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Nature of the magnetoelectric coupling in multiferroic Pb(Fe;;,Nb,;,)O3 ceramics
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In this work, electrical permittivity measurements in lead iron niobate (PFN) ceramics were performed in the
frequency and temperature ranges from 10 kHz to 1.2 GHz and from 15 to 450 K, respectively. The microwave
dielectric results characterized unambiguously the magnetoelectric effect in PFN and demonstrated that the
nature of such coupling arises indirectly via ferroelastic contribution rather than a direct coupling between
electrical and magnetic order parameters. Moreover, it was also verified that such coupling can be enhanced or
suppressed depending on the relative orientation between the probing electric field and the macroscopic

ferroelectric polarization.
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I. INTRODUCTION

From the fundamental point of view, magnetoelectric ma-
terials present coupled magnetic and electrical order param-
eters and such magnetoelectric coupling can exist whatever
the nature of magnetic and electrical order parameters is.'~
Of particular interest is single-phase magnetoelectric multi-
ferroic materials, in which all the three ferroic properties can
coexist and are intrinsically coupled: ferroelectricity, ferro-
magnetism, and ferroelasticity.'**> Nowadays the term mul-
tiferroic includes materials that have antiferroic orders.! Fur-
thermore, the ferroic nomenclature has been enlarged with
subdivision into primary, secondary, and tertiary ferroics,
which naturally include the magnetoelectric multiferroic
materials.%7

The nub of such ferroic systems is the existence of dis-
tinct coupled switchable domain states,3~!9 which can be
driven by one specific ferroic driving force or a combination
of these.!! Consequently, the macroscopic properties of mag-
netoelectric multiferroic materials are determined by the re-
lation among the respective domain states, which exhibit dif-
ferent tensor components of the magnetoelectric tensor.!?!3
Therefore, due to the distinct but coupled domain states fea-
ture, it is expected that a change in just one ferroic domain
state can modify at least one component of magnetoelectric
tensor, thus modifying the macroscopic magnetoelectric cou-
pling components of a multiferroic material.

Regarding the coupling between the order parameters, it
has been proposed that in single-phase multiferroic systems,
the magnetoelectric coupling may arise directly between
electrical and magnetic order parameters or indirectly via
lattice strain.»!415 The last mechanism is technologically
more interesting because it often enhances the magnetoelec-
tric coupling by several orders of magnitude, as observed in
some composites.'®!8 However, although the effects of fer-
roelasticity on the magnetoelectric coupling may be signifi-
cant or even dominant, they have been rarely included in the
Landau theory in writing the free energy of the magnetoelec-
tric multiferroic systems, probably due to the lack of experi-
mental knowledge about their effective contribution to the
magnetoelectric coupling. Indeed, usually only the magnetic
(M) and electrical (P) contributions have been taken into
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account.? Then, a thermodynamic potential including also the
spontaneous strain (g) and stress (o) that applies for all ori-
entation states may be written as!®
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where s, k;j, and x;; are, respectively, the elastic compli-
ance, electric susceptibility, and magnetic susceptibility ten-
sors. d;jx and Q;j describe the piezoelectric and the piezo-
magnetic tensors, respectively, while «;; represents the linear
magnetoelectric coefficient. Naturally higher-order coeffi-
cients may be considered but with the free energy expanded
to higher-order terms. A wide variety of ferroic phenomena is
possible, depending on which terms in G(M,P,o) are im-
portant.

The most usual method for probing the magnetoelectric
coupling consists of determining changes either in the mag-
netization through the ferroelectric phase transition or, con-
versely, in the electrical permittivity through a magnetic
ordering.!?%2! However, these conventional measurements
do not provide enough information about the coupling
mechanism or the influence of the elastic contribution on
such coupling.’?! In this context, microwave dielectric spec-
troscopy has been revealed as a powerful tool for probing
structural phase transitions>>?? and dynamical changes in do-
main and nanodomain structures.?224% Moreover, this tech-
nique has been also revealed to be very selective for identi-
fying and even for separating the ferroelastic contribution to
the dielectric response of ferroelectric-ferroelastic multifer-
roic materials.?>?® Therefore, microwave dielectric spectros-
copy could be used as an accurate approach to investigate the
ferroelastic contributions in multiferroic materials, including
naturally the magnetoelectric ones.

