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Effect of alloy potential fluctuations on the exciton magnetic polaron in the bulk diluted magnetic
semiconductors Cd_,Mn,Te
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A theory for exciton magnetic polarofEXMP’s) in diluted magnetic semiconductors localized by $iped
exchange interaction with assist of alloy potential fluctuati@kiBF's) is presented within the molecular-field
approximation. First, we show that the self-trapped EXMP in GW¥n,Te is rarely realized except at quite
low temperatures below1 K. Then, we incorporate the effect of APF’s with the optimal fluctuation method,;
the calculated results turn out to be consistent with the photoluminescence data above 1 K observed after
band-edge excitation. This strongly suggests the necessity of APF’s to localization of EXMP’s. The calculation
with APF’s further demonstrates that the luminescence due to the EXMP,in,Md, Te is observed clearly
from x~0.05, which is also consistent with the experiment.
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Photoexcitation in diluted magnetic semiconductorslaron energy observed by Mackét al'®'! and Takeyama
(DMS's) may produce microferromagnetic domains in theet al'*** The former determined the polaron energy by se-
paramagnetic medium within a lifetime. In this manner, thelectively excitating at successively lower energies of the APF
exitons in DMS’s, such as Gd,Mn,Te, are strongly af- levels in the band gap until the Stokes shift remained a con-
fected by thesp-d exchange interaction; in some cases, thestant. This constant value was taken as the polaron energy.
excitons are localized as self-trapped exciton magnetic polhe latter, however, used the interband excitation or the
larons (ST-EXMP'S). In the last decades, both experimentalPand-edge excitation technique. Two groups seem to observe
and theoretical investigations for the EXMP’s in DMS’s have différent polaron complexes because of the finite lifetimes of
been performed related to the obsented luminescencé. EXMP,.S together_wn.h d'ﬁefef.“ relaxation Processes assocl-
The stability of ST-EXMP's in DMS's, together with the for- ated with the excitation technique used. A similar suggestion

mation mechanism of EXMP’s, however, is still a subject Oflr?agr:}/ceaq t)e);f:c?gs\tgsmt:i efilrr:wdertlft]jl 'mgﬁgﬁﬁceb of \t(gio?/ﬁv
controversy: the recent theoretical study by Miao, Stirner, 115 |1 thi dp | with hy f hy band-ed
and Hagstofreported that the ST-EXMP in Gd,Mn,Te is etal.” In this paper, we deal with the case for the band-edge

. . X excitation, but not the selective excitation.
stable up to relatively high temperaturéb<(30 K) without Now, we return to the present subject. To make the effect

any other primary localization. The present aut?lpqwgver, of APF’s clear in the band-edge excitation, we first study the
pointed out that the electron-hole pair approximation theycase without APF's and then incorporate its effect; the cal-
used gives a spurious confinement potential for excitons angjation suggests the necessity of APF’s to the localization of
showed that the ST-EXMP is rarely realized except at quiteexMP's in bulk Cd,_,Mn,Te at least above-1 K. Let us

low temperatures below-1 K. However, there is a further employ the following variation function for EXMP’s:
mechanism that leads to the intrinsic localization of exci-

tons: alloy potential fluctuation6APF's) due to the local D(Fe,Th) = g(Fg) dy(Fe—T)

compositional fluctuation of magnetic iofisince the DMS 3 )

is a compound made up in part of substantial magnetic ions. _ ( Vg”r) exol — E[(l— 8)F ot OF ]2
Up to now, few theoretical studies of the effect of APF’s on 2 € h

EXMP’s have been developed. In this report, we then study )

the effect of APF’s, using the product of the wave functions ><exp{ . ﬂ(r* e )2] )

for the center-of-mass motion and the relative motion of the L

electron and hole. By this representation, a proper treatment ) .

