VOLUME 91, NUMBER 25

PHYSICAL REVIEW LETTERS

week ending
19 DECEMBER 2003

Magnetodielectric Effects from Spin Fluctuations in Isostructural Ferromagnetic
and Antiferromagnetic Systems

G. Lawes,1 A.P. Ramirez,l’2 C.M. Varma,2 and M. A. Subramanian®
'Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
2Bell Laboratories, Lucent Technologies, 600 Mountain Avenue, Murray Hill, New Jersey 07974, USA

*DuPont Central Research and Development, Experimental Station, Wilmington, Delaware 19880, USA
(Received 16 May 2003; published 18 December 2003)

We report on the effects of spin fluctuations, magnetic ordering, and external magnetic field on the
dielectric constant of the ferromagnet SeCuQj3, and the antiferromagnet TeCuO3. A model based on the
coupling between uniform polarization and the g-dependent spin-spin correlation function is presented
to explain the different behaviors for these isostructural compounds. The large magnetocapacitance
near the transition temperature in the ferromagnet SeCuQOj; suggests routes to enhancing the magneto-

dielectric response for practical applications.
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The behavior of systems with strongly coupled mag-
netic and electronic degrees of freedom provides both
challenges for many-body theory as well as new phe-
nomena for possible applications. One manifestation
of such coupling in the itinerant limit is the interplay
between ferromagnetism and charge order in the colos-
sal magnetoresistance manganites [1,2]. In the limit of
localized charge, effects of strong coupling are more
subtle, and manifested chiefly through a magneto-
capacitive (MC) response, which can take several dif-
ferent forms [3-5]. After the first experimental
realization of magnetoelectric coupling in Cr,O; [6],
similar effects have been observed in several other
materials including Gd,CuO, [7], YMnO; [8], EuTiO3
[9], and BiMnO; [10]. The present strong interest in
coupled magnetic dielectric properties is further moti-
vated the search for so-called multiferroic materials —
compounds possessing (anti)ferromagnetic, (anti)ferro-
elastic, and/or (anti)ferroelectric — which have been
proposed for use in fabricating next-generation multi-
functional devices [11,12].

In this Letter, we compare the magnetodielectric
[13] (MD) response in a ferromagnetic insulator and
an isostructural antiferromagnet. We investigate the ef-
fect of ferromagnetic (FM) and antiferromagnetic (AF)
magnetic correlations on the dielectric constant, &, by
measuring the sample capacitance as a function of tem-
perature and magnetic field. There are differences be-
tween the FM and AF samples in the temperature and
magnetic field dependence of € both in the paramagnetic
and the magnetically ordered regimes. This range of ob-
servations is accounted for by developing a model which
couples the dielectric response to the g-dependent spin-
spin correlations.

The structure of SeCuO; and TeCuO; is that of a
distorted perovskite with the small Se** or Te** ions
on the A-cation sites producing a Cu-O-Cu bond angle of
®cu-0 = 121°(structure shown in the inset of Fig. 1) [14].
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PACS numbers: 75.80.+q, 75.30.—m, 75.50.Dd

For SeCuOs5, the Cu" ions undergo a ferromagnetic (FM)
phase transition at 7, = 25 K, with a saturation magne-
tization of 0.7up per Cu ion. Both the FM transition as
well as the reduced moment have been understood to arise
from the dependence of the superexchange interaction on
®cu-0 = 127.1°, which for SeCuOj sits on the FM side of
the Goodenough-Kanemori value (agg = 127.5°). The
isomorphic system TeCuOs, on the other hand, exhibits
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FIG. 1. Magnetization of SeCuO; and TeCuOj; versus tem-
perature in the 1 kOe field (upper) and dielectric constant of
SeCuO; and of TeCuO; versus temperature in the zero applied
field (lower). The inset shows the structure of SeCuOj;.
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antiferromagnetism which is reflected in a value for
@cu-0 = 130.5°, which sits just on the antiferromagnetic
(AF) side of agk [14]. Both materials are good insulators,
and this makes them uniquely well suited to study effects
that depend on the sign of the superexchange interaction
without complications brought about by differences in
other material factors.

