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Coupling between magnetism and dielectric properties in quantum paraelectric EuTiO3
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The dielectric constant of quantum paraelectric EuTiO3, which contains Eu21 with S57/2 spin and Ti41,
has been measured under a magnetic field. The dielectric constant shows a critical decrease at the antiferro-
magnetic ordering of the Eu spins at 5.5 K, as well as a substantial change under a magnetic field~by ;7%
with 1.5 T!, indicating a strong coupling between the Eu spins and dielectric properties. We show that the
variation of the dielectric constant is dominated by the pair correlation of the nearest-neighbor Eu spins, likely
via the variation of the soft-phonon-mode frequency.
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I. INTRODUCTION

The coupling between magnetism and electric conduc
in metals gives rise to various interesting phenomena, s
as colossal magnetoresistance in perovskite manganites1 In
this class of compounds, itinerant carriers are stron
coupled with localized spins by Hund coupling~the order of
eV!, and the properties of itinerant carriers~the effective
mass and the scattering rate! depend on the configuration o
the localized spins. In such a situation, electric conduct
can be controlled by a magnetic field via the coupling w
localized spins, leading to large negative magnetoresista
In a similar manner, the coupling between magnetism
dielectric properties in magnetic insulators would be poss
where the dielectric properties depend on the configura
of localized spins and the dielectric constants can be c
trolled by a magnetic field via the coupling with localize
spins. In most magnetic insulators, however, such a coup
is fairly weak and the dielectric constant barely changes
der a magnetic field. The dielectric constant of insulators
usually dominated by a band gap between their valence b
and conduction band with an energy scale of eV, and thi
much larger than that of a magnetic interaction or magn
field. Accordingly, magnetic ordering or a magnetic fie
least affects the dielectric constant of such insulators. To
hance the coupling between magnetism and dielectric p
erties, therefore, the energy scale dominating dielectric p
erties should be lowered and be comparable with tha
magnetism. This can be realized if the material has a spe
infrared-allowed optical phonon mode with low frequenc
i.e., a soft phonon mode for the ferroelectric transition.
this case, the energy scale dominating the dielectric cons
is that of the soft phonon, which is typically of the order
10 meV, comparable with that of a magnetic interaction
magnetic field.

To explore such enhanced coupling between magne
and dielectric properties, we chose perovskite EuTiO3. It is
known that tetravalent perovskite titanatesA TiO3 (A5Ba,
Sr, Ca! show unique dielectric properties; i.e., BaTiO3 is a
ferroelectric~Ref. 2! and SrTiO3 ~Ref. 3! and CaTiO3 ~Ref.
4! are quantum paraelectrics. In these compounds, oneT1u
phonon mode with cation motion opposing oxygen motio
as illustrated by the thin arrows in the lower panel of Fig.
0163-1829/2001/64~5!/054415~4!/$20.00 64 0544
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shows a softening and is responsible for those dielec
properties.5,6 EuTiO3 ~Ref. 7! also has a simple cubic perov
skite structure with divalent Eu and tetravalent Ti, and th
similar dielectric properties caused by the softT1u mode are
expected, though they have not been studied so far. A dis
feature of EuTiO3 from other tetravalent perovskite titanate
is the existence of localized 4f moments withS57/2 on the

FIG. 1. Upper panel: temperature dependence of dielectric c
stants at 100 kHz~left axis! and inverse magnetic susceptibilit
~right axis! for EuTiO3. The solid curve is the result of the fitting o
dielectric constants to Barrett’s formula~see text!. The dotted line
corresponds to the Ne´el temperature~5.5 K!. Lower panel: crystal
structure of EuTiO3. Gray circles, white circles, and a black circ
corresponds to Eu, O, and Ti, respectively. White thick arrows r
resent antiferromagnetic ordering of Eu spins. Thin arrows show
atomic motion of the soft-phonon mode withT1u symmetry~see
text!.
©2001 The American Physical Society15-1
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Eu21 sites, which order antiferromagnetically below 5.5
~Ref. 7! with a spin structure as shown by the white arro
in the lower panel of Fig. 1. Because of the coexistence o
soft phonon and localized spins in this compound, one
expect enhanced coupling between the dielectric prope
and magnetism. In an analogy with perovskite mangani
where itinerant carriers are coupled with localized spins
can be controlled by a magnetic field, it would be possible
EuTiO3 that a soft phonon mode is coupled with localiz
spins and can be controlled by a magnetic field.

II. SAMPLES AND EXPERIMENTS

Pure EuTiO3 and Ba-doped (Eu12xBaxTiO3 , 0<x
<0.2) samples were grown by the floating-zone techniqu8

X-ray powder diffraction measurements indicate that
crystal symmetry is cubic forx<0.2 at room temperature
and the lattice constant increases with increasing Ba con
tration, i.e., 3.905 Å forx50, 3.909 Å forx50.1, and
3.925 Å for x50.2. Dielectric constants were measured
a LCR meter~1–100 kHz! and capacitance bridge~1 kHz!
under various magnetic fields up to 5 T. The crystals w
cut into a disk shape, and indium was soldered on both s
as electrodes. Typical sample size was 10 mm2 area and 1
mm thickness. A magnetic field was applied parallel to
electric field. The magnetization was measured by using
perconducting quantum interference device~SQUID! magne-
tometer.