of the attractive Coulomb interaction between electrons andiere ¢g4(fg) is the wave function for the center-of-mass mo-

holes is guaranteet. tion ande¢, (F.—r},) is for the relative motion of electron and
Before discussing the present subject, we note two point§ole: [y is the coordinate of the center of mass, @génd

of relevance. First, over the last decade, the bound magnetia are, respectively, the position vectors for the electron and

polarons(BMP’s) in DMS's have attracted considerable at- hole. Furthermorey, means the inverse of the extent of the

tention from the theoretical® and experiment&f view-  center-of-mass motion ang that of the relative motion. By

points. In this case, excess carriers are initially bound to &he interaction the effective mass may be varied; this is con-

Coulomb attractive potential of extrinsic donors or acceptorssidered bys=my/(mg +my), wheremg and my, are, re-

On the other hand, this paper deals with an intrinsic localspectively, the dressed masses for the electron and hole. We

ization of carriers due to the compositional fluctuation of Mnthus have introduced,, »,, and 5 as the variation param-

ions. Second, for EXMP’s in DMS’s, there seems a markeceters and adopt the Gaussian function dg(ry) and ¢, (e

discrepancy for a Mn concentration dependence of the po-r}) as shown in Eq(1). This variation function was used
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by Sumi® for studying the interaction between the exciton & o
and acoustic phonon. If— 8(1— 6)»2=0, Eq.(1) is sepa- g 10 - 8
rable into electron and hole parts: we have an electron-hole g ‘\ x =01 _‘g
pair in such a case. T \ = 9
The total free energy for EXMP’s without APF's may be & \ =
given within the molecular-field approximatidMFA) as™ g 5 \ s
) o \ 0=00 K ==+ s
3m o 1 3 i \ =384 K —
Flbg.dr M]== —Eu{ | (1—8)2+ —|v2+ 1+—y2] E \ =3
[¢g o ! 2 mg H[ Yo) © Yo ' = 0 \ . \.‘ T
2 \I N
4 B kTin| 2 costit 5
———,—kTIn =
N v, cosfl(—_l_ =
£ s . . .
A ) . : i 4.
—kTIn[Zcoshk—h) 0.0 1.0 20 3.0 0
T T(K)
_k_TX fG(M(F))dF ) FIG. 1. Stabilization free energy of ST-EXMP’§g, for x
V, eff ' =0.1 is shown as a function of temperature for the case®of

=3.84 K by a solid line. The ST-EXMP is stable for positi¥g.

Here v, and v, are normalized by he inverse of the Bohr The case fol® =0 K is also shown by a dashed line for compari-

radius. The first term in Eq2) is the loss of the transfer
energy by the localization of exciton. The second is the at-
tractive Coulomb interaction energy between the electron
and hole. The third and fourth terms, which are the driving V=—r—
force for EXMP's, are the free energy by tep-dexchange 37
interaction;A, andA, are, respectively, the spin splitting for
the electron and hole defined by

mp Mg
Me+my, m’