The samples used in the study were made by solid state
reaction at 700 °C under 60 kbar pressure using high
purity SeO,, TeO,, and CuO starting materials. The
purity of the phases was checked by x-ray powder dif-
fraction and the details were given elsewhere [14]. We
measured the magnetization of SeCuO; and TeCuO; us-
ing a SQUID magnetometer. The inverse magnetization of
these samples versus temperature and the magnetization
of SeCuOj at an applied field of 1 kOe are shown as the
upper plot in Fig. 1. The SeCuOj; curves show the onset of
a sharp ferromagnetic transition at 7, = 25 K, while the
TeCuO; sample undergoes antiferromagnetic ordering at
Ty = 9 K; both are consistent with earlier measurements
[14]. We prepared the samples for capacitance measure-
ments by polishing opposite parallel faces and then de-
positing ~80 nm thick Au layers onto these smooth
surfaces to serve as electrodes. Pt wires were attached
to the electrodes using silver epoxy. The samples were
fixed to a glass plate on the probe using GE varnish to
ensure mechanical stability. We measured the capacitance
using an Agilent 4284 A LCR meter. All dielectric mea-
surements were done at a frequency of 1 MHz with an
excitation of 1 V. Lower frequency measurements with
different excitation voltages showed qualitatively similar
behavior.

The dielectric response of these samples is shown in
the lower plot of Fig. 1 as a function of temperature in the
absence of an applied magnetic field. SeCuO; exhibits an
almost temperature independent dielectric constant until
just above T,.. TeCuOj3, on the other hand, shows a pro-
nounced increase in & as the sample is cooled. Both
samples undergo a sharp drop in dielectric constant co-
incident with the onset of magnetic ordering, at 25 K for
SeCuO; and 9 K for TeCuOj;. Qualitatively similar fea-
tures were observed in both the antiferromagnet EuTiOs,
in which the shift is attributed to the softening of an
optical phonon mode at the antiferromagnetic ordering
transition [9], as well as in the insulating ferromagnet
BiMnO; [10].

We have also investigated the dielectric response in
SeCuO; as a function of temperature at fixed magnetic
field (shown in Fig. 2) and in both SeCuO; and TeCuOj; as
a function of magnetic field at fixed temperatures close to
the magnetic ordering transition (Fig. 3). These figures
also include data on the magnetization of both the FM
and AF samples taken under the same conditions as the
dielectric measurements to investigate the effects of mag-
netic correlations on the dielectric constant.

The observations to be understood in Figs. 1-3 are as
follows: (i) the temperature independence of g, for both
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FIG. 2. Comparison of the shift in & (scaled to the value
at T = 0.4T,.) to M? (scaled in the same way) for SeCuO;
below T,.

SeCuO; and TeCuOjs at high temperatures (Fig. 1); (ii) the
rise in & for TeCuOj; (AF) as the temperature is decreased
towards to the transition temperature 7y, while for
SeCuO; (FM) € remains almost constant as the tempera-
ture is reduced to 7, (Fig. 1); (iii) the larger drop in & for
SeCuO; (FM) in the ordered phase compared to that in
TeCuOj; (AF) (Figs. 1 and 2); (iv) the sharp magnetic field
dependence of ¢ near the ferromagnetic transition, while
for the AF transition the dependence on H is smooth
(Fig. 3).

All these observations are explained by a simple phe-
nomenological model for the coupling of the uniform
electric polarization P to the magnetization M, at wave
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FIG. 3. Suppression of € as a function of magnetic field at T.
(Ty) in SeCuO; (TeCuOj3). Note that the bottom plot showing
e(H) for SeCuOj; plots the magnetic field on a different scale
than the upper two plots. The solid lines show the measured
values of M(H)32.
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vector ¢g. Explicitly taking into account the ¢ dependence

of the magnetization serves to keep the FM and AF

magnetic ordering on equal footing, which is crucial for

this comparative study. The lowest order free energy
invariant considered is

F—P2 PE + P2 g(g){M M__)T) 1

7o, %g QM M_)T). (1)

