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Phonon-assisted magnetopolaron effect in diluted magnetic semiconductors
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A phonon-assisted magnetopolaron effect in diluted magnetic semiconductors is theoretically investigated. It
is shown that the binding energy of magnetic polarons can be substantially enhanced if coupling between the
magnetic and phonon subsystems is taken into account. In the particular case of ‘‘soft’’ lattice dynamics, the
stability range of the hole-induced magnetic polaron can be extended to temperatures of a few tens of kelvin
and magnetic fields of several tesla.@S0163-1829~99!06104-4#
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I. INTRODUCTION

The concept of magnetic polarons~MP’s! ~or, more pre-
cisely, paramagnetic polarons! was introduced in the 1970s1,2

and became especially interesting for its role in the und
standing of diluted magnetic semiconductors~DMS’s!.3–6

The exchange interaction between the spin of a free ch
carrier and the spins of magnetic ions substantially modi
the energy bands in a magnetic field, giving rise to n
spin-dependent phenomena observable at low temperat
This interaction leads to a noticeable alignment of localiz
magnetic moments even in the absence of an external m
netic field. Such a local polarization results in the splitting
spin states both for electrons and for holes. The charge
rier, in turn, holds the polarization cloud which causes
appearance of a self-consistent MP state.

It is worthwhile mentioning that considerable recent
tention has also been focused on MP physics in studie
high-temperature superconductivity. An analysis conduc
in the framework of thet-J model7 revealed the possibility
of a hole-hole superconductive pairing, with a single h
being a magnetic polaron of small radius~see Ref. 8!.

Although there is abundant evidence for bound magn
polaron existence,9,10 the severely restrictive conditions re
quired for free magnetic polaron~FMP! stability have made
this sort of polaron very difficult to observe experimental
According to Kasuyaet al.,1 a polaron becomes stable whe
its free energy approaches zero, a condition that canno
satisfied at temperatures above about 1 K for the electron due
to its small mass and the comparatively small exchange c
stant value for all known DMS’s. Stability conditions a
more favorable for the FMP associated with a hole, but
still strongly dependent on the content of the magnetic co
ponent, the temperature, and the details of the band struc
Calculations of the stability of the hole-type FMP
Zn12xMn xSe have shown that the hole-type FMP is sta
only for temperatures below some characteristic valueTd ,
PRB 590163-1829/99/59~4!/2731~6!/$15.00
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which for x50.05 is in the range of 0.2–1 K.11 The value
of Td for the electron-type FMP is expected to be about o
or two orders of magnitude smaller.

Several experiments, on the other hand, show evidenc
MP existence at temperatures higher than 1 K.12–16 Golnik
et al.12 explain a peak in luminescence from Cd12xMnxTe,
which is visible for x'0.05 and dominates the exciton
related luminescence spectrum forx>0.1, as originating
from a magnetically localized exciton formation. In expe
ments on spin-flip Raman scattering and luminescence, W
nock et al.13 observe peculiarities in the spin relaxation
the Stokes-shifted radiation as well as a shift with narrow
of the exciton luminescence towards that of a free exci
when the CdMnSe~Te! crystals were measured in a magne
field.

Unusual luminescence data were also reported rece
for Hg12xMnxTe single crystals (0.09<x<0.20).14–16

Simple theoretical estimates indicate that exciton sta
within the mobility gap exist approximately 1 meV belo
the bottom of conduction band. Luminescence from th
levels is difficult to detect experimentally at zero magne
field due to the presence of a band tail. Occasionally, ho
ever, a weak luminescent signal transforms into a strong
surprisingly narrow peak, increasing in intensity as the m
netic field is increased. It appears possible to treat this
havior as if it were due to the formation of a gap in th
electron density of states, with the exciton states be
within the gap at some intermediate value of the magn
field. According to the theory developed by Karpov a
Tsidil’kovskii17 for diluted magnetic semiconductors, a ga
in the density of states in a band tail originates from t
magnetopolaron effect. The magnetic field shifts the eff
tive gap to lower energies. Additionally, the magnetic fie
controls the position of the exciton energy level through
modification of the exciton localization length. As the ma
netic field is varied, the repositioning of the energy leve
2731 ©1999 The American Physical Society
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2732 PRB 59TARASOV, RAKITIN, MAZUR, TOMM, AND MASSELINK
can lead to a shift of the exciton level into the gap, result
in the appearance of an excitonic state and, hence, of a
minescence signal. Thus, the key point here is the existe
of the MP, which allows the existence of the gap in t
electron density of states. The commonly used models
the magnetopolaron restrict the MP state to temperatures
low about 1 –2 K, whereas MP-associated effects have b
observed at 5 –10 K.