Lead iron niobate (PFN) remains a promising single-
phase multiferroic material that has been largely investigated
due to its structural simplicity and, thus, may be considered a
prototype material.>’~?° There is a consensus that PFN under-
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goes a paraelectric-to-ferroelectric phase transition near 376
K (Refs. 30-32) and a paramagnetic-to-antiferromagnetic or-
dering at the Néel temperature Ty~ 143 K,*3* in which a
magnetoelectric coupling between the ferroelectric and anti-
ferromagnetic orders occurs. However, although the ferro-
electric and antiferromagnetic properties of PFN are well
established,*~3> the magnetoelectric effect has been scarcely
investigated. Consequently, the exact nature of the magneto-
electric coupling effect in the PFN remains still open; thus it
is a subject of continuing debate, as reviewed recently in
some works, 3637

The aim of this work is threefold: first, to characterize
unambiguously through microwave dielectric measurements
the magnetoelectric effect in multiferroic PFN ceramics; sec-
ond, to determine the nature of such magnetoelectric cou-
pling; and finally, to investigate how a change in a ferroic
domain state modifies the magnetoelectric coupling in PFN.

II. EXPERIMENTAL PROCEDURE

High quality [Pb(Fe,;;,Nb;,)O3] (PFN) ceramics were
synthesized by using the B-site precursor route and sintered
by uniaxial hot-pressing method. Briefly, the monoclinic
FeNbO, precursor was synthesized by solid-state reaction of
reagent grade iron oxide, Fe,05; (Aldrich, 99.9%), and nio-
bium oxide, Nb,Os (Aldrich, 99.9%), in accordance to the
route proposed by some authors. The precursor oxides were
weighed according to the desired stoichiometry and after that
were mixed for 4 h in a ball mill using distilled water as
solvent and stabilized ZrO, balls as grinding medium. The
calcining temperature chosen for the monoclinic phase was
1323 K, as proposed in the literature.38-3° Then, the FeNbO,
and PbO powders (NGK, 99.3%) were stoichiometrically
mixed in ball mill using distilled water, dried, and then cal-
cined at 1073 K to form PFN. Hot-pressed PFN pellets were
sintered at 1300 K for 3 h under a uniaxial pressure of 5 MPa
in controlled oxygen atmosphere.

The relative densities of sintered samples were deter-
mined by the Archimedes method, while their morphological
features were analyzed in a Jeol 5800LV scanning electron
microscope (SEM). The x-ray powder diffraction patterns
were measured at room temperature on a Rigaku Denki pow-
der diffractometer with geometry -2 6, rotating anode x-ray
source (Cu Ka radiation, A\=1.542 A), and scintillation de-
tector.

The sintered ceramic bodies were cut into bars and pol-
ished to a thickness of 0.5 mm for dielectric measurements.
After that, they were annealed at 900 K for 0.5 h to release
mechanical stresses introduced during the polishing, and
then gold electrodes were sputtered onto the sample surfaces.
In particular, one sample was poled under an electric field of
15 kV/cm for 30 min at room temperature. This poled
sample was then carefully cut into two pieces. While in one
piece the microwave dielectric properties were characterized
parallel (Il) to the poling direction (labeled as P3), in the
other one these were characterized perpendicularly (L), as
described in a previous work.?® The purpose of this poling
procedure in the PFN ceramic was to produce a macroscopic
ferroelectric-ferroelastic domain orientation in order to en-
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FIG. 1. X-ray diffraction patterns of sintered PFN samples. The
inset shows the surface microstructure of PEN sample. * represents
Pb,Nb,O4.

able us to investigate the effective contribution of the elastic
component to the magnetoelectric coupling.

The microwave dielectric measurements were carried out
in the temperature range of 80-300 K using a HP 8719C
network analyzer (Refs. 25 and 26) in an unpoled sample and
in both poled samples (parallel and perpendicular to the pol-
ing direction). Low-frequency measurements were per-
formed in the unpoled sample using an HP 4194 A impedance
analyzer from 15 to 450 K at a constant cooling rate of 2
K/min. It must be highlighted that the true magnetoelectric
coupling should be preferentially investigated at high fre-
quencies to suppress the contribution of charge carries,
present usually at low frequencies.?!