This is the simplest term which couples the polarization
and magnetization. Neglecting the ¢ dependence of the
magnetization, this term would simply be P?M?, which
has been discussed in other literature [10]. We explicitly
include the g dependence of the spin-spin correlation
function in order to extend the model to very general
forms of magnetic order, including FM and AF transi-
tions discussed in this present work. Here E is the applied
electric field, g is the “bare” dielectric constant, g(g) is
the g-dependent coupling constant, and (M,M_,) is the
thermal average of the instantaneous spin-spin correla-
tion, which obeys the sum rule

DM M) = Ng*u3S(S + 1). 2)
q

In addition to the term discussed in Eq. (1), there can
also be couplings of the form A,;(P;M;V ;M;), which
may be relevant near domain walls. These couplings are
unimportant in these polycrystalline samples examined
here and are neglected.

Extremizing Eq. (1) with respect to the polarization P
leads to

E
P = = ¢FE, 3
T 25 glg (M, M) @
q

so that the actual value of the dielectric constant € is
e
. I(T) = > g(gM,M_,)XT). (4)
q

T T 26,I(T)

Given the sum rule of Eq. (2), it follows that the
temperature dependence of & depends on the relative ¢
dependence of g(g) and of (M,M_,)(T). At high tempera-
tures where (M,M_,) is g and T independent, &/g, is
temperature independent for both the incipient FM and
the incipient AE This immediately explains observation
(i) above.

As T is decreased towards the magnetic ordering tem-
perature, (M,M _ ) develops g dependence, peaking near
q = 0 for the FM case and near the magnetic Bragg
vector at the zone boundary for the AF case. To determine
the temperature dependence of &, we will also need a
microscopic theory for g(g). The dielectric constant de-
pends on the long wavelength longitudinal and transverse
optic phonon frequencies through the Lyddane-Sachs re-
lation. We suppose that the microscopic origin of g(g), the
coupling between the polarization and spin correlations in
Eq. (1), arises from the coupling of magnetic fluctuations
to the optic phonon frequencies. That is, the spin corre-
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lations perturb the optical phonon frequencies, which in
turn shift the dielectric constant. We expand the exchange
integral of neighboring spins on the distance between the
atoms carrying the spins expanded in terms of the normal
coordinates for these phonons, which is expressed as

I{ex =ZJ1]S1SJ
i<j
~ Z[Jij(R?j) +J'(u; — u;)
+ J”(Mi - I/lj)2 + .. ](SISJ) (5)

The first term in Eq. (5), proportional to (u; — u;),
affects the phonon frequencies only to second order and
is therefore related to four-spin couplings. This will be
less important than the term proportional to (u; — u;)*
which changes frequencies of transverse and longitudinal
polarized phonons in leading order proportional to (S;S ).
Expanding (u; — u j)2 in terms of the phonon coordinates
u, and, keeping only the long wavelength modes relevant
for determining the dielectric constant ( ¢ — 0), we find
the coupling has the form

J"u3> (1 — cosq - RY)(S,S_,), (6)
q

where R?j are the nearest neighbor coordinates. Then,
using our assumption that the shift in dielectric constant
can be cast solely in terms of a frequency shift in the op-
tic phonons and formally comparing Eq. (6) to Eq. (4),
we suggest that g(g) in Eq. (3) is proportional to (1 —
cosq - R?j). For ferromagnets, this coupling vanishes as g>
in the long wavelength limit, where (M, M _ ) develops a
peak as T approaches T,. For antiferromagnets, the cou-
pling is a maximum for g near a zone boundary, where
(M,M _ ) develops a peak as T approaches Ty [15].

We can now qualitatively explain the observations (ii)
to (iv) using Eq. (3) and such a form for g(g). This type of
problem has been examined for investigating the change
in resistivity near a FM or AF transition [16,17] and the
effects of AF fluctuations on s-wave superconductivity
[18]. As T is decreased towards T, (M,M _ ) develops a
peak around ¢ =0 with a width proportional to the
correlation length &(T). In this region, the contribution
to the integrand of I(7T) is suppressed by a factor of ¢*.
The major part of the integrand for I(T) remains un-
changed except very close to the transition where
R?j/ ¢ < 1, and a reduction (enhancement) in & is ex-
pected from (4) for J” > 0 (J” < 0). Our experiments are
not precise enough to reveal this critical region.

