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The dielectric constant of an incipient ferroelectric EuTiO3 exhibits a sharp decrease at about 5.5K, at which

the antiferromagnetic ordering of the Eu spins simultaneously appears. This fact indicates the existence of a coupling

between the magnetism and dielectric properties of EuTiO3z. We propose a possible coupling mechanism between the

magnetic and electrical subsystems as —g E E ql2§7_ . §J—_ In the framework of soft-mode theory, we have obtained

L (i,4)

analytically a dielectric constant expression related to the spin correlation of nearest neighbours of Eu ions.
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1. Introduction

The coupling between magnetism and transport
properties in metals can produce various interesting
phenomena, such as colossal magnetoresistance in per-
ovskite manganites.! =3 The Hund rule dominates in
this class of compounds, where the localized spins in
the to, state strongly couple with the itinerant elec-
trons in the e, state. If a magnetic field is applied un-
der such a condition, the configuration of the localized
spins varies, giving rise to a large magnetoresistance.
At the same time, it is definite that the coupling be-
tween magnetism and dielectric properties may exist
in certain magnetic insulators where the configuration
of the localized spins affects, to some extent, their di-
electric properties. EuTiOs3 is a good example in this
case. Susceptibility measurements show that EuTiO3
is one of the few antiferromagnets with a positive
Curie-Weiss temperature.[* And its Néel temperature
is about Tn=5.5K.[5] The crystal structure of EuTiOg3
is presented in Fig.1. It exhibits a typical structure of
perovskite titanates, where Eu ions are responsible for
the antiferromagnetic ordering and its spin vector lies
in the ab plane while the ion motion of the soft-phonon
mode (here mainly Ti ion) with a T, symmetry is

along the c-axis.

It has been reported(® that the dielectric constant
of EuTiOg3 exhibits a sharp decrease at 5.5K, which is

its Néel temperature T . As is known, EuTiOg3 is an

incipient ferroelectric, its dielectric constant saturates
at a low temperature. This gives a clue that a possi-
ble relation exists between the magnetic and electrical
subsystems. Given that the soft-phonon mode with a
low frequency is responsible for the dielectric prop-
erties via the soft-mode theory x; = ——F——< in
m(w§ - w?)

EuTiOg, a plausible speculation is that the variation
of the spin configuration at the Eu site near and below
Ty will affect the behaviour of the soft-phonon mode
But there

is still a challenging question: what is the possible

and lead to special dielectric properties.

coupling mechanism between magnetism and dielec-

tric properties?

Fig.1. The crystal structure of EuTiO3. Empty and
solid circles represent O and Ti atoms, respectively.
The white thick arrows are the antiferromagnetic or-
dering of Eu spins. The black thin arrows exhibit the

atomic motion of the soft-phonon mode.
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Many years ago, it was proposed!®! that the di-
electric constant in some ferroelectric crystals with
magnetic long-range order coexisting, so-called ferro-
electromagnetic, should have an anomaly at the mag-
netic ordering temperature. The argument was based
on the following considerations. Generally, a term of
the type &p2l2

irrespective of the symmetry, where [ is a vector pa-

is allowed in a free-energy expression

rameter representing the long-range magnetic order-
ing. The non-zero value of [ affects the polarization
p through this term. In the EuTiOj3 case, magnetic
ions are in an s-type orbital and the exchange interac-
tion is isotropic. The Heisenberg model is suitable for
describing this magnetic system. On the other hand,
the experimental datal’ available evidently propose
the relation between the dielectric constant and spin
correlation (S; - S;) as € = eo(1 + a(S; - S;)). In the
present work, we first include the coupling term of
electric and magnetic subsystems in the Hamiltonian
for EuTiO3. Then the Hamiltonian is solved with the
mean-field and soft-mode theory, to obtain the dielec-

tric constant.
2.Models and analysis

We consider the Hamiltonian for a three-
dimensional cubic system with periodic boundary con-
ditions. Two parameters, g; and S;, are used here to
represent the electrical displacement at the Ti site,
which mainly causes the soft-mode of 7T7,, and the
Heisenberg spin at the Eu site, respectively. In ad-
dition, the coupling interaction between the electrical
and magnetic subsystems is taken into account. The