III. RESULTS AND DISCUSSION

The microstructural analysis of PFN samples revealed a
uniform microstructure with an average grain size of 3.9 um
and a density higher than 98% of the ideal one. In addition,
x-ray diffraction (XRD) measurements of the sintered
samples revealed a very good crystallization of PFN single
phase with a pseudocubic structure, which is in accordance
to the literature.?’3° These results are shown in Fig. 1.

Figure 2(a) shows the temperature and frequency depen-
dence of the real (¢') and imaginary (&”) components of the
relative dielectric permittivity of the unpoled PFN ceramic
measured in the radio frequency range. The electrical permit-
tivity curve shows a clear maximum (peak) at =379 K,
which can be straightly associated with the paraelectric-
ferroelectric phase transition (T), as confirmed by structural
analysis. 33

Figure 2(b) depicts the electrical permittivity measured at
low temperatures. These data reveal a broad shoulder from
~300 to 100 K, which is visualized only in the imaginary
component of the electrical permittivity (&”). In a previous
work, an identical behavior was found in both ordinary and
relaxor ferroelectric perovskite compounds.*® This phenom-
enon seems to be very common in multiferroic systems
whatever the nature of order parameter is. Thus it demands
further investigation that is beyond the scope of this work.
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FIG. 2. (a) Temperature and frequency dependence of the real
(¢') and imaginary (&”) components of the relative dielectric per-
mittivity of PFN ceramics measured in the radio frequency range;
(b) frequency dependence of ¢’ and &” for the PFN ceramic mea-
sured down from 300 to 15 K.

Therefore, in the face of its apparent universality and its
broadband characteristic, the dielectric anomaly bellow 300
K cannot be necessarily associated with the magnetoelectric
coupling. Rather, dielectric anomalies in PFN ceramics char-
acterized around the Néel temperature and in the radio fre-
quency range are usually very subtle. They are better ob-
served only in single crystals.?”#! This fact may be related to
one of the limitations of radio frequency dielectric measure-
ments to detect weak phase transitions in bulk ceramics.*?

Figures 3(a) and 3(b) depict representative curves of the
frequency dependence of the real (¢') and imaginary (")
parts of the relative dielectric permittivity measured in the
microwave range in the unpoled PFN sample. Similar curves
were also obtained for the poled samples measured perpen-
dicular and parallel to the poling direction. The data reveal
strong temperature dependent dielectric dispersions in the
gigahertz range, which is characterized by a decrease in &’
and a maximum (peak) in &” with increasing the frequency.
This feature is typical of ferroelastic-ferroelectric ferroic ma-
terials and can be described as a damped or overdamped
resonance process rather than a simple Debye dielectric
relaxation.?®

From the dielectric dispersion curves (Fig. 3), the charac-
teristic frequency (fg) and the dielectric strength (Ag) were
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FIG. 3. Representative curves of the real (¢’) and imaginary
(&") parts of the relative dielectric permittivity for PFN ceramics as
a function of the temperature and frequency in the microwave
range.

determined. The dielectric strength is defined as Ae=g,
—&,, while the characteristic frequency is the frequency at
the maximum of the imaginary component of dielectric con-
stant (&").*3 The procedure used to determine Ae and fj from
the PFN data are schematically illustrated in Figs. 4(a) and
4(b), respectively.

Figure 5 shows the temperature dependence of the char-
acteristic frequency (fg) and the dielectric strength (Ag) for
the unpoled and poled [parallel (|I) and perpendicular (L)
to the poling direction] PFN samples. In contrast to the
radio frequency dielectric measurements (Fig. 2), the data
obtained from the microwave measurements revealed for the
unpoled sample clear dielectric anomalies (a peak in Ae
and a local minimum for f) around 7=~ 149 K. This tem-
perature coincides very well with the temperature reported
for the paramagnetic-antiferromagnetic ordering (Ty
~ 143 K).33343637 Therefore, unless another unknown or-
dering superimposed over the magnetic ordering, this dielec-
tric anomaly is caused by the magnetoelectric coupling in the
PFN system. This result demonstrates the high sensitivity of
microwave dielectric measurements to probe weak transi-
tions in bulk ceramics, as proposed before.*?