On the other hand, for the incipient AF as T is de-
creased (M,M_,) develops an increasing peak in the
region where g(g) is nearly a constant. This is also the
region of most of the phase space in the integral of I(T).
Therefore a larger effect in the AF is to be expect, as
found. From the experiment, an increase in & corresponds
to J” <0. In the critical regime £a > 1, i.e., for |T — Ty|/
Ty <1, a peak in € similar to the specific heat is to be
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expected following the theory of Fisher and Langer [16].
Some hint of a peak may be found in Fig. 1.

We turn now to the region T << T, or Ty. For the AE,
as well as the FM, in the classical approximation
(M, M_,) ~ M?, where M is the staggered moment at g =
27T/R?j for the AF and at ¢ = O for the FM. We see im-
mediately using the derived form for g(q) that I(T) — 0
in this regime for the FM. With J” < 0, this means that for
the FM & ~ ¢, for T < T, which is lower than the
asymptotic value for T >> T,.. More generally, in ferro-
magnets exhibiting magnetodielectric behavior, the in-
trinsic dielectric constant g, is measured only at low
temperatures, where the magnetic fluctuations are frozen
out. On the other hand, for the AFE there is essentially no
change in I(T) for T < Ty compared to T ~ Ty (except-
ing the critical regime). The contrasting behaviors in &(T)
for the AF and FM are thus qualitatively explained. We
can further test these ideas in the FM, where according to
the argument above, the decrease in the dielectric con-
stant for T < T, is simply proportional to the ordered M.
This is shown in Fig. 2 at both zero field and at finite field.

Finally we discuss observation (iv) regarding the dif-
ferent magnetic field dependence for 7~ 7, and for
T ~ Ty. A sharp effect near T ~ T, is to be expected
since, near T,., M is a strongly nonlinear function of H
due to the switching of domains. This is exhibited in Fig. 3
where the relative change in & vs H is plotted together
with the measured M?. Only smooth behavior is to be
expected for small H near Ty in the AE For large fields, a
uniform magnetization does develop in the AF, so effects
similar in magnitude to that in the FM are to be expected
as found in Fig. 3.

We have investigated the temperature and magnetic
field dependence of the dielectric constant for both
SeCuO; (FM) and TeCuO; (AF) and have developed a
simple model for understanding how the g-dependent
spin-spin correlations change the measured capacitance.
By positing that the MD effect arises from long wave-
length frequency shifts in the optical phonons induced by
magnetic fluctuations, we find an expression for the mi-
croscopic g-dependent coupling between uniform polar-
ization and the spin-spin correlation function. This model
gives good qualitative agreement with the experimental
measurements of € —both the temperature dependence
of the dielectric constant and the magnetocapacitance
can be expressed simply in terms of the temperature
and field variations of magnetic fluctuations and the uni-
form magnetization.

The practical interest in understanding magnetodielec-
tric couplings arises from device applications. The analy-
sis presented above, based on a comparison of the MD
response of FM SeCuO; and AF TeCuO3, suggests routes
to materials with higher MD coefficients. The data and
our model show that antiferromagnets might demonstrate
the larger overall temperature effect on € through the ¢
dependence of g(q), especially at temperatures just above
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Ty. However, for effective coupling to an external mag-
netic field, a ferromagnetic order parameter would be
required. It is conceivable that these two ingredients could
be engineered into a material using either thin film depo-
sition or nanoscale synthesis techniques. Here, the FM
and AF components should have spatial proximity and be
strongly coupled. Since there are few insulating ferromag-
nets, such nanostructuring could also provide a way to
ensure the composite material is an effective dielectric. If
such a material were feasible, it would resemble a dielec-
tric version of exchange coupling, which provides a basis
for giant magnetoresistance.
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