PHYSICAL REVIEW B 69, 014104 (2004
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The dielectric constant of the quantum paraelectric EyTeé®hibits 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, BaHiO
(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 theB&aWTiO5 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.

DOI: 10.1103/PhysRevB.69.014104 PACS nuntder75.50.Ee, 75.86:q

[. INTRODUCTION creasing temperature, gradually deviating from the Curie-
Weiss law, and saturates at a very low temperature. But
Various interesting phenomena such as colossal magn&uTiO; is a special quantum paraelectric, in which the di-
toresistance in perovskite manganites are produced througlectric constant shows a sharp decrease &f\jtswhile it
coupling between magnetism and transport properties in metollows the feature of normal quantum paraelectric above
als. Correspondingly, it is desirable that there exists coupling—N_ Furthermore the dielectric constant of Eugi€xhibits

between magnetism and dielectric properties in certain magéimilar behavior to the calculated spin correlati(c(lﬁi-éj»

netic insulators, where the dielectric properties are affecte ; : N /
by the localized spins. In vitrium manaanite YMador one etween the nearest-neighbors Eu spins. Thus it is enlighten-
y pins. Yy g9 3 Epg to consider the possible coupling mechanism between the

example, an inverse S-shaped anomaly in both dielectri " d electrical subsvst t low t i
constant and loss tangent is detected near its magnetic ord \agnetic and electrical subsystems at low temperatures.
In this paper, we focus on Eu,BaTiO; (0<x=<0.2),

ing temperature, which is the contribution of the frustration i
on the triangular latticé=3 For another example, EuTio Which can be reggr-dedlsas.not only a quantum paraelectric
with the crystal structure presented in Ref. 4, it has beeffontaining impurities™ just as Sy BaTiO; or
reported recently that the dielectric constant shows an evi-Shi-xC&TiOs, but also an antiferromagnet doped with im-
dent anomaly at its Nt temperatureTy, indicating cou-  Purities. It should be noted that our previous treatrifeot
pling between magnetism and dielectric properties. coupling effect on the dielectric constant and soft-phonon
The previous research on Euf@ainly reveals its mag- mode in pure EuTi@within the framework of the soft-mode
netic properties. A neutron-diffraction stutlgf EuTiO; in-  theory cannot be employed for the impurity-doped cases.
dicates that a typ& antiferromagnetic structure exists, i.e., Other ways have to be found to solve this problem.
the six nearest-neighbor Eu ions to a given Eu ion have It is generally accepted that the order-disorder behavior
opposite spins while the 12 next-nearest-neighbor Eu ionbecomes important near the perovskite ferroelectrics cubic-
have parallel spins. Shafguointed out that Eu ion has stable tetragonal phase transition because of the existence of mul-
electron configuration$=7/2), which is completely differ- tisite potential structure. Therefore, an order-disorder model
ent from the most of the perovskite titanafREiO; (R=rare  can well explain their ferroelectric phase transition. A good
earth, where bothR and Ti are trivalent. That is to say, example is BaTi@, in which it is believed’ that the pres-
EuTiO; has a magnetic divalent Eu and accordingly a tet-ence of polar clusters above the phase-transition temperature
ravalent Ti. But the recent observation on EuJi@veals its is linked with the crossover from the displacive to the order-
special dielectric properti€swhich leads us to pay attention disorder limit, which is testified by the experimental obser-
to coupling between its magnetic and electrical subsystemszation of a strong relaxation in the frequency range
X-ray-absorption near-edge struct(has shown that both 10°—1@ Hz,'® and the order-disorder behavior plays an im-
EuTiO; and SrTiO; exhibit no lattice distortion from the portant role. The transverse-field Ising mod&M), which
ideal perovskite structure, from which one may speculatssuccessfully treats the interaction of the dipolar moments
that EuTIQ, is similar to SrTiQ as a quantum paraelectric through the pseudospin interaction term as well as the
demonstrating no frequency dispersion, which is testifiedjuantum-mechanical effects through the term including tun-
through dielectric measuremertBue to the stabilization of neling frequency within a unified framewotk;?! can well
the paraelectric phase by the quantum fluctuatfotne di-  describe the ferroelectric phase transition in BaTi@s far
electric constant of quantum paraelectrics is so different fronas the quantum paraelectrics are concerned, the TIM has
that of the normal ferroelectrics that it increases with de-been used extensively and successfully to study both the pure
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guantum paraelectrics and their impurity-doped cases bdropic. Second, based on available experimental data for
cause of its advantages in explaining the decisive quanturiy, _,Ba,TiO5, Katsufuji and Takadisuggested that the di-
effect in the quantum paraelectrits?>?>Therefore, it is en- electric constant and spin correlation of the nearest neighbors
lightening to use the TIM to treat Eu,BaTiO; (0=<x  ((SS;)) were related as(g)=¢(0)(1+a({(S-S;))). For
=<0.2) to obtain good estimation of this system directly frompure EuTiQ this relation has been proved in our previous
the information available on the pure materials Ewlgdd  work.? Thus for the impurity-doped cases, it is reasonable to
BaTiO; by averaging some key quantities. The electricaladd a term in the Hamiltonian with the form of
subsystem of the doped quantum paraelectric is studied bygga’nzkylgﬁglzsi.sj 6;C; to describe the coupling interac-
using random-bond model within the framework of the TIM. tion between the electrical and magnetic subsystems, where
As for the magnetic subsystem, we use the site-dilution,z js the pseudospin equivalent to the polarization of the
model based on the Heisenberg model to study the antiferrqsjecirical subsystem and is used to scale the degree of order-
magnetic properties. It should be noted that similar numerijng There is another important aspect that should be consid-
cal calculation has been carried out on the related system @fad: similar to triglycine sulfat¥:3>where the alanine im-
Srl_XC@T|O3.19'20'24‘?7In order to explain anomalies occur- yrities can cause a strong internal bias field in the crystal
ring atx>0.1, the lattice collapse due to the smalfCdon  |attice, the Ba impurities may cause a strong intrinsic frozen
was accounted for by piezoelectric co_up_lﬁ?gn the present field, which is represented b, in the present paper, and
study on Ey_,BaTiO3 (0=x=<0.2), similar effects due t0 ths field may increase with the impurity contéhtSo in

