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Magnetodielectric coupling effects of single phase multiferroic Pb�Fe0.5Nb0.5�O3 ceramics have
been studied using standard ferroelectric measurements and electron paramagnetic resonance �EPR�.
Changes in the electrical polarization behavior were observed in the paramagnetic to weakly
magnetized antiferromagnetic transition near 103 K associated with a rhombohedral to monoclinic
symmetry reduction. The analysis of changes in the EPR spectral parameters confirms the transition
from paramagnetic to weakly magnetized antiferromagnetic and reveals noticeable anomalies in the
high temperature region near the ferroelectric-paraelectric transition �383 K�, which are correlated
with the tetragonal-to-cubic symmetry change and the characteristic diffuse phase transition of this
material. © 2008 American Institute of Physics. �DOI: 10.1063/1.3006433�

Multiferroics are single-component or composite materi-
als exhibiting two or more ferroic features such as ferro- or
antiferromagnetism, ferroelectricity, or ferroelasticity/shape-
memory effects, which are of great scientific and technologi-
cal interest.1–5 In the past few years, single phase compounds
with perovskite structure as lead iron niobate
�Pb�Fe1/2Nb1/2�O3, PFN in reduced notation�, in which elec-
tric and magnetic order coexist, have been widely
investigated.1–12 PFN is a ferroelectric and antiferromagnetic
compound having high dielectric constant where Pb2+ in site
A and Nb5+ in site B� favor electrical order and Fe3+ in the B�
site gives rise to a magnetic moment that generates magnetic
order. From previous studies, PFN exhibits either rhombohe-
dral or monoclinic structure at room temperature �RT�, a
ferroelectric-paraelectric phase transition around 383 K
�110 °C� �characterized by a tetragonal-cubic transition�, an
antiferromagnetic-paramagnetic transition characterized by a
Néel temperature �TN� between 122 and 145 K, and weak
ferromagnetism below 10 K; moreover, the temperature-
frequency response has also been reported by different
authors.6–12 However, clear evidence of the coupling be-
tween the electric and magnetic ordering has not been re-
ported yet for PFN. Here, the magnetodielectric couplings on
PFN ceramics have been investigated near the electric and
magnetic phase transitions using standard ferroelectric tests
and the electron paramagnetic resonance �EPR� technique.

A detailed description of the fabrication process of the
sample investigated here and the experimental procedures
used for the crystallographic, compositional, and surface
morphological studies and the temperature-frequency re-
sponse characterization were reported in previous work.9–11

Ferroelectric properties including full and remanent hyster-
eses were measured using a Precision Ferroelectric Tester
system by Radiant Technologies, Inc. �in a virtual ground

mode�. EPR resonance measurements were performed with a
JEOL JESRES3X spectrometer operating at the X-band �8.8–
9.8 GHz� with 100 kHz modulation on the applied dc mag-
netic field, which could be varied from 0 to 8000 G. EPR
spectra were recorded while cooling the sample in the
500–77 K temperature range.13

Representative RT P-E loops, consistent with soft ferro-
electric behavior, are shown in Fig. 1�a� for a PFN sample
with the values of Pmax=11 �C /cm2 for the maximum po-
larization, Pr=4 �C /cm2 for the remanent polarization, and
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FIG. 1. �Color online� �a� RT P-E loops for selected Emax values. �b� Emax

dependence of the Pmax, Pr, and EC parameters from full hysteresis.
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EC=3.2 kV /cm for the coercive field for a maximum ap-
plied electric field of 15 kV/cm. Values of Pmax, Pr, and EC
as functions of maximum electric field are plotted in Fig.
1�b�, illustrating a nonlinear behavior, and that saturation
was not achieved.

To investigate the direct coupling between the electric
and magnetic ordering, measurements of polarization versus
electric field were realized at cryogenic temperatures using a
20 K closed cycle refrigerator system with a temperature
uncertainty of �5 K. Hysteresis loops measured with a field
value of Emax=4 kV /cm �higher than the maximum EC ob-
served in Fig. 1�b� at RT� at different temperatures are shown
in Fig. 2�a�. A change in the loop shape from quasilinear to
hysteretic behavior is observed. Moreover, plots of the Pmax,
Pr, and EC parameters as function of temperature exhibit
nonlinear behavior. Taking into account that the polarization
mechanisms are thermally activated, the values of Pmax, Pr,
and EC are assumed to follow an Arrhenius-like behavior.

Figure 2�b� shows the plots of ln Pmax, ln Pr, and ln EC
versus 1 /T. Interesting changes in slope near 103 K are ob-
served for all parameters. The activation energy �Eact� values
obtained below and above each slope-change temperature
TSC �see Fig. 2�b�� are shown in Table I. The small values of
the Eact in meV are attributed to hopping of electrons asso-
ciated with thermally induced spin-state transitions which, in
other circumstances, would be perturbed when an electric
field is applied.14,15 The differences between the Eact values
below and above TSC in Table I can be explained by the
occurrence of a symmetry change depending on the degree
of ordering of Fe3+ and Nb5+ ions over B-sites in good agree-
ment with the previous reports on structural studies carried

out using Rietveld refinement method on neutron and x-ray
diffraction data for powders in this low temperature
region.16,17 Here, changes in the electrical polarization be-
havior can be promoted by the transition from an ordered
and less ferroelectric monoclinic structure �at T�TSC�,
where the Fe3+ ions at the B-site form a weak ferromagnetic
array �described below�� to a B-site disordered and highly
ferroelectric rhombohedral structure �at T�TSC�, where an
antiferromagnetic order is established. Moreover, these slope
changes are in correspondence with the dielectric anomaly
observed from measurements of dielectric constant and di-
electric loss near 140 K, assumed as evidence of the magne-
toelectric coupling by Gao et al.6 in PFN ceramic samples
and by Yang et al.8 in PFN crystals, where coincidence with
theoretical predictions was found.

