange interaction is turned
hole and the electron is small. When the extent becomesn, the ST-EXMP for the present approximation appears as
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shown by the broken line in Fig. 6. Thus, the free energy forto the lower temperature than that obtained in Sec. Il by the
ST-EXMP is always deeper than that for the free-excitoneffect of the higher-order perturbation of the exchange inter-
state employed in Ref. 23: the ST-EXMP always stably existaction.
in this point of view. The physical picture of this is as fol-  In this paper, we studied the stability of the self-trapped
lows. Provided that the free-exciton state is defined as thexciton magnetic polaron in diluted magnetic semiconduc-
minimum state of Eq(3.1), the free-exciton state, that is, the tors theoretically, related to the observe@ photolumines-
photoexcited state after the interband transition is not exeence in these substances. First, the usual molecular-field
tended over the crystal, but is constrained within a finiteapproach was performed, and then the effect of the thermo-
space characterized by E®.1). Thesp-dexchange interac- dynamic fluctuations of magnetization was incorporated by
tion stabilizes this constrained “free-exciton state” andthe fluctuating molecular-field method. The calculation sug-
makes it a localized EXMP. In Fig. 5, with increasing tem- gests that the exciton magnetic polaron in, CdMn,Te (x
perature, we further see that the extent of the ST-EXMP ap=0.05-0.2) is not self-trapped except at quite low tempera-
proaches the extent determined by the minimum of(Bd).  tures below~1 K, but the other primary localization mecha-
This unphysical result is due to an insufficiency of the pairnisms, for example, alloy potential fluctuations, are neces-
model. Strictly speaking, thus, the wave function should besary for the localization at temperatures abovd K,
described as the product of the relative motion and the centeontrary to the theoretical study by the previous autfdis.
of the mass motion even for ST-EXMPFurther study along is briefly discussed further that when the higher-orsierd
this line is now in progress. exchange interaction is taken into consideration, the ST-
(iv) Effects by the second-order sp-d exchange interacEXMP in DMS’s may become more unstable than that stud-
tion. In the molecular-field approximation in Sec. Il A, we ied in the present paper.
used the static approximation that the hole and the electron
experience only the average motion of the localized spins, ACKNOWLEDGMENTS
and obtained the free energy of E&.8). The obtained so- . o
lution, however, can be taken as the zeroth approximation for The author would like to express his sincere thanks to
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showed that the thermal fluctuations make the self-trappeth diluted magnetic semiconductors. He also expresses his
EXMP a little more stable. Another deviation from the staticthanks to Professor S. Takeyama at Chiba University for
approximation may be estimated by a perturbation Ca|cu|avaluab_le discussions related to the_lr experiments. 'I_'r_us work
tion of the sp-d exchange interaction, which requires theis partially supported by a Grant in Aid for Scientific Re-
knowledge of the excited state of the magnetic polaron; th&earch of Priority Areas, “Photo-induced Phase Transition
calculation of all the excited state is, however, difficult in and their Dynamics,” from the Ministry of Education, Sci-
actual cases. Adopted that the magnetic polaron state is &1Ce, Sports and Culture in Japan.
large polaron as seen in Fig. 2, the excited state may be
possibly approximated by the free state orthogonal to the APPENDIX A
magnetic polaron state obtained by the static mot@hen
the deviatiolAE, from Eq.(2.8) may be estimated as below
for the space profile oM (r):

As the concentration of Mn ions increases, the standard
Brillouin function becomes inadequate because of the inter-
action between Mn ions. In such concentration regions, the

