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ABSTRACT

The composition-dependent spin exchange interaction in a perovskite-structured Pb(Feqs_xNiy)Nb;,,05; system has been studied to
understand its multiferroicity at room-temperature. Special emphasis was paid to the magnetic behavior in terms of magnetic moment,
interatomic distance, and atomic ordering because they play a key role in the modulation of magnetic multiferroic behavior. We observed
that 10 mol. % Ni incorporation led to multiferroic behavior with considerable ferrimagnetic properties (saturation magnetization of
0.6 emu/g and a coercive field of 20 Oe) coupled with the inherent properties of displacive ferroelectricity (spontaneous polarization of
20 uC/cm®). A subsequent increase in the Ni substitution degree degraded the ferroelectricity due to a phase transition from a non-centro-
symmetric rhombohedral to a centrosymmetric cubic system. We have shown that magnetic spins with a pronounced magnetic moment
along the [001] direction are ferrimagnetically arranged when the interatomic distance between the magnetic transition metals at the octahe-
dral site is less than 4 A, resulting in significant magnetic properties The objective of this study is to provide a general methodology for
modulating magnetic orders in ferroelectric perovskite oxides.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0211130

I. INTRODUCTION photovoltaics.'™ Tt is widely accepted that multiferroics are classi-
fied as either type I or type II depending on the origin of their

Magnetoelectric (ME) multiferroics, which exhibit ferromag- ot
ferroic orders.”” " Type I multiferroics have distinct ferroic origins,

netism coupled with simultaneous ferroelectricity in a single phase,

have garnered significant research interest in both physical investi- ~ Whereas the multiferroicity of type II materials is solely caused by
gation and novel applications, such as multi-state memory and magnetic spin interactions. Type I multiferroic oxides have received
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considerable attention for practical applications owing to their
remarkable ferroelectric properties and high ferroic transition temper-
atures, particularly in perovskite-structured oxides, such as bismuth
ferrite.”™"” Unfortunately, due to their atomic configuration, perov-
skite multiferroics generally exhibit an antiferromagnetic or weakly
ferromagnetic order at and above room temperature.'*'? The perov-
skite structure (ABO;), which has 12- and 6-coordinated sites for
cations, only enforces a linear superexchange interaction between
magnetic spins because magnetic ions, i.e., transition metals, are pref-
erentially placed at the six-coordinate site owing to their relatively
small ionic sizes, according to the Goldschmidt tolerance factor.”"~>*
This means that the inherent magnetic nature of perovskite multifer-
roics is constrained to be antiferromagnetic according to the
Goodenough-Kanamori rules, which limits their use in practical
applications because the magnetic field required to induce a useful
magnetic moment is too large when magnetic spins are antiferromag-
netically arrangement.””~” To overcome this limitation, numerous
experiments have been performed focusing on the induction of ferro-
magnetism with a significant net magnetic moment in this
structure.'~'”*° However, most previous attempts have only provided
an experimental dataset without a sufficient explanation as to why
such magnetic properties were induced. Therefore, this study focuses
on a composition-dependent spin exchange interaction. It provides a
clue to understanding the origin of the induced magnetic properties in
perovskite-structured multiferroic oxides, and we expect that it would
usher in the voltage-driven spin-controlled memory applications.

Lead iron niobate PbFe;/;,Nb;,O; (PEN) is a perovskite-
structured type I multiferroic oxide with an embedded antiferromag-
netic order (Néel temperature Ty = 150 K) and a displacive ferroelec-
tric order (ferroelectric Curie temperature T¢ pg = 380 K).” Recently,
notable magnetic properties while maintaining the displacive ferro-
electricity at room temperature were induced in PEN by partially
replacing the Fe ions present with distinct magnetic ions, such as Ni
and Mn ions.'’ The magnetic properties peaked when 10 mol. % Ni
was replaced by Fe. However, the reason why PFN with 10 mol. %
Ni substitution exhibited a larger magnetic moment than 20 mol. %
was not clearly explained, although the magnetic moment at
25 mol. % Ni substitution should be maximized from the perspective
of the proposed mechanism, i.e., by ferromagnetic order induced by
an unbalanced spin configuration consisting of distinct spins with
different Bohr magneton values. Here, we have prepared whole series
of Fe-site-engineered PFN compositions with different Fe/Ni ratios
by replacing Ni for Fe, i.e., Pb(Fey5_xNi,)Nb,;,05 (PFNN100x, x = 0,
0.1, 0.2, 0.3, 0.4, 0.5), and investigated the spin moment, atomic
ordering, and interatomic distance of magnetic ions present, all of
which are closely related to the spin exchange interaction, to eluci-
date their multiferroicity. In addition to this series, an experimental
dataset for the PFNN5, 15, and 25 compositions is provided in the
supplementary material to demonstrate the consistency of the
results. We first revealed multiferroic properties and demonstrated
their origins by employing x-ray diffraction, x-ray absorption spec-
troscopy, and neutron powder diffraction.

