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Coupling between the magnetism and dielectric properties in Eu1ÀxBaxTiO3
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The dielectric constant of the quantum paraelectric EuTiO3 exhibits a sharp decrease at about 5.5 K, at
which temperature antiferromagnetic ordering of the Eu spins simultaneously appears, indicating coupling
between the magnetism and dielectric properties. A similar feature has also been detected in Eu12xBaxTiO3

(0,x<0.2). The random-bond model within the framework of the transverse-field Ising model and the site
dilution model based on the Heisenberg model are successfully applied to the Eu12xBaxTiO3 electrical and
magnetic subsystems, respectively. By adding an appropriate coupling term between the magnetic and electri-
cal subsystems, which is related to the interaction of the Heisenberg spin and pseudospin, we investigate
intrinsic coupling between the magnetic and electrical subsystems and successfully obtain its special dielectric
constant, which is in good agreement with the experimental data.
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I. INTRODUCTION

Various interesting phenomena such as colossal ma
toresistance in perovskite manganites are produced thro
coupling between magnetism and transport properties in m
als. Correspondingly, it is desirable that there exists coup
between magnetism and dielectric properties in certain m
netic insulators, where the dielectric properties are affec
by the localized spins. In yttrium manganite YMnO3, for one
example, an inverse S-shaped anomaly in both dielec
constant and loss tangent is detected near its magnetic o
ing temperature, which is the contribution of the frustrati
on the triangular lattice.1–3 For another example, EuTiO3
with the crystal structure presented in Ref. 4, it has b
reported4 recently that the dielectric constant shows an e
dent anomaly at its Ne´el temperatureTN , indicating cou-
pling between magnetism and dielectric properties.

The previous research on EuTiO3 mainly reveals its mag-
netic properties. A neutron-diffraction study5 of EuTiO3 in-
dicates that a type-G antiferromagnetic structure exists, i.e
the six nearest-neighbor Eu ions to a given Eu ion h
opposite spins while the 12 next-nearest-neighbor Eu i
have parallel spins. Shafer6 pointed out that Eu ion has stab
electron configuration (S57/2), which is completely differ-
ent from the most of the perovskite titanatesRTiO3 (R5rare
earth!, where bothR and Ti are trivalent. That is to say
EuTiO3 has a magnetic divalent Eu and accordingly a t
ravalent Ti. But the recent observation on EuTiO3 reveals its
special dielectric properties,4 which leads us to pay attentio
to coupling between its magnetic and electrical subsyste

X-ray-absorption near-edge structure7 has shown that both
EuTiO3 and SrTiO3 exhibit no lattice distortion from the
ideal perovskite structure, from which one may specul
that EuTiO3 is similar to SrTiO3 as a quantum paraelectr
demonstrating no frequency dispersion, which is testifi
through dielectric measurements.4 Due to the stabilization of
the paraelectric phase by the quantum fluctuations,8 the di-
electric constant of quantum paraelectrics is so different fr
that of the normal ferroelectrics that it increases with d
0163-1829/2004/69~1!/014104~8!/$22.50 69 0141
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creasing temperature, gradually deviating from the Cu
Weiss law, and saturates at a very low temperature.
EuTiO3 is a special quantum paraelectric, in which the
electric constant shows a sharp decrease at itsTN , while it
follows the feature of normal quantum paraelectric abo
TN . Furthermore the dielectric constant of EuTiO3 exhibits

similar behavior to the calculated spin correlation^^SW i•SW j&&
between the nearest-neighbors Eu spins. Thus it is enligh
ing to consider the possible coupling mechanism between
magnetic and electrical subsystems at low temperatures

In this paper, we focus on Eu12xBaxTiO3 (0<x<0.2),
which can be regarded as not only a quantum paraele
containing impurities9–15 just as Sr12xBaxTiO3 or
Sr12xCaxTiO3, but also an antiferromagnet doped with im
purities. It should be noted that our previous treatment16 of
coupling effect on the dielectric constant and soft-phon
mode in pure EuTiO3 within the framework of the soft-mode
theory cannot be employed for the impurity-doped cas
Other ways have to be found to solve this problem.