Concerning now the nature of such magnetoelectric cou-
pling, in relation to the unpoled sample it is verified that f
and Ag characterized parallel and perpendicular to the poling
direction present remarkable distinct behaviors. Indeed, Fig.
5 shows that the anomalies in fz and Ae curves around the
Néel temperature (Ty= 149 K) are strongly enhanced when
the dielectric measurement is performed || to the poling di-
rection. In contrast, they are practically suppressed when the
sample is characterized L to the poling direction. Therefore,
in relation to the poled PFN sample, these results reveal that
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FIG. 4. Definition and experimental procedure used to deter-
mine the dielectric strength (Ag) and the characteristic frequency
(fg) from the real and imaginary components of dielectric constant.
The curves shown were measured at 200 K.

the magnetoelectric coupling is highly anisotropic and such
coupling can be enhanced or suppressed depending on the
relative orientation between the probing electric field and the
macroscopic polarization.

As discussed in Sec. I, we poled the as fired PFN ceramic
to switch the original ferroelectric domain state. Then, by
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FIG. 5. Temperature dependence of the characteristic frequency
(fg) and dielectric strength (Ag) for the unpoled and poled PFN
ceramics. The symbol (@) represents the data for the unpoled
sample, while (A) and ([T]) represent the data for the poled PFN
ceramics measured parallel (ll) and perpendicular (L) to the poling
direction, respectively.
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assuming that the all three ferroic domains are mutually
coupled, this poling process modifies not only the ferroelec-
tric domain state but the antiferromagnetic and ferroelastic
ones as well. Moreover, the poling changes the macroscopic
crystallographic symmetry of the ceramic body from ocem to
6mm, which in turn, can modify the magnetoelectric re-
sponse. Thus, it is reasonable to suppose that the magneto-
electric matrix of the poled PFN sample may have compo-
nents that vanishes (a;;=0) or have an arbitrary value (a;;
#0).113 This fact implies that for that direction in which the
magnetoelectric tensor does not vanish (a;;#0), the magne-
toelectric coupling must be detected in the dielectric mea-
surements. Naturally, for that direction in which the magne-
toelectric tensor vanishes («;;=0), the coupling will not be
detected. In other words, due to the anisotropy of the mag-
netoelectric tensors for the PFN poled samples, some degree
of anisotropy is expected in the dielectric measurements, as
observed in Fig. 5. The fundamental question now is to de-
termine if the magnetoelectric coupling arises directly be-
tween the electric and magnetic order parameters or indi-
rectly via strain.

Information about the elastic contribution to the magneto-
electric coupling can be extracted from the dielectric disper-
sion curves of the poled samples (Figs. 3 and 5) by taking
into account the piezoelectric effect. Indeed, since piezoelec-
tricity provides a coupling between elastic and dielectric
properties, the piezoelectric properties cannot be discussed
without reference to dielectric and elastic constants. There-
fore, in order to determine the nature of the magnetoelectric
coupling in the PFN ceramic, the dielectric data are now
analyzed considering a probing field parallel or perpendicu-
lar to the poling direction.

In view of the symmetry of the poled samples (6mm) and
considering the respective symmetry operations, the piezo-
electric effect can be represented by the following

equations:**
o1 =c 18+ Cpgy + Cp383 + 3, E3, (2)
Oy =Cpg ¢ 18+ C 383 + €3, E3, (3)
03 =138 + €138 + 3383 + e33E3, 4)
05=Cs5585+ ¢i5E), (5)

where ¢ and e are the elastic stiffness and the piezoelectric
coefficients, respectively. E; and E; are the probing electric
fields applied parallel and perpendicular to the poling direc-
tion, respectively.