Il. EXPERIMENTAL PROCEDURE

The bulk ceramic PFNN100x series was prepared by a solid-
state reaction method using dried raw powders, i.e., PbO (99.9%,

ARTICLE pubs.aip.org/aip/jap

Alfa-Aesar), NiO (99%, Alfa-Aesar), Fe,O3 (99%, Sigma-Aldrich),
and Nb,Os (99.99%, Sigma-Aldrich). The precursor powders were
mixed according to their stoichiometric chemical composition and
ball-milled in ethanol (99.99%) with YSZ balls for 24 h. After
drying in an oven at 373 K, the ball-milled mixtures were calcined
at 923K for 2h. After addition of polyvinyl alcohol (PVA) as a
binder, the calcined powders were sieved with a mesh size of
150 um and compacted into pellets. The pellets were sintered at
1223-1323K for 2h and then shaped into different forms into
various shapes for characterization: square pieces for magnetic
properties, disk-shaped pellets coated with silver electrodes for fer-
roelectric properties, and crushed and thermally annealed powders
for structural analysis.

A vibrating specimen magnetometer (VSM7300) was used to
obtain magnetic hysteresis loops at room temperature. Ferroelectric
properties were measured using a ferroelectric measurement system
(aixACCT, aixPES) at an applied electric field of 3kV/mm and a
measurement frequency of 50 Hz. A magnetoelectric (ME) mea-
surement system, consisting of lock-in (SR850), bipolar (BA4825),
and current (BOP 36-12ML) amplifiers together with an electro-
magnet for the DC field and a Helmholtz coil for the AC field,
were used to obtain the ME coefficients of electrically poled
samples at room temperature. X-ray diffraction (XRD,
D/MAX2500 V/PC) with Cu-Ke radiation was used to obtain
structural information. X-ray absorption near edge structure
(XANES) and extended x-ray absorption fine structure (EXAFS)
data were measured at the BLIOC beam line (WEXAFS) in the
Pohang Light Source (PLS-II) using the top-up mode operation,
with a ring current of 250 mA at 3.0 GeV. Phase correction was
performed by adding 0.4 A to the obtained interatomic distance
when transforming the EXAFS profiles.”>”” The incident x-ray
intensity was reduced to approximately 30% to avoid contamina-

tion by higher-order harmonics. Energy calibration was conducted ?

for each measurement using reference transition-metal foils. The
obtained x-ray absorption spectroscopy (XAS) data were normal-
ized using AUTOBK and FEFFIT software in the UWXAFS
package. Neutron total scattering data were measured using a nano-
scale ordered materials diffractometer (NOMAD) at the Spallation
Neutron Source (SNS) located at Oak Ridge National Laboratory
(ORNL). Samples were crushed to powder and placed in 6 mm
vanadium cans. The data were corrected for instrument back-
ground, incident neutron spectrum, absorption, and multiple scat-
tering and finally normalized. A Q. Vvalue of 34 A~ was used to
calculate the pair distribution function (PDF). Bragg Rietveld
refinements of the four highest-resolution detector banks and PDF
small-box modeling were performed using TOPAS.” The total
scattering data were transformed to the pair distribution function
(PDF), G(r), using a sine Fourier transform. This transformation
was performed using software internal to ORNL.

I1l. RESULTS AND DISCUSSION

The magnetic hysteresis (MH) loops of PENN100x series were
prepared to study the variation of magnetic properties as a function
of Fe to Ni ion ratio (see Fig. 1). The magnetic behavior of PFNNO,
ie., pristine PFN, indicates an antiferromagnetic order at room
temperature, although its Néel temperature is known to be 150 K.
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FIG. 1. Magnetic hysteresis (MH) loops of PFNN100x series at room temperature. The magnified view of the MH loops was created to show the detailed magnetic

behavior of all compositions.