It is generally accepted that the order-disorder behav
becomes important near the perovskite ferroelectrics cu
tetragonal phase transition because of the existence of
tisite potential structure. Therefore, an order-disorder mo
can well explain their ferroelectric phase transition. A go
example is BaTiO3, in which it is believed17 that the pres-
ence of polar clusters above the phase-transition tempera
is linked with the crossover from the displacive to the ord
disorder limit, which is testified by the experimental obs
vation of a strong relaxation in the frequency ran
108–109 Hz,18 and the order-disorder behavior plays an im
portant role. The transverse-field Ising model~TIM !, which
successfully treats the interaction of the dipolar mome
through the pseudospin interaction term as well as
quantum-mechanical effects through the term including t
neling frequency within a unified framework,19–21 can well
describe the ferroelectric phase transition in BaTiO3. As far
as the quantum paraelectrics are concerned, the TIM
been used extensively and successfully to study both the
©2004 The American Physical Society04-1



b
tu

m

ca

.
io
rr
er

r-

s

m
w
ri
e
ri
iO

o
-

is
of
e

to

tr
t

s
n
li

d
tu

nd
r
te
en

n
of
i-
e
o

re
de
on
o

for
-
bors

us
to

f
-
here
the
rder-
sid-

stal
en

d

o-
the

on
tion
-

be-

-
ela-
the
nt

em

t Eu
pec-
c-
the

g:

al
c
e

e
ipo-
an-

um
n in

of
-
n
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quantum paraelectrics and their impurity-doped cases
cause of its advantages in explaining the decisive quan
effect in the quantum paraelectrics.19,22,23Therefore, it is en-
lightening to use the TIM to treat Eu12xBaxTiO3 (0<x
<0.2) to obtain good estimation of this system directly fro
the information available on the pure materials EuTiO3 and
BaTiO3 by averaging some key quantities. The electri
subsystem of the doped quantum paraelectric is studied
using random-bond model within the framework of the TIM
As for the magnetic subsystem, we use the site-dilut
model based on the Heisenberg model to study the antife
magnetic properties. It should be noted that similar num
cal calculation has been carried out on the related system
Sr12xCaxTiO3.19,20,24–27In order to explain anomalies occu
ring atx.0.1, the lattice collapse due to the small Ca21 ion
was accounted for by piezoelectric coupling.25 In the present
study on Eu12xBaxTiO3 (0<x<0.2), similar effects due to
the lattice expansion by doping with large Ba21 ions are
taken into account by corrections to the pseudospin den
~see below!.

It is well known that there exist some interesting pheno
ena when the pure quantum paraelectrics are doped
small content of impurities. Because quantum paraelect
can be classified as marginal systems at the limit of th
paraelectric phase stability, small perturbation from impu
ties may destroy such stability. It has been found that SrT3
crystal doped with Ba21, Pb21, and Ca21 shows a ferroelec-
tric phase transition with the transition temperature prop
tional to (x2xc)

1/2,10 wherex is the impurity molar concen
tration andxc is the critical concentration~quantum limit!.
For Eu12xBaxTiO3, the calculated critical concentration
about 0.24, which is significantly larger than that
Sr12xBaxTiO3 and Sr12xCaxTiO3. So the ferroelectric phas
transition mentioned above will not occur in Eu12xBaxTiO3
(0<x<0.2), and its dielectric properties may be similar
those shown in Ref. 17 for the casex,xc . That is, if the
coupling interaction between the magnetism and dielec
properties is not taken into account, the dielectric constan
Eu12xBaxTiO3 (0<x<0.2) will not peak evidently with the
variation of temperatures, but its magnitude will increa
with the impurity content. Above all, the dielectric consta
shows anomaly at low temperatures because the coup
interaction actually exists in this system.