EPR is a powerful technique to investigate the coupling
between the electric and magnetic ordering in a single phase
multiferroic material.18,19 Figure 3�a� shows the EPR
spectra—the derivative of the microwave power absorption
with respect to the static field, dP /dH—recorded in the 77–
300 K temperature range �the results in the 300–500 K range
are not exhibited for clarity�. We observe a single broad sym-
metric Lorentzian line along the entire temperature range due
to the spin of the Fe3+ ions. When the temperature is de-
creased below 147 K, a weak absorption line has been ob-
served �see inset of Fig. 3�a��.

The EPR spectra were fitted into the two-component
Lorentzian equation accounting for the contributions from
the clockwise and anticlockwise rotating components of the
microwave magnetic field.20,21 The temperature dependency
of the EPR parameters—the peak to peak linewidth �Hpp,
the integrated intensity IEPR, and the g-factor—obtained from
these fitting processes is plotted in Fig. 3�b�. From the �Hpp
behavior, it can be seen that the linewidth increases when the
temperature is lowered from 300 to 147 K, which is found to
be common in antiferromagnetic materials. On the other
hand, IEPR increases continuously with the decrease in tem-
perature having a maximum at 183 K and followed by a
rapid decrease down to 137 K; then, for T�137 K a slow
decrease is observed. Moreover, the g-factor first shows a
slight decrease in the 300–183 K range. For temperatures
below 183 K, however, it increases its value exhibiting a
sharp peak with a maximum at 147 K. This remarkable sharp
increase in the g-factor can be due to magnetic fluctuations
in the establishment of the long-range order that precedes the
transition to the antiferromagnetic order at TN. Thus, the
changes in �Hpp, IEPR, and g-factor in the EPR spectra for
PFN powders around 145 K are interpreted as a manifesta-
tion of a paramagnetic-antiferromagnetic transition. How-
ever, the weak absorption line observed at 137 K in corre-
spondence with the increase in �Hpp and g-factor values for

FIG. 2. �Color online� �a� Low temperature P-E loops, �b� Arrhenius plots
of Pmax, and Pr values obtained from full hysteresis loops at low
temperatures.

TABLE I. Activation energy values Eact �in meV� calculated from Arrhenius
plots of the hysteresis parameters measured at temperatures between 38 and
170 K.

Parameter TSC �K�

Eact

T�TSC T�TSC

Pmax 112 2 26
Pr 104 5 54
EC 94 5 25
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T�137 K is a weak ferromagnetic signal that can be inter-
preted in terms of a resulting magnetic moment, probably
due to canting between the antiparallel sublattices in the an-
tiferromagnetic matrix. Recent publications of Yan et al.7 and
Yang et al.8 reported the existence of a weak ferromagnetic
moment in PFN thin films at T=5 K and in PFN crystals
below the Néel temperature ��143 K�, respectively.

Additionally, in the high temperature range, noticeable
anomalies were observed for the EPR parameters near the
ferroelectric-paraelectric transition at 383 K �110 °C� �see
Fig. 3�b��. Starting at RT, �Hpp decreases continuously up to
403 K. In this temperature region, the paramagnetic absorp-
tion decreases when temperature increases due to the para-
magnetic nature of this material. For T�403 K, �Hpp
shows a slight increase that can be associated with the
tetragonal-to-cubic structural change, which creates varia-
tions in the vicinity of the Fe3+ ions, resulting in a reorgani-
zation of the spin-spin and spin-magnetic field interactions.
From the temperature dependence of IEPR, which in the para-
magnetic phase is directly proportional to the static spin
susceptibility, the minimum observed in the 390–403 K
temperature range is associated with the ferroelectric-
paraelectric phase transition in such manner that the electri-
cal reordering leads to a redistribution of the electron spins,
which, in turn, produces a change in the magnetic moments
in concomitance with the variation in the Fe–O–Fe angle that
defines these magnetic interactions. Regarding the g-factor
behavior, our experiments give g values greater than that of a

free electron �equal to 2.0023� along the entire temperature
range. The g-factor shows a net increase in the 300–500 K
range but reaching a minimum around 390 K �gmin

=2.0201�. We associate this behavior with the diffuse char-
acter of the ferroelectric-paraelectric transition,9 where polar
micro- or nanoregions with different Curie temperatures and
where the coupling of the local polarizations and magnetiza-
tions in superparamagnetic polar nanoclusters in the
paraelectric and ferroelectric phases take place.

In summary, we investigate the magnetodielectric behav-
ior of the PFN ceramic. Changes in the electrical polarization
behavior were observed during the occurrence of a paramag-
netic to weakly magnetized antiferromagnetic transition near
103 K associated with a symmetry reduction from rhombo-
hedral to monoclinic structure. EPR spectra confirm this
transition at temperatures lower than 137 K. Changes in the
EPR spectra in the high temperature region near the
ferroelectric-paraelectric transition are correlated with the
tetragonal-to-cubic symmetry change and interpreted in
terms of the characteristic diffuse phase transition of this
material. Such interactions between the electric and magnetic
order are taken as evidence of magnetodielectric coupling in
this multiferroic compound.
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FIG. 3. �Color online� �a� EPR spectra of PFN for selected temperatures; the
inset shows an extended scale EPR spectrum at 137 K. �b� Temperature
dependence of the peak-to-peak linewidth �Hp.p., the integral intensity IEPR,
and the g-factor; the inset shows a zoom of the behavior of �Hp.p., IEPR, and
the g-factor in the 300 to 500 K range illustrating the anomalies near 383 K.
Lines connecting points are only a guide for the eyes.
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