€

4(1

In the calculation for Cd_,Mn,Te, the following material
parameters are usedm,=0.096n, m,=0.6m,*® Ny«
Noe =220 meV,NoB=—880 meV;®ande =10.62 Now we ex-
Ae=7xeﬁSJ | he(7)|?M (F)dF, (3@  amine the possibility of ST-EXMP’s fox=0.1; from the
experimentx.; and® were obtained as 0.039 and 3.84 K for
NS x=0.1, respectively! The stabilization free energys, cal-
Ahz_xeffSJ |y (7)[2M (7)dF, (3b)  culated as the free energy difference between EXMP’s and
2 the free exciton, is shown in Fig. 1; the ST-EXMP is stable
exchange constant for the electron and h6lis the magni- ~ about 0.35 K; between 0.35 and 0.9 K, the ST-EXMP coex-
tude of localized Mn spin,|ye(Fo)|2=f|$(Fe.i1)|2dF,,  iSts as a metastable state with the stable free exciton; at 0.9
|n(Fr) 2= S| $(Fe,F1)|2dFe. The induced magnetization of K. the metastable ST-EXMP abruptly changes into the free
Mn spin,M (F), is calculated with a modified Brillouin func- €xciton state; above 0.9 K, only the free exciton exists. The
tion (MBF) by M () = Bg(h(f)), whereBg(h()) is the Bril-  Photoluminescence experiments ingegMno 1,Te, however,
louin function with the molecular fielti(7) obtained by certainly show that an energy shift of the emission asso-
ciated with a magnetic localization is observed up~t85
Ag K.1213This means that the calculation without APF’s fails to
k_T> explain the localization of the exciton at such high tempera-
tures, as already shown.
Ay Then the effect of APF’s is incorporated next. The study
ﬁ—) N of the density of states in the band gap of solid solutions due
to composition fluctuations was developed many years
The physical content of the MBF and its limited quality is ago!®?° Following these theories, the band-edge broadening
seen in Ref. 17. The last term in E(R) is the magnetic in solid solutions was also studiétA theory for EXMP’s
entropy due to the polarization of Mn spinsLis the free  trapped at APF’s, however, has not yet been developed as far
electron massyo=m,/me, whereme(my) is the electron as the author knows except the one by Hagstoal. for
(hole) effective mass of the conductidualance band,s the  selective excitatiohi? This paper is a report of the EXMP’s
dielectric constantx.; the so-called the effective Mn con- |ocalized by cooperation of APF’s after band-edge excitation.
centration characteristic to DMS’sy/, the volume per cat- The following analytic approximation for the fluctuation

ion, k the Boltzmann constant, the temperature® the an-  potentials was given by Hagsta al* after LifshitZ° and
tiferromagnetic temperature, and E,=13.6eV. By Baranovskii and Efro&’

minimizing Eq.(2) with respect tovy, v, and g, we obtain "
the minimum free energy for EXMP’s. On the other hand, N o
the free exciton state is obtained gg=0 and Vaer(r') =~ |E[Vo exp{ o ) ®

Noa
k(T+0)x h(r)=vp[Ts| zpe(F)|2tanI‘(

+¥S|¢h(r*)|2tam‘(
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FIG. 2. Profile of EXMP’s localized by the assist of APF’s cal- 15
culated &2 K is shown forx= 0.1 as a function of the distance from % i
the trapped center. The wave function for the center-of-mass mo-g (b) Pl
tion, ¢g4(rg), is shown by solid line with scale on the lgftaxis, ~ " N >
while the magnetization of the Mn spinBJ(r), is shown by a w 10 ’ \\ case (2)
dashed line with scale on the rightixis. The unit of the lefy axis < ,' \\
is ag >, while that of thex axis is angstroms. b1 T=2K 'V {’ ¢ \
\
' ! o \
whereE<O is a localization energy in the band gap ard e 5 '.' \ 7
=ry2m*|E|/A with the band massn*; V,=18.7 ando & ’ case (1)
=0.265. The density of the states in the gap in this model is% / \
given byg(|E|)=g(0)exp(|E|/Ep), whereE, is a mea- 0 B _ —
sure of the band-edge smearing caused by the compositio 0 01 0.2 03 0.4

fluctuations. In the present case, the exciton binding energ)
due to the relative motion is10 meV and thus is larger than X
|E| as later shown. Then we assume that the relative motion FIG. 3. Calculated Stokes shif§S is shown as a function of
of the exciton is not so Irlfluen_ce_d by APF's; _the APF aﬁeCtSMn concentratiorx in (a) for three cases: the exciton localized by
the center-of-mass motion, giving a smearing of the bant\prs alone Sg.r, EXMP at 2 K localized by the assist of APF's
edge or making a localization of the exciton with the smallgg for cases(1) and (2). The first is shown by a dotted, the
kinetic energy. For a calculation &, the variation rate of second by a solid, and the third by a dashed line(bl SSexue
the band gapdEg/dXx, is thus used with the substitution of —ss,,- is shown as a function of for cases(1) and (2), respec-
the total massmeg+m;,, for m*.?1?? The band-edge smear- tively. The experimental dat@Refs. 1 and 18are shown byO.
ing is, then, estimated by

cence data® 1 meV atx=0.12 and 4 meV ak=0.18.
Furthermore, we approximate the expectation value of APF’s