In spite of the experimental success in observing the
electric anomalies in some ferroelectromagnets and quan
paraelectrics,4,28,29the nature of the coupling mechanism a
the form of the interaction is still a debated issue. Expe
mental evidence shows that the energy of the coupling in
action is comparable with the magnitudes of the inher
spin and ferroelectric energies.30,31 Accordingly, the energy
of coupling must be involved in the system Hamiltonia
Gaoet al.32 utilized Monte Carlo simulations on the basis
the Ising-DIFFOUR model33 to investigate the phase trans
tion in the two-dimensional ferroelectromagnetic lattic
where the spin moment and polarization interact. F
Eu12xBaxTiO3, however, things are different. First, pu
EuTiO3 is a typical example where the Heisenberg mo
applies instead of the Ising model, since the magnetic i
are in ans-type orbital and the exchange interaction is is
01410
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tropic. Second, based on available experimental data
Eu12xBaxTiO3, Katsufuji and Takagi4 suggested that the di
electric constant and spin correlation of the nearest neigh
^^SW i•SW j&& were related as«(g)5«(0)(11a^^SW i•SW j&&). For
pure EuTiO3 this relation has been proved in our previo
work.9 Thus for the impurity-doped cases, it is reasonable
add a term in the Hamiltonian with the form o
2g(^ i , j &(k,lsk

zs l
zSW i•SW ju iCj to describe the coupling interac

tion between the electrical and magnetic subsystems, w
sk

z is the pseudospin equivalent to the polarization of
electrical subsystem and is used to scale the degree of o
ing. There is another important aspect that should be con
ered: similar to triglycine sulfate,34,35 where the alanine im-
purities can cause a strong internal bias field in the cry
lattice, the Ba impurities may cause a strong intrinsic froz
field, which is represented byE0 in the present paper, an
this field may increase with the impurity content.21 So in
Eu12xBaxTiO3, the intrinsic field-induced polarization
should be found. Therefore, it is desirable that the spin m
ment and this polarization interact with each other via
coupling term mentioned above.

In the present paper, we not only obtain the relati
between the dielectric constant and the spin correla
in Eu12xBaxTiO3, which is in good agreement with the ex
perimental result, but also get the analytical relations
tween the polarization and the spin correlation^^P&&(g)
5^^P&&(0)(11b^^SW i•SW j&&), which makes the dielectric be
havior more comprehensible. Furthermore, the spin corr
tion and Néel temperature vary at the same time due to
coupling interaction especially for higher impurity conte
according to our calculation.

II. MODELS AND ANALYSIS

We concentrate on Eu12xBaxTiO3 (0<x<0.2) and con-
sider the Hamiltonian for a three-dimensional cubic syst
with periodic boundary conditions. Two parametersSi and
sk are introduced here to represent the Heisenberg spin a
site and the pseudospin for the electrical subsystem, res
tively. In addition, the coupling interaction between the ele
trical and magnetic subsystems is taken into account. So
Hamiltonian for this system can be presented as followin

H5He1Hm1Hme, ~1!

whereHe denotes the Hamiltonian for the diluted electric
subsystem,Hm is the Hamiltonian for the diluted magneti
subsystem, andHme is the coupling interaction between th
two subsystems.

As mentioned in the Introduction, the TIM, in which th
pseudospin interaction represents the interaction of the d
lar moments and the tunneling frequency embodies the qu
tum effect, can well describe the quantum effect in quant
paraelectrics as well as the ferroelectric phase transitio
ferroelectrics. As a result, the diluted electrical subsystem
Eu12xBaxTiO3 (0<x<0.2) can be treated within the frame
work of the TIM, andHe in the presence of electric field ca
be written as following:
4-2
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He52V(
k

sk
x2

1

2 (
k,l

Jk,lsk
zs l

z22m(
k

~E01E!sk
z ,

~2!

wherekÞ l , sk5 1
2 and2 1

2 for up and down pseudospins,E
represents the external electric field,m is the effective dipole
moment of each pseudospin,Jk,l denotes the neares
neighbor pseudospin interaction, the summation( lJk,l5J
covers the nearest neighbors of sitek , V is the tunneling
frequency, andE0 represents the intrinsic frozen field caus
by impurity doping. It should be noted that the parameterJ,
V, andm are supposed to follow the double-peak distrib
tion to deal with the impurity content. In this system, t
mean electrical polarization is proportional to thez compo-
nent of the pseudospins introduced in the TIM.