(1.5)2 magnetization is expressed by a modified Brillouin function
5
AE;= —XerG o flsoeu)lz[l—M(r)Z]dr as’
B
gusSH
1,S)? M(T,H)=gugXeiNoSBs| = ————|, Al
—xeﬁe—h—(;) f|<ph(r)|2[1—|v|(r)2]dr, (32 (T )= 9reXeMoSE } (7576 (AD
B

whereNg is the number of cation®gs is the Brillouin func-
in which E§ and Eg are, respectively, concerned with the tion, H is the applied magnetic field, is the temperatureyg
bandwidth of the electron and the hole, a@ds a numerical s the Bohr magnetorg=2, andS=3 for Mn" ions. X
constant of order unitif The proper values S, EL, and  and® are fitting parameters to the experimental data and are,
G for magnetic polarons have not been reported since theespectively, regarded as the effective Mn concentration and
difficulties of calculating all the excited states for magnetican antiferromagnetic temperature. The valuesxfgrand ®
polarons. In the free-exciton state, however, B32) tends  for Cdy gMng (Te used in Sec. Il were employed from the
to the result in the usual second-order perturbation for thexperimental dat® The Mn concentration dependence on
sp-d exchange interaction by takingee(r)|?=|en(r)|> x4 has been theoretically proposed also on an isolated-spin
=1/ andM(r)=0.0. Thus, the effect by the second-order cluster model, in which the Mn spins in each cluster interact
perturbation of the interaction is not favorable to the ST-with others antiferromagnetically, however, there is no inter-
EXMP, sinceM(r) within the stable ST-EXMP is highly action among different clusters. An effective Mn concentra-
polarized as seen from Fig. 2, whil&(r) in the free-exciton tion x.4 on this model was, for example, reported by Shapira
state is zero even at the almost absolute zero temperaturet al,>® considering four types of the nearest-neighbor clus-
The critical temperatur@; thus may descend considerably ters: isolated Mn ions, pairs, open triangles, and closed tri-
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0.07 are fluctuated in both the direction and the magnituéle:
- (6y) is the angle betweenaxis andH, (Hy), andé. (&) is
0.06 _,4‘ the angle between the axis andH, (H;). He andH,, are
0.05 Pt further described as
. e
-
= 0.04 Hi(r:0;,& ,vi)=Ri(r:v)e(6,&), (B2
: 0.03 \ with
Hi(r:6; & ,v; .
0.02 N\ e(ei,m:M (i=e and h). (B3
/ \ |H|(r-‘9|1§|vv|)|
0.01 \ Therefore, wherd, and &, (6, andé,) are varied, the direc-
o \ tion of H. (Hy) is fluctuated; wherv, (v,) is varied, the

magnitude ofH, (H;) is fluctuated. In the present calcula-
tion, we employed the 4 hydrogen-type function foiR;

X (r:v;), which is the same type of function as the variation
wave function for electron and hole. Thug, (r:v;) is ex-
plicitly shown as

0.0 0.050 0.10 0.15 0.20 0.25 0.30

FIG. 7. The effective Mn concentration; calculated by Sha-
pira et al. (Ref. 36 is shown as a function of by the thick solid
line while the upper bound fox.; by the thick broken linexq« N\, 3
obtained by a numerical simulation by Fatgihal. (Ref. 37 is also Ri(r‘vi)_vp(l iS)(vil m)exp(—2vr). (B4)
shown by the thin solid linésee Appendix A Then, when we takere=1/a,, v,=1/a,, and furthero,
=6,=0 or f,— 6,,= 7, together with =1, andl =1, Eq.

(B1) reproduces the usual molecular field as expressed by
Eg. (2.9). This is why the present method is called a fluctu-
ating molecular-field method. Now, the magnetization fluc-

angles, together with the upper bound fQk. The result is
shown in Fig. 7, where is shown by the thick solid line
and the upper bound fot.s by the thick broken line. Nu-
merical simulation forxes was also performed by Fatah - o
et al*” in which the nearest-neighbor unpaired magnetic ionduating atr, M(r), is given by
were searched under a random distribution of magnetic at-\(r: g, g, , &, ,&
oms. The result is shown by the thin solid line in Fig. 7,
which shows an intermediate value betg\éeen the thick solid
and broken lines obtained by Shapetal. )