III. RESULTS OF EuTiO 3

In Fig. 1, the dielectric constant (e) at 100 kHz and the
inverse magnetic susceptibility (1/x) of EuTiO3 are plotted
as a function of temperature. The dielectric constant
creases with decreasing temperature, and is saturated ar
30 K with the value of;400, which is anomalously high a
a normal insular. It is found that there is least frequen
dependence ofe between 1 and 100 kHz and the dielect
loss is zero within the experimental error below 70 K. The
features indicate that EuTiO3 is in a quantum paraelectri
state at low temperatures. We have fitted the data to the
rett’s formula9

e5A1
C

~T1/2!coth~T1/2T!2T0
, ~1!

whereT0 equals the Curie-Weis temperature in the class
limit. The best-fit values areA5181, C52.343104 K21,
T15162 K, andT05225 K, as shown by the solid line in
Fig. 1. The negative value ofT0 indicates an antiferroelectri
interaction in EuTiO3. The dielectric constant, howeve
shows a sharp decrease below 5.5 K. This temperature c
cides with a Ne´el temperature (TN) as exemplified by the
cusp of magnetic susceptibility shown in the same figu
and as reported earlier based on Mo¨ssbauer spectroscopy7

The change of the dielectric constant with antiferromagn
ordering amounts to 3.5%.

The Eu21 ion takes the 4f 7 electron configuration and
has aS57/2 spin with a Heisenberg character and le
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magnetic anisotropy. If the magnetic field is applied to su
antiferromagnetically ordered Heisenberg spins, they are
mediately flipped perpendicular to the magnetic field a
then are gradually changed into a ferromagnetic arrangem
with increasing magnetic field. In fact, the magnetization
EuTiO3 at 2 K increases almost linearly with increasin
magnetic field and is saturated around 1.5 T with the value
the fully polarized Eu spins (7mB per Eu!.10 Since the spin
state can be controlled from the antiferromagnetic to fer
magnetic by the magnetic field, we can expect a large m
netic field effect on the dielectric constant of EuTiO3. In Fig.
2~a! the dielectric constants and in Fig. 2~b! magnetization vs
temperature under several magnetic fields are plotted. W
increasing magnetic field, low-temperature dielectric co
stants gradually increase and finally the cusp disappe
This behavior of the dielectric constants resembles tha
magnetization, where the cusp disappears and the v
reaches 7mB /Eu under a high magnetic field. As shown
the inset of Fig. 2, wheree(H)/e(0) vs magnetic field is
plotted, the change of the dielectric constant reaches 7%
1.5 T.

IV. CALCULATION AND DISCUSSIONS

Which parameter is the most relevant to the change
dielectric constants? The dielectric constant decreases
the antiferromagnetic ordering of Eu spins whereas it
creases with their ferromagnetic arrangement under a m
netic field. From this, it is natural to consider that the diele

FIG. 2. ~a! Dielectric constants at 1 kHz and~b! magnetization
as a function of temperature under several magnetic fields
EuTiO3. Solid lines in ~a! are the fittings curves by Eq.~2! with
a52.7431023. The inset shows the magnetic field dependence
the dielectric constant~normalized to the value at zero field! at 2 K.
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tric constant is dominated by the pair correlation of the
spins,^Si•Sj&, wherei andj refer to the Eu sites next to eac
other. To verify this idea, we have made a mean-field ca
lation of the spin system withS57/2 on the cubic lattice
with a HamiltonianH52 1

2 Ji j (Si•Sj . Here, we assume bot
the nearest-neighbor interactionJ1520.037 K and the
next-nearest-neighbor interactionJ250.069 K, to reproduce
TN55.5 K and a positive Curie-Weiss temperatureu
53.17 K. Note that the next-nearest-neighbor interact
~via oxygen! is ferromagnetic and its absolute value is larg
than that of the antiferromagnetic nearest-neigh
interaction.7 In the mean-field approximation,^Si•Sj& is sim-
ply given by the product of̂S& on two sublattices. We show
the calculated values of^Si•Sj& as well as thez component
~parallel to the magnetic field! of the total spin moment,̂Sz&,
under several magnetic fields in Fig. 3. One can see g
agreement between the behaviors of the dielectric const
and the calculated̂Si•Sj&, as well as between those of ma
netization and the calculated̂Sz&. On the basis of this cal
culation, we have fitted the experimental data ofe(T) by the
following formula:

e~T,H !5e0~T!~11a^Si•Sj&!, ~2!

where e0(T) is the dielectric constant in the absence o
spin correlation, which has been estimated by fitting the
perimental curve ofe(T) under 0 T aboveTN . It should be
noted that except fore0(T), the only fitting parameter for al
the data isa, the coupling constant between spin correlati

FIG. 3. ~a! Spin pair correlation between nearest-neighbor s
^Si•Sj& and ~b! the z component~parallel to the magnetic field! of
the total magnetization̂Sz& for the system withS57/2 on the cubic
lattice by a mean-field calculation. The nearest-neighbor interac
J1 is 20.037 K and the next-nearest-neighbor interactionJ2 is
0.069 K.
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and dielectric constants, in Eq.~2!. The best-fit value ofa is
2.7431023 and the fitting curves are shown by solid lines
Fig. 1~a!.