the lattice expansion by doping with large Baions are g, BaTiO, the intrinsic field-induced polarization
taken into account by corrections to the pseudospin densityhoyld be found. Therefore, it is desirable that the spin mo-

(see below. _ , _ ment and this polarization interact with each other via the
It is well known that there exist some interesting phenom'coupling term mentioned above.

ena when the pure quantum paraelectrics are doped with |5 the present paper, we not only obtain the relation
small content of impurities. Because quantum paraelectricgetween the dielectric constant and the spin correlation
can be classified as marginal systems at the limit of theify g, Ba TiO,, which is in good agreement with the ex-
paraelectric phase stability, small perturbation from imp“”'perimental result, but also get the analytical relations be-
ties may destroy such stability. It has been found that S§TiOyeen the polarization and the spin correlatigfP))(g)

; + + + S
crystal doped with B&', P?*, and Cd" shows a ferroelec- _pyy ) (1+ g((S;-S)))), which makes the dielectric be-
t_nc phase ”""”Sl'}z'ol’g with thg tran§|t|on t.emperature ProOPOT avior more comprehensible. Furthermore, the spin correla-
tional to (x—=xc)™*, " wherex is the impurity molar concen- i, and Nel temperature vary at the same time due to the

tration andx, IS the critical concentrgt'lomquantum "”.“’- . coupling interaction especially for higher impurity content
For Eu_,BaTiO5, the calculated critical concentration is according to our calculation.

about 0.24, which is significantly larger than that of
S _,Ba,TiO5 and Sk _,CaTiO5. So the ferroelectric phase
transition mentioned above will not occur in £yBa,TiO3 [l. MODELS AND ANALYSIS

(0=x=0.2), and its dielectric properties may be similar to We concentrate on Eu,BaTiOs (0<x=0.2) and con-

those shown in Ref. 17 for the casecx;. That is, if the sider the Hamiltonian for a three-dimensional cubic system
coupling interaction between the magnetism and dielectri¢ y

properties is not taken into account, the dielectric constant o\f\”th pgr|od|c boundary conditions. Two pgrametéxsand
Eu, ,BaTiOs (0=x=0.2) will not peak evidently with the oy are introduced here to represent the Heisenberg spin at Eu

variation of temperatures, but its magnitude will increaseSIte and the pseudospin for the electrical subsystem, respec-

with the impurity content. Above all, the dielectric constanttlvely' In addition, the coupling interaction between the elec-