In this paper the problem of the MP-phonon interaction
solved analytically within the ‘‘exchange box’’ model. Ou
study shows that taking the magnetic polaron-phonon in
action into account can explain the enhancement of the c
acteristic temperature of MP formation and, therefore, p
vides a formal theoretical basis for our earlier experimen
results.14–16

II. MODEL AND DISCUSSION

The qualitative and quantitative description of autoloc
ization of the electron state due to the exchange interac
with the magnetic subsystem has been presented by se
authors.4–6 If the magnetic system is in the paramagne
phase, magnetization fluctuations result in a stable disc
electron level, provided that the free energy is diminish
Ordinarily, the electron-localized ion exchange interaction
considered as18

Hexc522(
j 51

Nm

AjSW e•SW m
j , ~1!

whereAj5JVcuc(Rj )u2, J is the exchange parameter,Vc is
the volume of the unit cell,c(R) is the spatial part of the
electron wave function, and the indexj runs over all local-
ized spin moments~LSM’s!. The direct spin-spin exchang
interaction between magnetic ions is taken into account p
nomenologically by introducing an effective temperature
the Curie-Weiss parameter type and the effective concen
tion, which excludes the part of the ions forming antiferr
magnetic clusters. It is also possible to take into account
influence of an external magnetic field by adding the Zeem
contributions for electron and localized magnetic spins to
~1! (\51):

Hexc522(
j 51

Nm

AjSW e•SW m
j 1v0S Sez

1(
j 51

Nm

Smz

j D , ~2!

where

v05gmmBHS11F ge

gm
21G Sez

Sez
1(

j 51

Nm

Smz

j D .gmmBH,

~3!

g factors are assumed to be isotropic for simplicity,mB is the
Bohr magneton, and thez axis is aligned with the magneti
field H.19 In Eq. ~1! or ~2!, the electron wave functionc(R)
is usually found through a self-consistent variational pro
dure. As a rule, the hydrogenlike trial function
g
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c~R!5
1

Apa3
exp~2R/a! ~4!

is chosen, where the unique variational parametera converts
to the effective-mass Bohr radiusaB* in the limiting case of
small exchange contribution.

As the analysis3,18 shows, once the central limit theorem
is applicable to the problem, the specific form of theAj (R)
dependence is only indirectly responsible for the spin fl
tuation distribution, which remains Gaussian in form. Sin
in our case the inequalitynma3@1 ~wherenm is the concen-
tration of magnetic ions! takes place, there is a sufficien
number of localized uncorrelated magnetic spins to make
central limit theorem applicable.

Thus, in this case it is possible to confine consideration
the ‘‘exchange box’’ model Hamiltonian4 of the form

Hexc522Ā(
j 51

N̄

SW e•SW m
j , ~5!

where a step function is substituted in Eq.~1! instead of
c(R). Here

Ā5
Jx

N̄
, N̄5nmV̄, V̄5ga3,

x is the molar fraction of magnetic ions, andg is a numerical
factor, which determines the dispersion of the spin fluct
tions in the system.N̄ is the number of particles enclosed b
the box with volumeV̄.

In other words, we replace the nonuniform rapidly deca
ing interaction over all space, by a uniform interaction ove
finite space. The specific form of thec(Rj ) dependence only
affects the numerical coefficientg.4

The Hamiltonian of Eq.~1! commutes with the operato
of total spin of the LSM system. Once the finite numberN̄
has been determined, the eigenvalue spectrum ofHexc may
be characterized by, among other quantum numbers, the
spinF5uSW e1SW Su andm, the projection ofFW on the direction
of the magnetic fieldH ~if HÞ0). Alternatively, we may
specify the system’s state byf 5F2SS andm, where differ-
ent values off correspond to states where the electron spin
aligned with the total spin of the localized magnetic syst
SW S or opposed to it.