It is well known that for pure EuTiO3 the magnetic inter-
action between Eu 4f spins originates from~i! superex-
change~antiferromagnetic! through the O 2p state and also
from ~ii ! indirect exchange through the Eu 5d state. For the
reason that the exchange interaction in EuTiO3 is isotropic,
as is mentioned in Introduction, we employ the site-diluti
model within the framework of Heisenberg model to d
scribe the Hamiltonian of Eu12xBaxTiO3 magnetic system
on the basis of pure EuTiO3. Therefore, when the impurity
effect is taken into account,Hm for S57/2 can be written as

Hm5(
^ i , j &

A1SW i•SW ju iCj1(
[ i , j ]

A2SW i•SW ju iCj2(
i

hW •SW iu i ,

~3!

whereSW i is the Heisenberg spin at Eu sitei, and the exchange
integralsA150.037kB K and A2520.069kB K producing
TN55.5 K for pure EuTiO3 represent the antiferromagnet
coupling between the nearest neighbors and the ferrom
netic coupling between the next-nearest neighbors, res
tively. Hereh is the external magnetic field parallel to thez
axis. @ i , j # and ^ i , j & denote the summation over the nex
nearest neighbors and the nearest neighbors once, re
tively. Two parametersu i andCj are introduced to describ
the occupation status of the magnetic ions and the nonm
netic ones on the lattice site. They are defined asu i(Cj )
50 if i ( j ) site is occupied by nonmagnetic ions a
u i(Cj )51 if i ( j ) site is occupied by magnetic ions.

Following Ref. 32, in which the coupling term was p
forward as an interaction of electrical polarization and thz
component Ising spins, the coupling term between the m
netic and electrical subsystems in the present compoun
proposed, within the framework of the TIM and Heisenbe
model, as

Hme52g(
^ i , j &

(
k,l

sk
zs l

zSW i•SW ju iCj , ~4!

whereg is the coupling coefficient.
First, we focus on the electrical subsystem, consider

electrical-magnetic coupling and impurity effect. As
shown in our previous work,36 the random-bond model usu
ally used in the magnetic mixed system is applied to t
01410
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electrical subsystem. The distribution functions ofJ, V, and
m can be expressed as following:

P~J!5xd~J2J1!1~12x!d~J2J2!, ~5!

P~V!5xd~V2V1!1~12x!d~V2V2!, ~6!

P~m!5xd~m2m1!1~12x!d~m2m2!, ~7!

wherex and 12x are the concentration of Ba and Eu ion
respectively,J1 , V1, andm1 are the corresponding param
eters for pure BaTiO3, andJ2 , V2, andm2 are those for pure
EuTiO3. The fitting parameters of pure BaTiO3 are given in
Ref. 37. Within the framework of a mean-field approxim
tion we fit the experimental data and obtainJ2 , V2, andm2
of pure EuTiO3.4 We show some of these parameters
Table I. For pure BaTiO3, a very important aspect is that
undergoes the first-order phase transition, which make
necessary to take into account the modification from
ferroelectric distortion. So the nearest-neighbor pseudos
interaction constant in pure BaTiO3 is assumed to be modi
fied as following:

J15J10~11F2P21F4P41F6P6!, ~8!

whereP is the polarization,J1052.3310220 J is the original
interaction constant when the ferroelectric distortion is n
considered. F252.6 m4/C2, F4516 m8/C4, and F6
52860 m12/C6 describe the contribution of the ferroelectr
distortion.37 According to Eq.~8! we find that the modifica-
tion on the interaction constant leads to the same result
the addition of the four-body, six-body, and eight-body inte
actions under the mean-field approximation on single i
which explains the experimental results more appropria
and accurately.37,38 Under the mean-field approximation, th
single-ion Hamiltonian for the electrical subsystem includi
the coupling term can be written as