Some important aspects of the piezoelectric equations
[Egs. (2)—(5)] must be highlighted. First, when a probing
electric field (E;) is applied parallel to the poling direction
(P5), it generates only compressional/extensional stress (o,
05, or g3). In contrast, when an electric field (E;) is applied
perpendicular to poling direction, only shear stress (o) is
generated.** The fundamental difference between both cases
is that stress generated by the electric field E5 produces volu-
metric changes in the sample, while fields applied perpen-
dicularly does not (E; L P3).* In other words, ferroelastic
dipoles are modified only by the application of an electric
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probing field E;, which is parallel to the macroscopic
polarization.**

This fact has a strong impact on the understanding of
magnetoelectric coupling in the PFN. Indeed, since the di-
electric anomaly around 7 is enhanced or suppressed when
the microwave dielectric properties are measured parallel
(E5llP3) or perpendicular (E; L P3) to the poling direction,
respectively, the piezoelectric equations show that the higher
the ferroelastic contribution is, the higher is the magnetoelec-
tric coupling. Rather, our results reveal that for poled PFN
ceramics the magnetoelectric coupling is remarkably en-
hanced when a compressional/extensional piezoelectric
stress is generated (o), which in turn is the only stress that
interacts with the ferroelastic dipoles.’** In contrast, when
the probing field is applied perpendicular to the macroscopic
polarization (E; L P3), only shear stress (os5) is
generated,?®* which does not interact with the ferroelastic
dipoles,® and consequently, no magnetoelectric coupling is
detected (Fig. 5). Therefore, these results reveal clearly that
the magnetoelectric coupling in the PFN ceramics arises in-
directly via ferroelastic contribution rather than a direct cou-
pling between the electrical and magnetic order parameters.

Our results show that the ferroelastic term must be taken
into account either explicitly or implicitly in the free energy
of magnetoelectric multiferroic materials for their realistic
description. Then by considering the elastic polarization
(spontaneous strain) as a primary order parameter, Cross
terms involving the product of strain and magnetic and elec-
tric fields will appear naturally in describing the magneto-
electric coupling. On the other hand, by assuming that the
elastic dipole is a secondary order parameter, the magneto-
electric coefficient (a;;) would include implicitly the fer-
roelastic effect. In this case we will have an effective coef-
ficient (« is ferroelastic dependent).

Anisotropic behavior of the dielectric permittivity mea-
sured in the radio frequency range has been observed in
MnF, magnetoelectric single crystals near the Néel
temperature.*®4” Such anisotropy was explained in terms of
the exchange-striction mechanism coupled to the lattice po-
larizability via piezoelectric compliances.***? This hypoth-
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esis is corroborated by anisotropic crystal lattice distortion
presented by the MnF, accompanying its magnetic
ordering.*” Recently, Rietveld refinements revealed that the
lattice parameters of PFN show subtle anisotropic anomalies
at the Néel temperature.>® Therefore, in analogy to the MnF,
case, this fact reinforces our supposition that the magneto-
electric coupling in PEN is strain mediated. However, by
using the piezoelectric concepts for poled samples, it is much
more rigorous and convincing that the magnetoelectric cou-
pling in PFN is mediated mainly due to ferroelastic contri-
bution and effectively coupled to the electric polarization via
piezoelectric compliances.

Finally, let us to return to the fact that the magnetoelectric
coupling was observed only in the microwave dielectric
measurements (Figs. 2 and 5). While the microwave dielec-
tric properties are directly related to the elastic properties of
the lattice,’!>? the dielectric permittivity measured in the ra-
dio frequency range includes several mechanisms,*® inclu-
sive resistive artifacts (leakage) present at low frequencies
that can mask the dielectric measurements.?! Therefore, this
fact associated with the lattice parameter anomalies observed
near the Néel temperature in the PFN (Ref. 50) may explain
why only the microwave dielectric measurements could de-
tect the magnetoelectric coupling.

IV. CONCLUSION

In summary, the magnetoelectric effect in multiferroic
PFN ceramics was investigated through microwave dielectric
measurements. The experimental data revealed that the
mechanism responsible for the magnetoelectric effect in the
PFN takes place indirectly via ferroelastic contribution rather
than a direct coupling between the magnetic and electric or-
der parameters and such coupling depends on the relative
orientation between the probing electric field and the macro-
scopic polarization.
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