Hamiltonian for this system can be written as
H=H°+H™+ H™°, (1)

where H® denotes the Hamiltonian for the electrical
subsystem, H™ is the Hamiltonian for the magnetic
subsystem and H™¢ is the coupling interaction be-
Here, the soft-mode the-

ory in the mean-field approximation is applied to solve

tween the two subsystems.

He¢. According to the soft-mode theory, the atoms vi-
brate like a harmonic oscillator with a small additional
anharmonic part, i.e. g; at each site is subjected to a
Thus H®¢ in the absence of an

electric field can be written as[7’8]
=Y g v)| g S e @

where p, is the momentum at site [, V/(g;) is the local-

. . . 1
ized potential function, and 2 zl: ; vi1rq,q; denotes

single-well potential.

the two-body interaction potential. We use the sim-
plest form to describe the anharmonic motion at Ti
site. Thus

1 1
Vig) = mﬁo a + qui‘, (3)

1
where 2y is the inherent frequency, imﬁgqf is the
1
harmonic part and —~g; is the anharmonic part.
The interaction between Eu 4f spins origi-

nates from (i) the superexchange(antiferromagnetic)
through the O 2p state, and also from (ii) the indirect

7
exchange through the Eu 5d state. So H™ with S = 2

can be written as

=> 1S S; +ZJ2S .S —Zh S5, (

(1,5)
where S; is the Heisenberg spin at the Eu site ¢, and
the exchange integrals J; and J; represent the an-
tiferromagnetic coupling between the nearest neigh-
bours and the ferromagnetic coupling between the
Here h is the

external magnetic field parallel to the z-axis. [¢,j] and

next-nearest neighbours, respectively.

(i, 7) denote the once summation over the next-nearest

neighbours and the nearest neighbours, respectively.
Now, we consider the magnetic-lattice interac-

tion H™°.

ion plays an important role in superexchange coupling

For EuTiOs, the wavefunction of the an-

between nearest-neighbour Eu spins, because the ex-
change integral may be mediated via the p election of
the anion, i.e. J; = Ji(ro — rgy). Moreover, the oxy-
gen ion is related to the motion of the soft-phonon
mode with Ty, symmetry. If this ion is displaced
from its equilibrium position rg by a distance ug, the
variation of superexchange interaction energy between
nearest-neighbour Eu ions through the O 2p state is

given by

Z{J1(T‘o +uo — rEu) — J1(ro — rEu)}Si - S
(4,5)

~ Z {roJl(ro — TEu)

1
+ 2'UOV2J1( 0 — ’I“Eu)}si . Sj. (5)

Because the relative displacement up of the oxygen
ion is related to the motion of the Ti ion, we make an
approximation that ug is proportional to the displace-
ment g of Ti ion, thus the final expression of H™* is

given by

[ o Sy TN (©

L (i)
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where ¢ is the coupling coefficient to scale the cou-
pling strength. Here only the quadratic term of g,
is taken because of the time reversal and space re-
versal symmetries. Now we deal with the electrical
subsystem, taking into consideration the magnetic ef-
fect. Then under the mean-field approximation, the

single-ion Hamiltonian can be written as
Hf =Hf + H"