Hk
E52Vsk

x2J~g!^^sz&&sk
z22m~E1E0!sk

z , ~9!

where

J~g!5J16z1g^^SW i•SW j&& ~10!

andz154 is the number of the magnetic spin pairs that
rectly affects each pair of pseudospins.^^ && represents the
total average including both the thermoaverage and the c
positional average. It is obvious that the magnetic effect
the electrical subsystem is embodied by its modification
the pseudospin interaction. According to quantum statist
theory the thermoaverage of the pseudospin is

TABLE I. Fitting parameters of pure BaTiO3 and EuTiO3.

V ~J! m (e Å)

BaTiO3 4.9310221 2.17
EuTiO3 2.2310221 0.81
4-3
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^sz&5
Trszexp~2bHk

E!

Trexp~2bHk
E!

5
J~g!^^sz&&12m~E1E0!

AV21@J~g!^^sz&&12m~E1E0!#2

3tanhSAV21@J~g!^^sz&&12m~E1E0!#2

2kBT D ,

~11!

wherekB is the Boltzmann constant. The thermoaverage
larization and the total mean polarization arêP&
52Nm^sz& and^^P&&52Nm^^sz&&, whereN is the density
of dipolar moment. Thus from Eq.~11! we easily get

^P&5
Nm@J~g!^^P&&14Nm2~E01E!#

A4N2m2V21@J~g!^^P&&14Nm2~E01E!#2

3tanh
A4N2m2V21@J~g!^^P&&14Nm2~E01E!#2

4NmkBT
.

~12!

Actually the density of dipolar moment in Eu12xBaxTiO3
decreases with Ba doping because of its larger ion. This
ture can be described by a linear Vegard law:39 Da50.1x Å,
whereDa is the increment of EuTiO3 lattice constant in a
sample with Ba concentrationx and the lattice parametera0
in pure EuTiO3 is '3.905 Å. As far as the compositiona
average is concerned, we get

^^P&&5E
J,V,m

^P&P~J!P~V!P~m!dJdVdm, ~13!

N5
1

~a01Da!3
. ~14!

The dielectric susceptibility is

x~g!5
1

«0

]^^P&&
]E U

E50

, ~15!

and the dielectric constant is

«~g!5A1x~g!. ~16!

HereA is the background dielectric constant and assume
change with the impurity content.

Through theoretical calculation the dielectric susceptib
ity including the coupling effect for pure EuTiO3 is obtained
as

x~g!5
1

«0

]^^P&&
]E U

E50

5x~0!~11b^^SW i•SW j&&

1b2^^SW i•SW j&&
21••• !, ~17!

where
01410
-

a-

to

-

x~0!5
Nm2

2/«0

V2coth~V2/2kBT!/22J2/4
~18!

is the dielectric constant without including the coupling e
fect and

b5
6x~0!g«0

Nm2
2

. ~19!

Although the mean-field approximation is employed he
the expression ofx(0) for pure EuTiO3 is in good agreemen
with Barret formula,40 which well describes the quantum e
fects in quantum paraelectrics. In fact the quadratic term
x(g) can be omitted because of the intrinsic properties
EuTiO3. Thus the dielectric constant for pure EuTiO3 can be
obtained as

«~g!5«~0!~11a^^SW i•SW j&&!, ~20!

where

a5
x~0!

A1x~0!
b ~21!

and«(0)5A1x(0) is the dielectric constant excluding th
coupling interaction. From above we conclude thata is de-
termined by several intrinsic physical quantities. Our resu
above are in good agreement with the experimental data
pure EuTiO3, which proves the rationality of our propose
model.