This discrepancy could be due to the complex and subtle nature of
bulk polycrystalline and/or magnetic spin-glass effects that make
PEN a relaxor multiferroic.'“?”>'=** The saturated MH loop, which
is the inherent nature of ferromagnetic order, was observed from
PENNI10 to PFNN30, whereas the others exhibited antiferromag-
netic behavior. The saturation magnetization value peaked at
PFNN10 (0.6 emu/g), followed by a dramatic decrease with an
increasing Ni substitution level. It is noted that the superiority of
PENNIO in terms of the coercive field is more pronounced; the
coercive field values of PFNNO, PFNN10, PFNN20, PFNN30,
PFENN40, and PFNN50 were 470, 20, 190, 190, 222, and 450 Oe,
respectively [the magnetic properties of PFNN5 and PFNNI5 are
shown in Fig. S1(a) of the supplementary material]. The obtained
MH loops indicate that only PENN10 exhibits a soft ferromagnetic
order, namely, a ferrimagnetic order as well as a displacive ferro-
electricity with an ME coupling (Figs. 2 and S2 in the
supplementary material), while PFNN20 and PFNN30 appear
weak ferromagnetic, and the others are antiferromagnetic.

The observed change in the magnetization and coercive field
values as a function of the level of Ni incorporation is not sufficient
to explain the previously proposed spin-canting-induced unbal-
anced spin moment.”*™*" In this case, the saturation magnetization
value should have peaked at PENN25; PENN25 exhibits weak ferro-
magnetic behavior with a magnetization value somewhere between
PENN20 and PFNN30 [Fig. S1(b) in the supplementary material].
Since the Fe-to-Ni ratios of PFNN40 and PFNNI10 are 1:4 and 4:1,
respectively, PFNN40 should exhibit a substantial magnetization
value with a low coercive field. Notably, PFNN40 exhibits an anti-
ferromagnetic nature with a high coercive field value. This unex-
pected behavior suggests that not only the remanent spin moment
from the spin cancellation between Fe and Ni ions, but also addi-
tional factors, such as interatomic distance and atomic ordering,
related to the spin arrangement, play a key role in inducing the

significant magnetic properties measured in PFNN10. This sugges-
tion is supported by the fact that the value of the coercive field
value in PFNN10 decreased approximately 24-fold and then
returned to a value similar to that of the pristine sample.

A well-saturated polarization hysteresis loop was obtained for
PFNNO, PENN10, and PFNN20 at room temperature, demonstrat-
ing the presence of a ferroelectric order, whereas the others became
to exhibit paraelectric behavior (see Fig. 2); PENN30, PENN40, and

PENN50 are not relaxor ferroelectrics by considering the ¢

temperature-dependent dielectric constant, as demonstrated in the
previous study.'’ Both the maximum and remanent polarizations
tend to decrease with increasing substitution level, whereas the
coercive field peaks at PFNN10. Considering that Ni substitution
could lead to structural transformation according to the
Goldschmidt tolerance factor, the degradation in ferroelectricity
appears to be caused by phase transformation from rhombohedral
to cubic perovskite structures. This conjecture is supported by the
decrease in the Curie temperature with increasing substitution
levels, as reported in a previous study.'’ The presence of ferroelec-
tric order in PFNNO, PENN10, and PFNN20 is also confirmed by
the corresponding electromechanical strain hysteresis loops,
which exhibit a butterfly shape typical of normal ferroelectrics. The
Smax/Emax value, which is the figure of merit for high-stroke piezo-
electric applications, is approximately 240 pm/V at 3 kV/mm,
which is greater than that of the pristine material (180 pm/V).
Figure 3 shows the x-ray diffraction (XRD) patterns measured
to determine the atomic structure of all PENN100x compositions.
It is noted that all PENN100x exhibit a single-phase perovskite
structure as the main phase, while the secondary phases, i.e., pyro-
chlore and NiO phase, first appeared in PENN20 and then gradu-
ally increased as the Ni substitution level became higher. Since
pyrochlore and NiO are known to be paramagnetic and antiferro-
magnetic oxides, respectively, we excluded the effect of the
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secondary phases when discussing the composition-dependent
changes in magnetic behavior."”** The reason is that the order of
the magnetic moment of them is much lower than that of the
obtained MH loops. It was found that the lattice constant decreased
at PFNN10 and gradually increased to become larger at PFNN50
than that of PFNNO when the peak shift is considered in conjunc-
tion with Bragg’s law (see also Fig. S3 in the supplementary
material). This indicates that the interatomic distance in PFNN10
is shorter than that of the others, while the average lattice constant
is approximately 4 A. Given the ionic radius of the Fe** and Ni**
ions (0.645 and 0.600 A, respectively), the increased lattice parame-
ter after PFNNI0 is implausible. This could be interpreted as
the transition metals present being partially reduced to 2+ ions, i.e.,
Fe** (0.78 A) and Ni** (0.69 A), which is accompanied by the for-
mation of oxygen vacancies that could increase the lattice
parameter;””~** note that this reduction occurs only in the case of
the Ni ion as shown by the x-ray absorption spectra in Fig. 4. This
reduction denotes that the net magnetic moment would be
enhanced as Ni substitution doses up to PFNN25, considering the
Bohr magneton of each ion and their spin cancellation; 5.92 up for

ARTICLE pubs.aip.org/aip/jap

Fe®*, 3.87 up for Ni**, and 2.83 uy for Ni**. However, as shown in
Fig. 1, the saturation magnetization peaked at PFNNI10. These
results suggest that magnetic ions with distinct magnetic moments
should be ordered and positioned with an interatomic distance of
less than 4 A to form a ferrimagnetically aligned spin configuration
in perovskite oxides.