A standard technique for the determination ofN̄ was de-
veloped in Ref. 4, whereV̄ is assumed to be the volume o
the region where the spectrum of spin fluctuations cor
sponding to the Hamiltonian of Eq.~5! agrees with the origi-
nal spectrum that corresponds to Eq.~1!, with c(R) being
determined by Eq.~4!. The fitting constant has been eval
ated to be aboutg'26.

Now let us consider the spectrum of Eq.~1!. The nonuni-
formity of the exchange interaction is bound to some latt
distortion because the localized magnetic ions surround
an electron tend to rearrange themselves so as to minim
their energy.
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To include the contribution of spin-phonon coupling
the ‘‘exchange box’’ Hamiltonian of Eq.~5!, we analyze the
exchange coefficientAj}uc(Rj )u2 in Eq. ~1!. The displace-
ment of an ion from its equilibrium position at a lattice sitej
results in the change of the electron wave functionc(Rj )
induced by the deformation generator20,21

V5expF(
j

v j

]

]uj
G .

The displacementv j may be in general expressed as a Fo
rier series of the form

v j5(
k

cke
2 ikRj

0
,

whereck is the displacement amplitude of a mode with t
momentumk and22

]

]uj
5(

a,k
FMiVa,k

2Ni
G1/2

e~a,k!@aa,ke
ikRj

0
2aa,2k

† e2 ikRj
0
#.

HereRj
0 is the ion equilibrium position,e(a,k) is the polar-

ization vector, andaa,k
† andaa,k are the creation and annih

lation operators of a phonon with the momentumk, polariza-
tion directiona, and frequencyVa,k . Thus we get

V5expS (
a,k

FMiNiVa,k

2 G1/2

e~a,k!@ckaa,k2c2kaa,2k
† # D ,

whereMi andNi are the ionic mass and the number of ion
respectively. To first order in the displacement we obtain

uc~Rj !u2.uc~Rj
0!u21(

a,k
FMiNiVa,k

2 G1/2

3e~a,k!@ck1ck* #@aa,k1aa,2k
† #uc~Rj

0!u2.

~6!

Thus, we arrive at the model Hamiltonian

Ht522ĀSW e•SW S1v0~Sez
1SSz

!2A2Ā~SW e•SW S!

3(
a,k

gph~a,k!~aa,k1aa,2k
† !1(

a,k
Va,kaa,k

† aa,k ,

~7!

where the last term represents the pure phonon contribu
andgph(a,k) is the spin-phonon coupling function:

gph~a,k!.@MiNiVa,k#
1/2e~a,k!@ck1ck* #.

It seems reasonable to suppose a further stabilization of
system due to the spin-phonon interaction. Physically,
tendency of magnetic ions to be pulled into the region ‘‘p
larized’’ by the carrier spin leads to a local distortion of t
magnetic subsystem, which in turn results in the strength
ing of carrier localization.

One can partially diagonalize the Hamiltonian of Eq.~7!

H̃t5U21HtU with the matrix
-

,

on

he
e
-

n-

U5expF2A2Ā~SW e•SW S!(
a,k

gph~a,k!~aa,k2aa,2k
† !G .

~8!

As a result we get

H̃t522ĀSW e•SW S1v0~Sez
1SSz

!22Ā2xSe
2SS

2

1(
a,k

Va,kaa,k
† aa,k , ~9!

where

x5(
a,k

gph~a,k!gph~a,2k!

Va,k
. ~10!

The appropriate eigenstates are characterized by three n
bersSS , m, f and correspond to the energy:

«SS ,m, f522Āf S SS1
1

2D1
Ā

2
1v0m2

3

2
Ā2xSS~SS11!

1(
a,k

Vk~nk11/2!. ~11!

It is necessary to calculate the partition functionZ(kB51):

Z5 (
f 521/2

1/2

(
SS5s

N̄SM

(
m52SS2 f

SS1 f

Um
SS exp@2b«SS ,m, f #, ~12!

wheres50 or 1/2 depending on whether 2N̄SM is even or
odd, andb51/T. The calculation shows that the weightUm

SS

of the state specified by the total spinSS and its projectionm
can be expressed as the weight difference for states spec
by the total spin projection4

Um
SS5USS212USS

5USS
2USS11 , ~13!

which does not depend onm.
Thus, the summation ofZ over m reduces to the much

simpler form

Z05 (
2N̄SM

N̄SM

Um exp@2bv0m#

5 (
s

N̄SM

~22dm,0!Um cosh@2bv0m#,

which is well known to be

Z05H sinh@bv0~SM11/2!#

sinh@bv0/2# J N̄

. ~14!