As far as the impurity-doped cases are concerned, E
~20! and~21! are still applicable. But for the impurity-dope
cases,«(0) is a more complicated expression and related
x, E0 , A, N, and the distribution function ofJ, V, and m,
which at the same time leads to the intrinsic decrease oa.
Through our theoretical calculation, we fit the numerical d
of the intrinsic field-induced polarization and get its analy
cal relation to^^SW i•SW j&&:

^^P&&~g!5^^P&&~0!~11b^^SW i•SW j&&!. ~22!

To investigate how the dielectric constant varies un
different conditions of spin correlation, we take into accou
the spin correlation in the coupling system. Then the Ham
tonian for the magnetic subsystem can be written as

HM5Hm1Hme5(
^ i , j &

A1~g!SW i•SW ju iCj

1A2(
[ i , j ]

SW i•SW ju iCj2(
i

hW •SW iu i , ~23!

where

A1~g!5A12z2g^^sk
zs l

z&& ~24!

andz254 is the number of the pseudospin pairs that direc
affect each pair of spin correlation. One can see that
electrical effect on the magnetic system is realized by
4-4
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modification on the antiferromagnetic interaction. This ma
netic subsystem can be divided into two sublatticesa andb.
Thus

HM5Ha1Hb , ~25!

whereHa andHb are the Hamiltonians belonging toa andb
sublattices, respectively. Under the mean-field approxim
tion,

Ha5Ha
x(

ai
Sai

x ua1Ha
z(

ai
Sai

z ua ~26!

and

Hb5Hb
x(

bi
Sbi

x Cb1Hb
z(

bi
Sbi

z Cb , ~27!

where

Ha(b)
x 56A1~g!^^Sb(a)

x &&112A2^^Sa(b)
x &&, ~28!

Ha(b)
z 52h16A1~g!^^Sb(a)

z &&112A2^^Sa(b)
z &&. ~29!

Herex, z denote the spin components. Thus the thermoa
age of spin components of different sublattices can be
tained as

^Sa
z&5

2Ha
z

2A~Ha
x!21~Ha

z!2

3

(
i 51

4

~2i 21!sinhS ~2i 21!ua

2kBT
A~Ha

x!21~Ha
z!2D

(
i 51

4

coshS ~2i 21!ua

2kBT
A~Ha

x!21~Ha
z!2D ,

~30!

^Sb
z&5

2Hb
z

2A~Hb
x!21~Hb

z!2

3

(
i 51

4

~2i 21!sinhS ~2i 21!Cb

2kBT
A~Hb

x!21~Hb
z!2D

(
i 51

4

coshS ~2i 21!Cb

2kBT
A~Hb

x!21~Hb
z!2D ,

~31!

^Sa
x&5

Ha
x

Ha
z ^Sa

z&, ~32!

^Sb
x&5

Hb
x

Hb
z ^Sb

z&. ~33!

We consider the distribution function ofua andCb :

P~ua!5
12x

2
d~ua21!1

x

2
d~ua!, ~34!
01410
-

-

r-
b-

P~Cb!5
12x

2
d~Cb21!1

x

2
d~Cb!. ~35!

The total average including the compositional average
magnetization can be obtained as

^^Sa(b)
z(x) &&5

E
ua ,Cb

^Sa(b)
z(x) &P~ua!P~Cb!duadCb

E
ua ,Cb

P~ua!P~Cb!duadCb

. ~36!

The spin correlation between the nearest neighbors can
approximately decoupled as

^^SW i•SW j&&5^^Sa
x&&^^Sb

x&&1^^Sa
z&&^^Sb

z&&. ~37!

For this complicated Eu12xBaxTiO3 system, where cou-
pling exists between the magnetic and electrical subsyste
one should consider the subsystem results obtained by
cluding the coupling term2g(^ i , j &(k,lsk

zs l
zSW i•SW ju iCj .