In Sec. IlA, we calculated the stabilization free energy =Bs(H(r:0c,0h &, én ve, v) [l E(TIK(T+O))e(r).
and the Stokes shift as a function of the Mn concentration (B5)
which requires the Mn concentration dependence of kgth

and®; we usedx; obtained by the numerical simulation by o RN
Fatahet al>” mentioned above, and also used the foIIowing'cor EXMP exist in the plane spanned bi, andHp,; within

antiferromagnetic temperatuf® interpolated for the experi- this plane the direction Of. magneuzano_n, howev_er, depends
mental dat® between x=0.005 and 0.3:©=56.0x O°"' @S shown by the unit .vectqa(r), since two !ndepen-
— 251,022+ 766.1843 K. When we restrict the fitting area dentH. andH,, are used. This ensures the possibility that the

_ _ direction of the spin-splitting vector for hol#,, is different
betweernx=0.005 and 0.20 = (37.45- 1.06)x K represents . X X
the experimental datawell. from that for electrom, for each instance in the fluctuation.

In Eq. (B5), Bg is the Brillouin function, and th&(T) is a
variation parameter, which is determined by minimizing the
free energy with the thermodynamic fluctuations of

In this appendix, we show how to generate the thermodymagnetizatiorf’ The fluctuating magnetizatiod (r) is gen-
namical fluctuations of magnetization in Sec. 1IB. In this erated from the fluctuating molecular field in this way.
method, instead of all possible fluctuated states of magneti- Now, we can calculate the spin-splitting vectas, and
zation, we take account of the fluctuated states that seem &, for the electron and the hole by E(®.4), and also the
be effective to the problef.We introduce a fluctuating mo- free energy for the ST-EXMP gr.exvp by Eq.(2.8) using the

hsVesVh)

In the present approximation, all the magnetization vectors

APPENDIX B

lecular field on the localized spin atr, instantaneous magnetizatidvi(r) given by Eq.(B5). In this
H(r:0e,6h,é6.6n,ve,vy), and divide it into two compo- process, both the electron and hole spins are assumed to
nents: adiabatically follow to eacinstantaneous spin-splitting vec-
tor since the motion of the electron and hole spins is consid-
H(r:0c,0n,&e.6h Ve, vn) erably faster than that of localized spins. In the present
—Ho(T: s, ve) +Hi(T: 60 &0 o). (B1) method, the fluctuation is produced wheép, 6,, &, &,

ve, andwy, are varied. Then in changing the variables of the
Here the componentsl, and H,, are assumed to be two integration fromA, andAy, to 6., 6, ée, &n, Ve, andwy in
independent fluctuating molecular fields resulting from twoEq. (2.11), the transformation factor, the so-called Jacobian,
excess carriers, the electron and the hole, for example; theg required:
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J(ve,vp,C0S0,,COSO , £o, &) the integration bydA dA;, in Eq. (2.1]) is changed to

_ 9(Ae,Ap,COSXe,COSXN s 76, 71) . (86) A2A23(ve,vp,COSO,,CO80p , &, En)dredry,
d(ve,vy,,C0S0,,C0S0y ,Ea, éR)
X d(cosf.)d(coshy,)dédé,. (B9)

in which y. (xn) is the angle between the axis andA,

(An), while 7 (75) is the angle between theaxis andAe  \yhen there is no external magnetic field, thaxis is no
(Ap). Herez the Jacobian is defined, for example,.fort'he Casgpecial axis; the free energy E.8) thus depends on the
of two variables as)(p,q)=d(x,y)/d(p,q), and is given rg|ative angle betweed, andA,, together with their magni-
explicitly by tudes. Thus, sextuple integrals appeared in (B§) reduce

to triple integrals for the case without the external magnetic

x %y field studied in this paper; the integration fog and vy, is
I(p,q)= ap Ip (B7) performed from O to each upper value numerically; the upper
’ ax ay|’ value for v, and v, was estimated with consulting the ST-
99 9 EXMP state obtained by the MFA. As fér in Eq. (B4), one

possible choice i3,=1, andT,=1,; this choice was used
for the present study conventionally. Other choices to gener-
dAdA,=A2AZdA dALd(cosy,)d(cosy,)d7ed 7, ate proper fluctuations, such as=T,=2(|l¢+|l4]) with
(B8)  the same upper value for, and vy, are also possible.
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