Shows anomaly a ow temperares because e coupnf e, "ATEIE SUbsitens i fen o accout o e
interaction actually exists in this system. y b 9

In spite of the experimental success in observing the di-
electric anomalies in some ferroelectromagnets and quantum H=H®+HT+H™ 1)
paraelectric4;?®?°the nature of the coupling mechanism and
the form of the interaction is still a debated issue. Experi-whereH® denotes the Hamiltonian for the diluted electrical
mental evidence shows that the energy of the coupling intersubsystemH™ is the Hamiltonian for the diluted magnetic
action is comparable with the magnitudes of the inherensubsystem, an#i™¢ is the coupling interaction between the
spin and ferroelectric energiéd3! Accordingly, the energy two subsystems.
of coupling must be involved in the system Hamiltonian. As mentioned in the Introduction, the TIM, in which the
Gaoet al* utilized Monte Carlo simulations on the basis of pseudospin interaction represents the interaction of the dipo-
the Ising-DIFFOUR modéf to investigate the phase transi- lar moments and the tunneling frequency embodies the quan-
tion in the two-dimensional ferroelectromagnetic lattice,tum effect, can well describe the quantum effect in quantum
where the spin moment and polarization interact. Fomparaelectrics as well as the ferroelectric phase transition in
Eu,_,BaTiO3, however, things are different. First, pure ferroelectrics. As a result, the diluted electrical subsystem of
EuTiO; is a typical example where the Heisenberg modelEu, _,Ba, TiO; (0=<x=<0.2) can be treated within the frame-
applies instead of the Ising model, since the magnetic iongvork of the TIM, andH® in the presence of electric field can
are in ans-type orbital and the exchange interaction is iso-be written as following:
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TABLE |. Fitting parameters of pure BaTiCand EuTiQ.

1
H‘9=—QZk (TE—E ; Jky|a'ﬁa'|z—2,u,; (Eq+E)ot,

Q eA
2 Q) w(eA)

BaTiO, 4.9x10 % 2.17

wherek#1, o,=3 and— 3 for up and down pseudospirg, EuTiO, 2.0% 10~ 2 0.81

represents the external electric fieldjs the effective dipole
moment of each pseudospin),, denotes the nearest-
neighbor pseudospin interaction, the summatihd,;=J  electrical subsystem. The distribution functionsJpf), and
covers the nearest neighbors of gite () is the tunneling « can be expressed as following:

frequency, ande, represents the intrinsic frozen field caused

by impurity doping. It should be noted that the paramefers P(J)=x8(J—J7)+(1—%)8(I—Jy), (5)
), andu are supposed to follow the double-peak distribu-
tion to deal with the impurity content. In this system, the P(Q)=xX8(Q— Q)+ (1-X)5(Q— Q) ®)

mean electrical polarization is proportional to theompo-
nent of the pseudospins introduced in the TIM.

It is well known that for pure EuTiQthe magnetic inter- P(p)=Xo(pn—pm1) +(1=X) (= p2), )
action between Eu # spins originates from(i) superex-
change(antiferromagneticthrough the O P state and also
from (ii) indirect exchange through the Eud State. For the
reason that the exchange interaction in Eyli®isotropic,
as is mentioned in Introduction, we employ the site-dilution
model within the framework of Heisenberg model to de-
scribe the Hamiltonian of Eu,Ba, TiO; magnetic system
on the basis of pure EuTIO Therefore, when the impurity
effect is taken into accouniy™ for S=7/2 can be written as

wherex and 1—-x are the concentration of Ba and Eu ions,
respectivelyJ;, {4, and u, are the corresponding param-
eters for pure BaTig andJ,, Q,, andu, are those for pure
EuTiO;. The fitting parameters of pure BaTj@re given in
Ref. 37. Within the framework of a mean-field approxima-
tion we fit the experimental data and obtdin ,, andu,
of pure EuTiQ.* We show some of these parameters in
Table I. For pure BaTig a very important aspect is that it
undergoes the first-order phase transition, which makes it
necessary to take into account the modification from the
H™=> A1§i'§j 6,Ci+ >, A2§.§j 6,Cj— >, h-S6, ferroelectric distortion. So the nearest-neighbor pseudospin
.5 [(i.j] i interaction constant in pure BaTiGs assumed to be modi-
(3 fied as following:

yvhereSi is the Heisenberg spin at Eu siteand the exchgnge J;=J1( 14 F,P2+ F P4+ FPO), ®)
integrals A;=0.03%kgz K and A,=—0.06%z K producing
Tn=15.5 K for pure EuTIQ represent the antiferromagnetic whereP is the polarization];o=2.3x 10~2° J is the original
coupling between the nearest neighbors and the ferromagnteraction constant when the ferroelectric distortion is not
netic coupling between the next-nearest neighbors, respegonsidered. F,=2.6 nf/C?, F,=16 nf/C* and Fg
tively. Hereh is the external magnetic field parallel to the = —860 m%C® describe the contribution of the ferroelectric
axis. [i,j] and(i,j) denote the summation over the next- distortion®” According to Eq.(8) we find that the modifica-
nearest neighbors and the nearest neighbors once, respgem on the interaction constant leads to the same results as
tively. Two parameters; andC; are introduced to describe the addition of the four-body, six-body, and eight-body inter-
the occupation status of the magnetic ions and the nonmagrctions under the mean-field approximation on single ion,
netic ones on the lattice site. They are defineddd<;)  which explains the experimental results more appropriately
=0 if i(j) site is occupied by nonmagnetic ions andand accuratel§’*® Under the mean-field approximation, the
6;(Cj)=1 if i(j) site is occupied by magnetic ions. single-ion Hamiltonian for the electrical subsystem including
Following Ref. 32, in which the coupling term was put the coupling term can be written as
forward as an interaction of electrical polarization and zhe
component Ising spins, the coupling term between the mag- HE: —Qof—3(g){(0?)) ol 2u(E+Eq) o, (9)
netic and electrical subsystems in the present compound is
proposed, within the framework of the TIM and Heisenbergwhere

model, as
J(9)=3+62,9((S- §))) (10)
me_ __ z 28 .G 9.C.
H g(m T 715 50C;, “ andz,;=4 is the number of the magnetic spin pairs that di-
rectly affects each pair of pseudospifé)) represents the
whereg is the coupling coefficient. total average including both the thermoaverage and the com-

First, we focus on the electrical subsystem, consideringositional average. It is obvious that the magnetic effect on
electrical-magnetic coupling and impurity effect. As is the electrical subsystem is embodied by its modification on
shown in our previous worf® the random-bond model usu- the pseudospin interaction. According to quantum statistical
ally used in the magnetic mixed system is applied to thigheory the thermoaverage of the pseudospin is
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B Tro?exp( — BHE)

- Trexp(— BHE)

_ J(@){(o?))+2u(E+Ep)
VOZH[I(9){((0)) +2u(E+Eg) ]

“t ’_( VOZ+[I(9)((0?) +2u(E+E)]?
an 2k T ’

(11)

(o)
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2
Nu2aleg
X0 =& ot L, /2keT) 12— 3,14

(18

is the dielectric constant without including the coupling ef-
fect and

_6x(0)geg

(19
Nub

B

Although the mean-field approximation is employed here,
the expression of(0) for pure EuTiQ is in good agreement

wherekg is the Boltzmann constant. The thermoaverage poyith Barret formula*® which well describes the quantum ef-

larization and the total mean polarization argP)
=2Nu(c? and{(P))=2Nu({a?)), whereN is the density
of dipolar moment. Thus from Edq11) we easily get

(Py= —NEL@(P) N2 Eg  E)]
VANZ 207+ [3(g){(P)) + 4Nu(Eo+ E) |2

h\/4N2M292+ [I(9)((P))+4Nu*(Eg+E)]*

X
tan ANpkgT

(12
Actually the density of dipolar moment in Eu,BaTiO5

fects in quantum paraelectrics. In fact the quadratic term in
x(g) can be omitted because of the intrinsic properties of
EuTiO;. Thus the dielectric constant for pure Eugi€an be
obtained as

e(9)=8(0)(1+a((S-S))), (20)
where
~ x(0)
4T A+ x(0) @D

ande(0)=A+ x(0) is the dielectric constant excluding the

decreases with Ba doping because of its larger ion. This fegsopling interaction. From above we conclude thais de-

ture can be described by a linear Vegard fwka=0.1x A,
where Aa is the increment of EuTi@lattice constant in a
sample with Ba concentrationand the lattice parametey,

in pure EuTiQ is ~3.905 A. As far as the compositional

average is concerned, we get

<<P>>=LQ#<P>P(J)P(Q)P(M)d~]dﬂd#, 13

1
=, (14
(ap+Aa)d
The dielectric susceptibility is
1 ((P))
x(9)= e OE i, (15)
and the dielectric constant is
e(g9)=A+x(9). (16)

HereA is the background dielectric constant and assumed to

change with the impurity content.