Finally we deduce

Z5Zph

ebl~S̄S21/2!

2 sinh@bv0/2#
~e2bĀ@K1

22K1
1#

1ebv0K2
12e2bv0K2

2!, ~15!
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whereZph is the pure phonon contribution.
Here we introduced

K1,2
6 5K~x1,26bv0!,

K~x!5H sinh@x~SM11/2!#

sinh@x/2# J N̄

, x1,25bS Ā7
l

2S̄S
D ,

and

l5
3

2
Ā2x~S̄S11!, S̄S5

1

b

1

Z̃

]Z̃

]l
,

with Z̃5Z/Z` being the normalized partition function, whic
is further described in the discussion below.

The correct procedure requires that we retain only th
contributions toZ that correspond to the localized magne
polaron state formation. WhenN̄→`, the region of localiza-
tion grows (a→`) and the electron becomes free. Th
means thatZ in Eq. ~15! should be normalized to

Z`5K~bv0!
sinh@b~v01y!#2sinh@by#

sinh@bv0/2#
, ~16!

where

y5JxbSM
~bv0!,

wherebSM
(bv0) is the Brillouin function. In the absence o

a magnetic fieldv050 and Eq.~16! reduces to

Z`
0 52~2SM11!N̄.

Finally, S̄S is determined self-consistently as

2

N̄
S̄S

2 5
e2bĀ@K1

1b1
12K1

2b1
2#1ebv0K2

1b2
12e2bv0K2

2b2
2

e2bĀ@K1
22K1

1#1ebv0K2
12e2bv0K2

2

2bSM
~bv0!

cosh@b~v01y!#1cosh@by#

sinh@b~v01y!#2sinh@by#
, ~17!

whereb1,2
6 5bSM

(x1,26bv0). When N̄ tends to infinity,S̄S

tends to zero.
The magnetic part of free energy can be determined a

Fm52T@ ln Z2 ln Zph2 ln Z`#. ~18!

Apart from Fm one should add to the total free energy t
kinetic contribution originating from the uncertainty prin
ciple

Fk.
1

2m* a2
, ~19!

wherem* is the effective electron mass. The equation for
equilibrium value of the localization lengthã is

]Fm

]a
1

]Fk

]a
50. ~20!
e

e

When the value of the total free energyFt5Fm1Fk corre-
sponding to the rootã of Eq. ~20! is negative, there appear
a localized magnetic polaron state.

From an experimental point of view it is more interestin
to discuss the hole magnetic polaron instead of the elec
one because the former appears at helium temperatu
whereas the latter exists only at milli-kelvin temperatures.
do this we need to substitutemh* for m* in Eq. ~19! and also

SW h for SW e in Eq. ~9! which in particular causes the paramet
l in Eq. ~15! to increase.

First we analyze the case of no spin-lattice interaction.
discuss the possibility of MP existence we consider the f
energy behavior, namely, theFt(a) or Ft(N̄) dependence.
Qualitative patterns for the principal regimes show a tw
minimum curve. The MP formation occurs when the loc
minimum of theFt(a) curve ataÞ0 becomes absolute and
hence, the proper free energy valueF* 5Ft(ã) becomes
negative.

Using this criterion it is possible to examine the behav
of F* for different values ofT andH ~Fig. 1!. The nontrivial
feature here is that the temperature increase originally fav
the polaron formation at higher magnetic field values. T
reason for this lies in the fact that the intensive magne
field freezes the ion’s spins, preventing their rearrangem
which is necessary for hole spin localization. The tempe
ture growth acts in the opposite way and so facilitates
spin realignment.