2
p 1
Iy (gmot - atsi- s )t

T 2m
1
+ 6 = D vwlan)a (7)
ll

where z; is the number of the spin correlations that

will directly affect the motion of Ti in one unit cell

1
and Z'yq;1 can be regarded as the small perturbation

part. For convenience, in further discussion we assume

2
b= Z;;; (S;-8S;) and 2(g) = 20v/1 —b. Here the
mi;

magnetic effect on the electrical subsystem is embod-
ied by £2(g). Thus we have

2
p 1 1
HY = 5=+ omQ(9)ai + 7794 — zl: v (@) a- (8)
The frequency of the soft-phonon mode is given ac-

cording to the soft-mode theory,
mwg(g) =m02(g) + 3yor — vy, 9)
where

vg= Z vypexpl—iq - (R — Ryr)] (10)
I

is the interaction potential for the wave vector q. Up
to now, the key point is how to calculate the fluctua-
tion of displacement o = (g,—(g;)?). Since EuTiO3 is
an incipient ferroelectrics, the quantum effect is very
important at very low temperatures, so the quantum
statistics must be adopted. At the same time, we no-
tice that no ferroelectric phase transition takes place
in the incipient ferroelectrics, and the average dis-
placement is zero. Thus, the fluctuation of displace-
ment at temperature T can easily be obtained using

quantum statistics and perturbation theory:

or =(q, — <Ql>2>

2mi2(g) Co ( 2kpT

il () ] o

For EuTiOg3 the soft-phonon mode is in the centre of

the Brillouin zone (g=0). Therefore according to the

single mode theory under the mean-field approxima-
tion, the frequency of the soft-phonon mode can be
obtained by

mw?(g) =m25(g) + 3yor — vo

|3 cn () o)

where
mi2(g)

kpTo = 3

-mB@l G
Obviously, if the coupling effect is not included,
ie. g=0, Eq.(12) is just the expression of the fre-
quency of the soft-phonon mode for normal incipient
ferroelectrics. The frequency of the soft-phonon mode
does not freeze even close to OK. In order to directly
show how the spin correlation has an effect on the be-

haviour of the soft-phonon mode, we arrange Eq.(12)

as follows
mw?(g) = mw?(0)(1 - B(S; - S;)), (14)
where
2219 5 3R hi2(g)
=" |mi2j — Coth
h m?2 22w?(0) o 4miy © ( 2kgT )
hid
+ . (15)
)
2 0
2kgT'sinh ( kT )

Here w(0) is the frequency of the soft-phonon mode,
as the coupling interaction is not considered, and it
is temperature-independent at very low temperatures.
Because the coupling interaction only exists near the
Néel ordering temperature, 3 can be approximately
written as
8=

2219 { , m} 16)

m?222w?(0) O 4mi,

Naturally, the static susceptibility, which embodies

the dielectric constant, is found

1
mw?(0)

(L+B(Si-8;)) = x(0)(1+ B(S: - S;)),
(17)
where x(0) is the static susceptibility when the cou-

X ~

pling interaction is not included. Thus the dielectric

constant can be derived from the above expressions

e =¢(0)(1+a(Si- Sj)), (18)
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where
(0) = A+ x(0) (19)
and )8
X
o= 7A+x(0)' (20)

Here A is the background dielectric constant. Equa-
tion (18) is in good agreement with the dielectric prop-
erty fitted from the experimental data.l’] Undoubt-
edly, near T, the appearance of an antiferromagnetic
spin correlation leads to a sharp decrease in dielec-
tric constant. Furthermore, if fitting the experimental
data in the absence of a magnetic field,5! we obtain
the coupling coefficient g to be 9.42 x 10~7, which is

small but plays an important role in the behaviour of

the dielectric properties.

3.Summary
EuTiOj3 is regarded as a typical Néel antifer-

— at the Eu?t site, as well

as an incipient ferroelectric with a perovskite crys-

romagnet with S =
tal structure. This special property makes its di-
electric constant deviate from the behaviour in nor-
mal incipient ferroelectrics below the Néel tempera-
ture. We have proposed a possible coupling mecha-
nism between its magnetism and dielectric properties
as —¢g Z Z ql2 S; - S, and we obtain analytically the
b (iy5)
value of the dielectric constant, which is in good agree-

ment with the fitted formula from experimental data.
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