III. RESULTS AND DISCUSSION

We obtain the main features of Eu12xBaxTiO3 (0<x
<0.2) by adjustingA andE0. For x50, 0.1, and 0.2,A is
181, 230, and 530, andE0 is 0 kV/mm, 1.9 kV/mm, and 2.1
kV/mm, respectively. By solving Eqs.~20!, ~21!, ~36!, and
~37!, we fit the experimental dielectric constant in the a
sence of the magnetic field. We obtain the coupling coe
cientg as 0.09kB K, 0.11kB K, and 0.21kB K for x50, 0.1,
and 0.2, respectively. We use these parameters to study
coupling effect on the magnetic and electrical subsystem

The spin correlation̂ ^SW i•SW j&& versus temperature unde
different magnetic fields and at different impurity content
shown in Fig. 1. The variation of spin configuration can
realized by varying the temperature and external magn
field at the same impurity content. MeanwhileTN decreases
with the increase of the impurity content. Although there s
exists some deviations from the experimental results, e.g.TN

FIG. 1. Temperature dependence of spin correlation^^SW i•SW j&&
between the nearest neighbors for different impurity contents.
4-5
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is a little higher than experimental data because of the mo
simplicity and approximation, the main feature is satisfac
rily exhibited. It is easy to find the trend similarity betwee
the spin correlation and the dielectric constant
Eu12xBaxTiO3 (0<x<0.2).

In fact, there is another important factor that affects
spin configuration in this system. In Fig. 2, we compare
coupling effect on the magnetic subsystem of Eu12xBaxTiO3
for different impurity contents (h50 T). TN shows addi-
tional evident decrease when the coupling interaction
taken into account (g.0) and this coupling interaction ha
greater effect on the spin correlation for higher impurity co
tent. For the casex50, however, the coupling interactio
has no effect on the magnetic subsystem. These can be
plained from the variation of Hamiltonian. Because of t
polarization in the electrical subsystem, the antiferrom
netic coupling constantA1 diminishes toA12z2g^^sk

zs l
z&&,

which favors the decrease ofTN ; and owing to the increas
of intrinsic field-induced polarization with the increase of t
impurity content,TN has a more evident decrease for high
impurity content.

The temperature dependence of the dielectric constan
different impurity content under different magnetic fields
shown in Fig. 3. Similar experimental results have been
ported in Ref. 4@Fig. 4~a!# for Eu12xBaxTiO3. The dielectric
constant increases with the impurity content within t
whole temperature range because for the case 0,x,xc , the
quantum paraelectric state becomes fragile with the incre
of impurity content and the deviation from the Curie-We
law is reduced, while at the same time the ferroelectric ph
transition does not occur. At low temperatures, the dielec
constant and the spin correlation exhibit similar features~see
Fig. 1!, indicating coupling between the electrical and ma
netic subsystems. We believe that the anomalies are ca
by the coupling interaction because belowTN(h50 T) the
pseudospin interaction constant is decreased due to the
ferromagnetic ordering, which favors the reduction of t
dielectric constant. If the temperature is higher thanTN , the

FIG. 2. Comparison of different coupling effects on the te
perature dependence of spin correlation^^SW i•SW j&& for different im-
purity contents.
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spin correlation is zero and it has no effect on the dielec
constant. When the magnetic fieldh55 T is applied and the
ferromagnetic ordering appears, however, the pseudospin
teraction constant increases, favoring the increase of the
electric constant.

The temperature dependence of the intrinsic field-indu
mean polarization for different impurity content and und
different magnetic fields also shows its interesting featur
as is shown in Fig. 4. Magnetic-electrical coupling intera
tion significantly contributes to the mean polarization, whi
is also attributed to the modification of the pseudospin int
action constant by the spin configuration. That is, the anti
romagnetic ordering favors the decrease of the polariza
while ferromagnetic ordering does the opposite. From
numerical calculation, we fitted the theoretical data of pol
ization and obtain the analytical formula aŝ̂P&&(g)
5^^P&&(0)(11b^^SW i•SW j&&), from which the relation be-

-
FIG. 3. Dielectric constants of Eu12xBaxTiO3 with x50, 0.1,

and 0.2 as a function of temperature under different magnetic fie
The data have been multiplied by 0.82 forx50.1 and 0.52 forx
50.2 for clarity.