_ 1 dEg(x)|* as
EO(X)_(178><16)Ea( dx )
o ) o
xxz(l_x)2<me:;””' 3 ? 6' © (Vape(fg)) fVApF(rg)|¢g(rg)| dF,
B

2 32

; )

14

= Eo(X)Vo< (E)’ilgﬂwjz
whered(x) is the cation-cation distance alag is the Bohr g
radius. Using Eq(6), the broadening of the exciton reflec- where
tion lines of znCd;_,S and ZpCd,_,Te was well
described? Thus we approximatéE| in Eq. (5) by Eq(x). _ =
This means that the excitons after the band-edge excitation =0 Eo(x))'
experience the alloy fluctuation potentials with the localiza-
tion energies centered Bf(x) within a lifetime. In this case Adding the APF energy of Eq7) to Eq. (2), we have the
Eo(x) gives the Stokes shifS9S at high temperatures within free energy for the EXMP localized by assist of APF’s.
the MFA. Using the experimental values for CgMn,Te,® Now the primary interest is whether the EXMP assisted
we obtainEy(x) as 0.286, 1.02, and 3.18 meV fere=0.05, by APF’s reproduces the SS observed in CdMn, Te. First,
0.10, and 0.20, respectively. These values are well correlatetie EXMP forx=0.1 calculated 82 K is shown to be local-
to the SS at high temperatures measured from the luminegzed as in Fig. 2. Providing that the APF is not incorporated,

m
Mg+ My,
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the exciton in this case is not localized, but extends throughThis corresponds to the magnetic localization energy or the
out the crystal as implied by Fig. 1. The calculated SS, thenagnetic  polaron  energy  obtained from the
energy difference between absorption and emission, is 9.8xperiment-121326We see the experimental data included
meV, which is close to the experimental value 10.5 meVare well correlated to the calculated result, although there
observed at 1.6 K for GggVing ;,Te.** Next, the Mn con-  remains the uncertainties in determining the polaron energies
centration dependence of the SS together with the magnetigcperimentally’ The Mn-concentration dependence of the
polaron energy is studied. For this aim, the Mn concentrationnagnetic polaron energy in the band-edge excitation is, thus,
dependences of botke; and art;grequwed. We used an rather similar to the case of the ST-EXNt®however is
analytic X given by Shapireet al.™ and 6214numer|cakeﬁ different from that obtained from the experiment in the se-
obtained with the simulation by Fatat al.™ the former, |octive excitation'® With increasing the temperature, the SS
referred to as casel), agrees well wittxey obtained from g6 1 the magnetic localization becomes small and the ex-
the experiment up t&= 0.1, while the latter, referred to as citon is almost localized by APF's. At a certain high-

i = 24 A . .
icnatz(rapgg?étzgr?(fr?nmgl;o\;vmzegxggritr?1;(r1_tzgll?c)i.a{éFt?ertéetr:]f temperature range, the thermodynamic fluctuation of the
—0.005 and 0.3 was used. The calculated results at 2 K armagnet|zat|on becomes important, as similar to the case of

1« 5,6,8
shown in Fig. 3 for casegl) and (2) together with the ex- IglvllrF:S(‘:onclusion we investigated the effect of APF's on
perimental data. The following characteristics are se€): ’ 9

- EXMP’s after band-edge excitation theoretically within the
The SS for the EXMP (S&wp) shown in Fig. 8a) decreases .
drastically belowx=0.05: this behavior seems consistentMFA' The calculated results for the EXMP localized by the

with the experiment by Golniketal® and Heiman assist of APF’s are consistent with experiments although the
etal:® the L, line is observed clearly abovex comparison was performed at relatively low temperatures.

—0.04—0.05. The dotted line in Fig(8 shows the SS for The present study thus strongly suggests the necessity of
the exciton localized by APF’s alone (§9). (i) The sub- APF's to localization of EXMP’s after band-edge excitation
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