Now, it becomes clear that the dielectric constant is
lated to the pair correlation of neighboring Eu spins. Th
how do the Eu spins affect the dielectric constant? The m
contribution to the large dielectric constant of this compou
is a softT1u phonon mode as discussed above, and thus
likely that this soft-phonon mode is modified by the E
spins. We speculate that the hybridization between the
orbitals and the O 2p orbital is varied depending on th
configuration of the Eu spins, which then modifies the f
quency of theT1u mode that contains Eu-O stretching motio
~in the lower panel of Fig. 1!. The magnitude of the phonon
frequency change with magnetic field can be estimated fr
that of the dielectric-constant change. The dielectric cons
associated with one optical phonon is given by the followi
formula:

e~v!5e1~v!2 i e2~v!5e`1
4pNe* 2/m

~v0
22v2!1 iGv

, ~3!

where N is the number of unit cells per volume,e* the
effective charge of ions,m the effective mass of ions,v0 the
phonon frequency, andG the scattering rate of the phonon
We assume that the change of the magnetic state of the
spins only affectv0 but neithere* nor m. Sincee1 is pro-
portional to 1/v0

2 in the dc limit of Eq.~3!, the increase ofe1

by 7% under a magnetic field means a decrease ofv0 by
3.5%. This implies that the ferromagnetic arrangement of
Eu spins~positive ^Si•Sj&) softens theT1u phonon mode. It
also should be pointed out that if we assume\v0 /kB as the
order of;100 K in EuTiO3,11 then its decrease is;3.5 K,
which is the orderTN , a typical energy scale of magnetis

s

n

FIG. 4. ~a! Dielectric constants of Eu12xBaxTiO3 with x50,
0.1, and 0.2 at 1 kHz as a function of temperature. They are m
plied by 0.82 forx50.1 and by 0.52 forx50.2 for clarity. Solid
lines are the fitting curves~see text! with a52.7431023 for x
50, a52.2031023 for x50.1, anda52.1131023 for x50.2.~b!
Magnetic field dependence of the dielectric constants~normalized
to the values at zero field! at 2 K for Eu12xBaxTiO3 with x50 ~the
solid line!, 0.1 ~the dashed line!, and 0.2~the dotted line!.
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in this compound. This rough estimate is consistent with
idea that the soft-phonon frequency is modified by the m
netism of the Eu spins.

V. Ba DOPING

To confirm the validity of Eq.~2! as well as to pursue a
further enhanced coupling constanta, Eu12xBaxTiO3 has
been synthesized and the same measurements have
done on those samples. Since BaTiO3 is a ferroelectric com-
pound, it is expected that the absolute value of the dielec
constant increases with Ba doping. As seen in Fig. 4~a!, the
absolute value of the dielectric constant really increases w
Ba doping. Equation~2! can satisfactory fit the magneti
field dependence of the dielectric constant also for the
doped samples, as shown by solid lines in Fig. 4~a!.12 How-
ever, the change of the dielectric constant with magnetic fi
looks reduced with Ba doping, as more clearly seen in F
4~b!. This is partly because the magnetic Eu ions are dilu
by nonmagnetic Ba ions. Taking account of such a dilut
effect, a in Eq. ~2! should be replaced by (12x)2a. It is
found that thea value still decreases with Ba doping (a
52.7431023 for x50, 2.2031023 for x50.1, and 2.11
31023 for x50.2), indicating that Ba doping intrinsicall
reduces the coupling between magnetism and dielectric
stants. It is known that quantum paraelectric states are fra
against disorder and easily change into ferroelectric state
relaxors.13 Such~local! ferroelectric ordering due to disorde
seems to be occurring in Eu12xBaxTiO3 with finite x, as
t,

tt.

v.
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suggested by the decreasing dielectric constants below 2
We speculate that in Eu12xBaxTiO3 with finite x, the soft-
phonon mode is partially frozen and produces a quasist
lattice distortion, whereas the weight of the dynamical p
contributing to the coupling between dielectric constants a
magnetism is reduced. It should be noted, however, that
initial slope ofe against magnetic field rather increases w
Ba doping in spite of the decrease ofa, as seen in Fig. 4~b!,
because of the faster increase of magnetization with m
netic field for the Ba-doped samples.10

VI. SUMMARY

In summary, the dielectric constant of quantum parael
tric EuTiO3 shows critical changes with magnetic ordering
Eu spins as well as under a magnetic field by;7%. We
found that the change of the dielectric constant is domina
by the pair correlation of the Eu spins between neare
neighbor sites, suggesting that the configuration of the
spins varies the frequency of a soft-phonon mode in EuTi3.
The observed behaviors provide a clear demonstration of
possible magnetic field control of the dielectric constants
oxide materials.
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