To determine the superexchange interaction between magnetic
ions in the PFNN100x series, x-ray absorption spectroscopy (XAS),
including x-ray absorption near edge structure (XANES) and
extended x-ray absorption fine structure (EXAFS), was utilized to
ascertain the ionic charge state and interatomic distance (Figs. 4
and S3 in the supplementary material). It is well known that the
pre-edge peak originates from the local electric transition from 1 s
to 3d orbitals, induced by orbital hybridization, primarily attribut-
able to structural distortions.”” In view of this, XANES at the Fe
and Ni K-edge profiles denotes the structural transition to the cen-
trosymmetric system by decreasing the intensity of the pre-edge
peak at 7115 eV, while that of the main peak at 7135 eV increases,
which is consistent with previous results. "’ It was observed
that the charge state of Fe ions is nearly the same in all
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FIG. 4. X-ray absorption spectroscopy (XAS) of PFNN100x series. X-ray absorption near edge structure (XANES) at the (a) Fe/(b) Ni K-edge with a magnified view
around the main peak. Extended x-ray absorption fine structure (EXAFS) showing the interatomic distances between the (c) Fe/(d) Ni ion and its neighboring ions.
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compositions, except for PFNN40, as shown by the main peaks of
XANES and the Fe-O contribution of EXAFS at the Fe K-edge pro-
files, whereas this is not the case for Ni ions. The sudden change in
the oxidation state of the Fe ion and the distance between Fe and
its neighboring ions in PFNN40 might be due to the phase transi-
tion from rhombohedral to pseudo-cubic and/or the presence of a
significant number of secondary phases. Given the perturbations in
the XANES profiles at the Ni K-edge, i.e., the shift to the left in the
overall peak and the change in the intensity ratio of the two main
peaks (8347 and 8352 eV), the Ni ion was reduced with increasing
degree of substitution level,””" suggesting that the increase in the
lattice constant after PFNN10 is due to the reduction of Ni ions.
Interestingly, the oxidation state of the Ni ion in PFNN10 is obvi-
ously different from that of the others, considering the intensity
ratio of the main peaks in the EXAFS at the Ni K-edge profiles and
that of the Ni-O and Ni-Pb contributions in the XANES at the Ni
K-edge profiles. Furthermore, the interatomic distance between the
Ni ions and their neighbors in PFNNI10 is apparently different
from that of the others. The interatomic distance between Ni-Fe or
-Ni of PFNNI0 is approximately 3.9 A, while that of the others is
approximately 4.0 A. Considering that the EXAFS spectra were
obtained for a single element (in this case, Fe and Ni ions), this
implies that the Ni ions in PENN10 may be displaced to be close to
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each other in short-range order, which makes the inter-spin dis-
tance sufficient for interaction at room temperature. This is consis-
tent with the decrease in the lattice constant of PENN10, although
the average interatomic distance between B-site ions, i.e., Fe, Ni,
and Nb, may be approximately 4 A when the lattice constant is
considered.

Neutron powder diffraction (NPD) patterns were measured
along with pair distribution function (PDF) profiles of PFNN10 to
determine the superiority of its magnetic properties and its distinc-
tive atomic structure (see Figs. 5 and S5 in the supplementary
material) at room temperature. Structural refinements were per-
formed based on four models: R3 m, R3c, Pm3 m, and P4 mm.
Among the four models, the PFNN10 long-range structure derived
from the Bragg fit [Fig. 5(a)] agrees best with the R3 m model,
with a refined lattice constant and an angle of 4.01(6) A and 90.03
(7)°. This indicates very little rhombohedral distortion (within the
resolution of the data), implying that the sizeable magnetic proper-
ties of PENN10 are not primarily from spin canting. However, this
model failed to capture some of the features of the local structure
identified from the PDF [Fig. 5(b)]. The single peak at approxi-
mately 2.0 A corresponds to the B-O distance in the perovskite
structure and indicates no significant displacement of the B-site
ions in their oxygen octahedra; i.e., there seems to be a discrepancy

Observed PFNN10
6 | —— Calculated R3m
—— Difference
3
s 0
o
-3
s

4 8 12 16
r(A)
.