Through theoretical calculation the dielectric susceptibil-

ity including the coupling effect for pure EuTids obtained
as

1Py
gg OJE

= x(0)(1+ B((S-S))

E=0

x(9)

+BA(S-S))2+ ), 17

where

termined by several intrinsic physical quantities. Our results
above are in good agreement with the experimental data for
pure EuTiQ, which proves the rationality of our proposed
model.

As far as the impurity-doped cases are concerned, Egs.
(20) and(21) are still applicable. But for the impurity-doped
casesg(0) is a more complicated expression and related to
X, Eg, A, N, and the distribution function aod, 1, and u,
which at the same time leads to the intrinsic decrease. of
Through our theoretical calculation, we fit the numerical data
of the intrinsic field-induced polarization and get its analyti-

cal relation to((é : §j>):

({(PH(@=(P)(0)(1+B((Si-§)))- (22)

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

HM=H™m+ Hme:<i2j> AL(9)S- S6,C;

+A2[i2” si-sjevi(:j—Zi h-S6,,

(23

where

A1(9)=A1—2,9((oat)) (24)

andz,=4 is the number of the pseudospin pairs that directly
affect each pair of spin correlation. One can see that the
electrical effect on the magnetic system is realized by the
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modification on the antiferromagnetic interaction. This mag-

netic subsystem can be divided into two sublattiaemdb.
Thus

HM=H_+H,, (25)

whereH, andH,, are the Hamiltonians belonging toandb

sublattices, respectively. Under the mean-field approxima-

tion,

Ha=H32 SiifatHI Siifa (26)
and

Hb:Hé% Sﬁ@b“"é% SHiehy (27)
where

Ham) = 6A1(9){(S5(a))) + 12A2((Syp))) (28)

Ha)= —h+6AL(9){(Sa))) T 1285((Sip)))- (29

Herex, z denote the spin components. Thus the thermoaver-
age of spin components of different sublattices can be ob-

tained as

z
a

. (2i-1)0

2, (2i- 1>Sinf(TTa <H§>2+<Hg>2)
& 2i—1)0,
21003*(% (H§)2+(Hg)2>

(S)=

(30
Z _HZ
(S0= S T=mer e
2\(Hp)?+(Hp)?
4
Z 1)sm)'<( T T (HX)2+ (HE) )
: (2i—1) ’
2% *(Tﬁ’““b)z““b)z)
= B
(31
(S >——< A% (32
X H)t; Z
(So)= 2 (S)- (33)
b
We consider the distribution function @f, andC,,:
_1-x X
P(0a)= —5—8(0a=1)+ 5 3(0a), (34
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12p-. —i=02

-~ - = x=0.1

<<SS>>
o &

0 10 20 30
T (K)

FIG. 1. Temperature dependence of spin correla(i(cég-éj»
between the nearest neighbors for different impurity contents.

1-x X
P(Cp)=——(Cp=1)+ 5 8(Cp). (35
The total average including the compositional average for

magnetization can be obtained as

(SEYP(6,)P(Cp)d6,dC,,

b

Sy = - 36
{(Sab)) (36)

f P(62)P(Cp)d8,dC,
0,.Cp

The spin correlation between the nearest neighbors can be
approximately decoupled as

(S SN=((SHUSIN+USI(SE). (3D

For this complicated Eu ,Ba, TiO3 system, where cou-
pling exists between the magnetic and electrical subsystems,
one should consider the subsystem results_obtained by in-

cluding the coupling term-g=; 2y 0¢0(S - S;6,C; .
IIl. RESULTS AND DISCUSSION

We obtain the main features of EuBaTiO; (0<x
=<0.2) by adjustingA andE,. Forx=0, 0.1, and 0.2A is
181, 230, and 530, arfd, is 0 kV/mm, 1.9 kV/mm, and 2.1
kV/mm, respectively. By solving Eqg20), (21), (36), and
(37), we fit the experimental dielectric constant in the ab-
sence of the magnetic field. We obtain the coupling coeffi-
cientg as 0.08; K, 0.11kg K, and 0.2k K for x=0, 0.1,
and 0.2, respectively. We use these parameters to study the
coupling effect on the magnetic and electrical subsystems.