Now we consider the case of a nonzero spin-lattice in

FIG. 1. Free energy versus temperature and magnetic field in
absence of a spin-lattice interaction,x50, for the common set of
parameters: J520.8 eV, mh* .0.1me , x50.1, Sh53/2, SM

55/2 (Mn21). ~a! F* (T,H) plot; F* is taken in unitsuJxu. ~b!
Isoenergy cross sections of theF* (T,H) dependence.
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action and, hence, allow the ions to shift from their equil
rium lattice positions. This shift results in a potential we
which further localizes the hole. Figure 2 depicts t
Ft(a

23) dependence for different strengths of spin-latt
coupling in the particular case of magnetic fieldH51 T and

temperatureT52 K. The MP radiusã diminishes with in-
creasingx value as shown in the inset of Fig. 2. We can a
introduce the characteristic temperature of the MP state

mationTd which corresponds to the conditionFt(ã)50. The
dependence ofTd on the spin-lattice coupling parameterx is
presented in Fig. 3 for different values of the magnetic fie
The growth of the absolute value ofx results in an increase
Td .

To evaluatex we consider Eq.~10!. Inasmuch as the
mean internal energy is represented as23

FIG. 2. Free energy dependenceFt versusa23 for different
spin-lattice couplingx. Dimensionless parametera is presented in
units of (uJux/kBTnmg)1/3. T52 K. All parameters are the sam
as in Fig. 1. Inset: dependence of the MP radius on parameterx.

FIG. 3. The dependence of the characteristic temperature
MP formationTd on the spin-lattice coupling strength for differe
intensities of applied magnetic field. The set of material parame
is the same as in Fig. 1.H50 ~solid line!, H51 T ~dashed line!,
H52 T ~dotted line!.
-

r-

.

«̄5(
a,k

NiM iVa,k
2 uUa,ku25(

a,k
~N̄k11/2!Va,k , ~21!

where

N̄k5@exp~Vk /T!21#21

and uUa,ku2 is the square of displacement amplitude, we g

x.(
a,k

1

Va,k
~1/21@expVa,k /T21#21!

or

x.3N̄E dV

V
D~V!~1/21@expV/T21#21!, ~22!

whereD(V) is the density of phonon states. In the fram
work of the Debye model Eq.~22! simply reduces to

x.
9

4
N̄

T2

Q3E0

Q/T

~1/21@expz21#21!zdz, ~23!

whereQ is the characteristic Debye temperature for the m
netic sublattice.

At low temperaturesT!Q, Eq. ~23! reduces to

x.
9

16

N̄

Q
. ~24!

For ordinary crystalline latticesQ is of the order of 200 K
and consequently~see Fig. 3! the gain in Td for polaron
formation is essential, even in the case of a small polaro17

(N̄.30). But if one of the phonon modes gets soft, its co
tribution to thex value becomes dominant, which leads
the further growth ofx andTd .

From the point of view of possible lattice softenin
mercury-containing DMS’s of the type Hg12x2yCdxMnyTe
or Hg12xMnxTe seem to be the most promising model m
terials. The mercury ion is able to exhibit the valence num
of both 1 and 2 in different mercury-based compoun
There is a hybridization of the ground electronicd2pn21 and
d1pn states in real systems, with fluctuations being also a
to change the configuration weights in a mixed state. A
result, the materials of this group are rather flexible and
hibit the ability to easily vary their structure under pressu
For example, HgTe undergoes a structural transition at p
sures of only 16 kbar.24 Evidence of an anomalously larg
mean-square displacement of a heavy Hg ion has also b
found.25 From the viewpoint of these peculiarities, crystals
the HgTe family closely resemble the superionic crystals
the AgI family. Both the HgTe-type and AgI-type crysta
exhibit a strong hybridization between thep ~Te, I! and d
~Hg, Ag! electronic states at the top of the valence band. T
feature has been shown to be a crucial prerequisite to la
instability with a local double-well~DW! formation.21,26 It
should be mentioned that the hypothesis for off-center d
placement of Hg has recently been put forward phenome
logically in order to explain the anomalous features of t
TO lattice spectrum in HgTe.27 Following this hypothesis we
have also developed a theory which predicts the nonsymm
ric DW appearance for Hg ions.28 As a result, the lattice

or
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dynamics softens and the close proximity of electron a
phonon excitation energies should be taken into acco
One can expect a violation of the adiabatic condition in t
material with a substantial enhancement of the spin-lat
interaction parameterx. We assumed such an enhancem
to be responsible for a development of the strong excito
resonance observed in Ref. 15, where a hybridized ‘‘excit
hole MP’’ model was suggested to explain the experimen
m

i

t

.

.

.

d
t.

s
e
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ic
-
l

data on the magnetoluminescence of Hg12xMnxTe single
crystals.
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