FIG. 4. Temperature dependence of the intrinsic field-indu
polarization for different impurity contents under different magne
fields.
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tween the dielectric constant and the spin correlation se
more comprehensible.

Magnetic-field dependence of the dielectric constant~nor-
malized to the values at zero field! at 2 K for Eu12xBaxTiO3
for x50.1 andx50.2 is shown in Fig. 5. The change of th
dielectric constant with magnetic field looks reduced with
doping. This is partly because the magnetic EuTiO3 is di-
luted by nonmagnetic Ba ions, which can be seen from
formula:

«~h!

«~0!
5

11a^^SW i•SW j&&~h!

11a^^SW i•SW j&&~0!
.

Taking account of the dilution effect,̂̂ SW i•SW j&& for x50
should be replaced by (12x)2^^SW i•SW j&& . At the same timea
is intrinsically reduced via Eq.~21!. Furthermore, it should
be noted that the initial slope of the dielectric consta
against magnetic field rather increases with Ba doping
spite of the decrease ofa because of the faster increase
magnetization with magnetic field for higher impurity co
tent, as can be seen in Fig. 6. We obtain the formula:

]

]h S «~h!

«~0! D}
]

]h
~^^SW i•SW j&& (h)!,

from which we believe that the initial larger slope of th
dielectric constant forx50.2 is mainly determined by the
initial faster increase of̂̂ SW i•SW j&& versush. A more profound
reason for this dielectric feature originates from the coupl
effect on the magnetic subsystem. If we omit this effect,
initial larger slope of the dielectric constant nearly disappe
~see Fig. 6, dashed line!. A good agreement between ou
theoretical results~Fig. 5! and experimental data@Fig. 4~b! in
Ref. 4# has been observed for Eu12xBaxTiO3, demonstrating
the reliability of our present models.

Figure 7 shows the magnetic-field dependence of the
trinsic field-induced electrical polarization forx50.1 andx
50.2. The anomalies are caused by coupling between m

FIG. 5. Magnetic-field dependence of the dielectric const
~normalized to the values under zero field! at 2 K for different
impurity contents.
01410
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netic and electrical subsystems; and the initial larger sl
for x50.2 is also attributed to the initial faster increase
^^SW i•SW j&& versush.

IV. CONCLUSIONS

Pure EuTiO3 is regarded as both a typical type-G antifer-
romagnet withS57/2 and a quantum paraelectric with a pe
ovskite crystal structure. This special property makes the
electric constant for pure EuTiO3 as well as for its impurity-
doped system deviate from the behavior in normal quan
paraelectric. Such an interesting phenomenon has been
served in experiments and indicates the existence of coup
between the magnetism and dielectric properties in them
the present work we propose an appropriate coupling term
describe interaction between the magnetic and electric s
system in Eu12xBaxTiO3. Within the framework of random-
bond transverse-field Ising model for electrical subsyst
and site-dilution Heisenberg model for magnetic subsyst
we investigate the coupling between the magnetism and

t FIG. 6. Magnetic-field dependence of the spin-correlation va
tion for different impurity contents at 2 K.

FIG. 7. Magnetic-field dependence of the intrinsic field-induc
polarization for different impurity contents at 2 K.
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electric properties. Theoretically, we obtain the analytic re
tion between dielectric constant and spin correlation, wh
is in good agreement with the experimental results
Eu12xBaxTiO3. Our numerical calculation shows that man
aspects of the magnetism and dielectric properties obse
in Eu12xBaxTiO3 can be described by our theoretical fram
work involving coupling interaction between magnetic a
electrical subsystem. In addition, we find that impurity do
ing affects not only the strength of coupling~g! between
electrical and magnetic subsystem, but also polarization
spin correlation. Furthermore, impurity doping also cau
the intrinsic frozen field, which increases with increasi
doping concentration. By fitting with experimental data, w
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