The spin correlatiof((S;- S;)) versus temperature under
different magnetic fields and at different impurity content is
shown in Fig. 1. The variation of spin configuration can be
realized by varying the temperature and external magnetic
field at the same impurity content. Meanwhilg decreases
with the increase of the impurity content. Although there still
exists some deviations from the experimental results, E\g.,
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460
.><g= x=0.2 (x0.52)
440/
0w Feo” “c--- — e = ]
420 _>§=0 x=0.1 (x0.82)
T il qu—— —
g |[—t=oT] >0
10} h=0 T I
; ' ' ' 0 10 T 20 30

4
TX)
FIG. 3. Dielectric constants of Eu,Ba,TiO5; with x=0, 0.1,
FIG. 2. Comparison of different coupling effects on the tem- ang 0.2 as a function of temperature under different magnetic fields.
perature dependence of spin correlat{¢s; - S;)) for differentim-  The data have been multiplied by 0.82 for-0.1 and 0.52 foix
purity contents. =0.2 for clarity.

is a little higher than experimental data because of the model
simplicity and approximation, the main feature is satisfacto-Spin correlation is zero and it has no effect on the dielectric
rily exhibited. It is easy to find the trend similarity between constant. When the magnetic figde=5 T is applied and the
the spin correlation and the dielectric constant inferromagnetic ordering appears, however, the pseudospin in-
Eu,_,Ba,TiO; (0=<x=<0.2). teraction constant increases, favoring the increase of the di-
In fact, there is another important factor that affects theelectric constant.
spin configuration in this system. In Fig. 2, we compare the The temperature dependence of the intrinsic field-induced
coupling effect on the magnetic subsystem of EiBa, TiO5 mean polarization for different impurity content and under
for different impurity contents {=0 T). Ty shows addi- different magnetic fields also shows its interesting features,
tional evident decrease when the coupling interaction i€s is shown in Fig. 4. Magnetic-electrical coupling interac-
taken into accountg>0) and this coupling interaction has tion significantly contributes to the mean polarization, which
greater effect on the Spin correlation for h|gher |mpur|ty Con_is also attributed to the modification of the pseudOSpin inter-
tent. For the Casazo, however, the Coup“ng interaction action constant by the Spin Conﬁguration. That iS, the antifer-
has no effect on the magnetic subsystem. These can be ghamagnetic ordering favors the decrease of the polarization
plained from the variation of Hamiltonian. Because of theWhile ferromagnetic ordering does the opposite. From our
polarization in the electrical subsystem, the antiferromagﬂumer'cm calculatllon, we fitted the theoretical data of polar-
netic coupling constand, diminishes toA,—z,g((cZof)),  ization and obtain the analytical formula agP))(g)
which favors the decrease @f,; and owing to the increase =({{P))(0)(1+B((S;-S;))), from which the relation be-
of intrinsic field-induced polarization with the increase of the
impurity content,Ty has a more evident decrease for higher

impurity content. ——h=0T
The temperature dependence of the dielectric constant for 0.12 = = h=5T

different impurity content under different magnetic fields is

shown in Fig. 3. Similar experimental results have been re- . =02

ported in Ref. 4Fig. 4a)] for Ey, _,Ba TiO5. The dielectric Tt~ e e

constant increases with the impurity content within the
whole temperature range because for the casg<Qx., the
guantum paraelectric state becomes fragile with the increase
of impurity content and the deviation from the Curie-Weiss

<<P>> (C/m’)
e
S
1

law is reduced, while at the same time the ferroelectric phase 0.08 1

transition does not occur. At low temperatures, the dielectric i 0.1
constant and the spin correlation exhibit similar featyses T s e e e i
Fig. 1), indicating coupling between the electrical and mag- — . ’

netic subsystems. We believe that the anomalies are caused 0 10 T® 20 30

by the coupling interaction because beldy(h=0 T) the

pseudospin interaction constant is decreased due to the anti- FIG. 4. Temperature dependence of the intrinsic field-induced
ferromagnetic ordering, which favors the reduction of thepolarization for different impurity contents under different magnetic
dielectric constant. If the temperature is higher tign the fields.
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1.04
--------- /N
7 x=0.1 T
1.03 }+ f 20 , 4 P x=0.1
! = ' T,
T \
s ' A |
> 1 - / !
210 7 =02 {%— Z/: |
]
. ] 5 10 ! :
[} \ —g>0
] - =ag=0
1.01}+ ’ 'l \
/
\
] T=2K Ll T=2K
\
1.00 T T 0l i ;
0 1 1 (T) 2 3

h (T)

FIG. 5. Magnetic-field dependence of the dielectric constant
(normalized to the values under zero fielak 2 K for different
impurity contents.