O

w_ "
~39A . ~4.1 A

g

@®Fe* @Ni** @ Nb* @02

01]

FIG. 5. Room temperature neutron powder diffraction (NPD) of the four highest resolution detector banks of the NOMAD instrument and the neutron pair distribution func-
tion (PDF) of PFNN10 at room temperature. (a) Rietveld refinement (for Q ~ 1-12 A=) and (b) small-box modeling (for r ~ 1-19 A) profiles were prepared based on the
R3m model. The observed and calculated plots together with their difference are shown as a black dot, a red line, and a mint line, respectively. (c) Schematic representa-
tion accounting for spin arrangement of PFNN10 by considering the refined NPDF data in combination with the XAS analysis.
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between the EXAFS and NPD results. It follows those measure-
ments at lower temperatures, which reduce thermal motion, might
be necessary to uncover any static displacements, implying that
transition metals can be locally displaced while maintaining an
average distance of approximately 4.0 A.>° In the long-range
structure model derived from the Bragg peaks, other atom-atom
neighbors include A-O/O-O distances of approximately 2.8 A,
A-B distances of approximately 3.5 A, and A-A/B-B/O-O dis-
tances of approximately 4.0 A. In addition to A-O/O-0, there are
clear features at approximately 2.50 and 3.20 A that are most likely
the result of the splitting of the A-O peak due to uncorrelated Pb
displacements, considering that displacive ferroelectricity in the
PEN system is generally caused by Pb displacement along the [111]
direction due to the presence of the 6s* lone pair. This is also evi-
denced by the fact that a large atomic displacement parameter
(ADP) was observed for the Pb site in the Bragg fit, suggesting that
the A-site of this system is displacive disordered. However, since
the crystallographic models tested in this study do not account for
A-site displacements, and therefore cannot provide an accurate fit
to the local structure, further work needs to be done to develop
more complex models to understand these features. Nonetheless, it
is possible that the BO4 octahedra could be locally distorted along
the [001] direction and not along the [111] direction, which can be
a magnetic easy axis, by considering the split A-O peak together
with the reduced rhombohedral distortion and improve electrome-
chanical properties (Fig. 2). This demonstrates that the magnetic
spins in PFNN10 could be ferrimagnetically aligned along one
direction, i.e., the z-axis, facilitating the survival of magnetic
moments arising from the spin cancellation between Fe and Ni
ions, as schematically illustrated in Fig. 5(c). While it would be
valuable to discuss the precise short-range order of paired Fe and
Ni ions, achieving this goal via PDF analysis presented challenges
due to the insufficient contrast in the scattering lengths of Fe
(b=9.45fm) and Ni (b =10.3 fm). This limitation made it difficult
to accurately determine the chemical ordering. Additionally,
obtaining precise chemical ordering of Fe and Ni ions from EXAFS
data is challenging due to their random orientation. Nonetheless,
despite these challenges in determining the exact short-range
ordering, the MH curve and structural data support the mechanism
analysis presented in Fig. 5(c).

IV. CONCLUSION

We have demonstrated the significant multiferroic properties
of PENNI10, in which the existing Fe ions in the displacive ferro-
electric perovskite PFN system were replaced by 10 mol. % Ni ions,
resulting from its distinct atomic structure as determined by x-ray
and neutron-related analysis. It was found that the magnetic prop-
erties peaked along with the magnetoelectric coupling coefficient of
the Fe-site-engineered PFN at PFNN10, whereas the ferroelectric
properties gradually deteriorated when Ni was introduced due to
the phase transition from a non-centrosymmetric to a centrosym-
metric system. We discovered that PENN10 has a unique atomic
structure compared to the others. The transition metals located at
the B-site are ordered and locally displaced with an interatomic dis-
tance of approximately 3.9 A, which is a relatively smaller value
than that of the other compositions that exhibit anti or weak

ARTICLE pubs.aip.org/aip/jap

ferromagnetic properties at room temperature, while maintaining
the average distance between the B-site ions of approximately
4.0 A. Tt was also found that the oxygen cage could be elongated
along the [001] direction, which could act as a magnetic easy axis.
Due to their special structure, the magnetic spins with distinct
magnetic moments in PFNN10 could be ferrimagnetically arranged
along a specific direction, generating a net magnetic moment,
resulting in significant magnetic properties even at room tempera-
ture. Our discoveries are promising and should be further explored
with other multiferroic materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional magnetic/ferro-
electric properties, ME coupling, XAS spectra, and NPDF data.
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