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

netic and electrical subsystems; and the initial larger slope

tween the dielectric constant and the spin correlation seeng y— 2 is also attributed to the initial faster increase of
more comprehensible. <<§i ) §.>> versush
J :

Magnetic-field dependence of the dielectric constant-
malized to the values at zero figldt 2 K for Ey,_,Ba,TiO5
for x=0.1 andx=0.2 is shown in Fig. 5. The change of the IV. CONCLUSIONS
dielgctric cqn;tant with magnetic field looks (educeq wiFh Ba pyre EuTiQ is regarded as both a typical ty@antifer-
doping. This is partly because the magnetic E4Ti® di- omagnet withs=7/2 and a quantum paraelectric with a per-
luted by nonmagnetic Ba ions, which can be seen from the,qyite crystal structure. This special property makes the di-
formula: electric constant for pure EuTiCas well as for its impurity-

-~ - doped system deviate from the behavior in normal quantum
e(h) 1+a((S-S))(h) paraelectric. Such an interesting phenomenon has been ob-
e(0) 1+ 01<<§i ) §_>>(0) ' served in experiments and indicates the existence of coupling
J o between the magnetism and dielectric properties in them. In
Taking account of the dilution effect(S-S;)) for x=0  the present work we propose an appropriate coupling term to
should be replaced by HX)2<(§1~§1>> At the same timex descnbe_ |nteract|on_ betwe.en. the magnetic and electric sub-
is intrinsically reduced via Eq21). Furthermore, it should SYyStem in Ey_,BaTiO,. Within the framework of random-
be noted that the initial slope of the dielectric constant?ond transverse-field Ising model for electrical subsystem
against magnetic field rather increases with Ba doping if"d Site-dilution Heisenberg model for magnetic subsystem,
spite of the decrease af because of the faster increase of W€ investigate the coupling between the magnetism and di-
magnetization with magnetic field for higher impurity con-
tent, as can be seen in Fig. 6. We obtain the formula: 0.12

7 (e(h)) P o - I
oh (0) “%(«Si'sj»(h))a - -

e

i

=
T
\

from which we believe that the initial larger slope of the
dielectric constant fox=0.2 is mainly determined by the
initial faster increase of(S;- S;)) versush. A more profound
reason for this dielectric feature originates from the coupling
effect on the magnetic subsystem. If we omit this effect, the
initial larger slope of the dielectric constant nearly disappears x=0.1
(see Fig. 6, dashed lineA good agreement between our /
theoretical result§Fig. 5 and experimental daférig. 4(b) in
Ref. 4] has been observed for EuBa,TiO;, demonstrating 0.06 T
the reliability of our present models. 0 1 h(T) 2 3

Figure 7 shows the magnetic-field dependence of the in-
trinsic field-induced electrical polarization fer=0.1 andx FIG. 7. Magnetic-field dependence of the intrinsic field-induced
=0.2. The anomalies are caused by coupling between magolarization for different impurity contents at 2 K.

<<P>> (C/m)

e

(=

&
T
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electric properties. Theoretically, we obtain the analytic rela-discuss the effect of doping and external magnetic field on
tion between dielectric constant and spin correlation, whichthe dielectric properties. The effect of coupling and doping
is in good agreement with the experimental results foron their magnetic properties have also been discussed, espe-
Eu,_,Ba TiO5. Our numerical calculation shows that many cially for higher impurity content.

aspects of the magnetism and dielectric properties observed
in Eu, _,Ba,TiO5 can be described by our theoretical frame-
work involving coupling interaction between magnetic and
electrical subsystem. In addition, we find that impurity dop- This work is supported in part by the National Natural
ing affects not only the strength of couplifg) between Science Foundation of China under the Grants Nos.
electrical and magnetic subsystem, but also polarization anti0125416 and 10374069, Jiangsu provincal Natural Science
spin correlation. Furthermore, impurity doping also caused-oundation under Grant No. BK2003032, and Jiangsu
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the intrinsic frozen field, which increases with increasingprovincal
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