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1. Introduction
Albeit having great potential toward unprecedented type of applications

such as magnetoelectric (ME) sensors and memories, practically useful
single-phase multiferroics that show large coupling between ferromagnetism
and ferroelectricity at ambient temperatures are still lacking. Here,

The realization of multiferroicity with
large ME coupling (x) in single-phase ho-
mogeneous materials at ambient temper-
atures has garnered great interest due

the discovery of a new type of perovskite ferroelectrics (Pb,M)(Fe; ,Nb, ;)O,
(M = Fe, Co, Ni) is reported with a magnetically-active metal ion introduced
into a cuboctahedrally-coordinated Pb position, which exhibits enhanced

ME coupling owing to the development of simultaneous soft-ferromagnetism
and lone-pair ferroelectricity persistent above room temperature.

to its potential for novel applications.!'~?!
Single-phase multiferroics can be gen-
erally classified as either Type I or IL
In the Type I multiferroics, wherein
largely independent (anti-)ferromagnetic

These Pb-site engineered (Pb,M)(Fe; ,Nb, ,)O; perovskites exhibit

a ME coupling coefficient of ~40-60 ps m~', a saturated electric polarization
of 14-17 uC cm~2 and a saturation magnetization of 0.15-0.3 p fu=".

X-ray absorption spectroscopy combined with first-principles calculations
demonstrates that the induced ferromagnetism originates from the
ferromagnetic superexchange interaction coming from ~90° bonding between
the magnetic ions at the Pb site. The present discovery of the enhanced

ME coupling in the Pb-site engineered perovskite ferroelectrics may provide
unforeseen opportunities for applying conventional displacive ferroelectricity
in the field of spintronics where ferromagnetism is essentially required.

and ferroelectric orders merely coexist,
the cross-coupling between the mag-
netism and the ferroelectricity, i.e., mag-
netoelectric (ME) coupling (o) is rather
weak. On the other hand, the Type-
II multiferroics, termed often as mag-
netic ferroelectrics,!'%! exhibit inversion
symmetry breaking with a simultane-
ous spin ordering, which is driven by
a unique spin-lattice coupling mecha-
nism such as the inverse Dzyaloshinskii—
Moriya (DM) interaction.'"13] Although
the ME coupling itself can be large in
Type II multiferroics, the ferroelectric
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polarization modulated by spin order is often too small to
be useful in practical applications. Moreover, achieving large ME
coupling at room temperature remains challenging due to the
relatively low spin ordering temperatures.

Numerous research on the multiferroics for practical appli-
cations at room temperatures have thus focused on the Type
I multiferroics wherein displacive ferroelectricity can provide
larger ferroelectric polarization than Type II. From this per-
spective, the discovery of the most promising Type I multifer-
roicity in bismuth ferrite (BiFeO,, BFO), exhibiting its promi-
nent displacive ferroelectricity along with antiferromagnetism
above room temperature,['*15] has motivated intense research
on perovskite-structured ME multiferroics. However, their mag-
netic properties (i.e., canted ferromagnetism) or/and coupling
coefficients are still weak at ambient temperature (order of a
few ps m~') because of their independent origins of the ferroic
orders.['1%) Therefore, a new strategy for realizing the Type I
multiferroics with large ME coupling must be developed to over-
come current limits in the existing Type I multiferroics. The most
plausible route toward this end is expected to naturally involve the
creation of a mechanism that exhibits stronger coupling between
ferromagnetism and ferroelectricity in the Type I multiferroics.

Herein, we propose a novel strategy of inducing ferromag-
netism and significant ME coupling in a displacive ferroelectric
perovskite, lead iron niobate (PbFe,,Nb;,0;, PFN), in which
magnetic ions are partially introduced into the lone pair Pb site,
thus termed as magnetoelectric displacive ferroelectrics (MDFs).
Generally, magnetically active transition metals, such as Fe, Co,
and Ni, occupy the B site in the perovskites with the chemical
formula of ABO, owing to their relatively small ionic sizes due
to the constraint of the Goldschmidt tolerance factor, resulting in
antiferromagnetic superexchange interaction close to 180°.[20-23]
This is one of the reasons why perovskite oxides exhibit antiferro-
magnetic order in the presence of magnetic ions in their lattices.
However, when a magnetic ion is introduced into the A site, a
90° bypass for the spin exchange path is created, rendering the ¢,
orbitals of neighboring magnetic elements become orthogonal.
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This leads to the ferromagnetic superexchange interaction, 24271
as predicted by the Goodenough-Kanamori rule. Furthermore,
enhanced, direct bilinear ME interaction described by a free en-
ergy term of ¥MP where M (P): ferromagnetic (ferroelectric) or-
der parameter, can be expected. It is likely that enhanced fer-
romagnetic moment by more than 500 times can boost up the
magneto-elastic coupling that can in turn modulate displacement
for the ferroelectric polarization, resulting effectively the bilinear
ME coupling term.

2. Results and Discussion

To demonstrate the feasibility of the proposed Pb-site engineer-
ing strategy, we choose a model system of PFN,!%-3% because
as compared with BFO, PFN is easier to fabricate as a phase-
pure bulk ceramic with satisfactory ferroelectric properties. We
have substituted several magnetic ions for Pb at the A-site to
prepare a series of MDFs, based on the stoichiometric formulae
(Pb,  Fe,)(Fe; ,Nb, ,)O; (PFFN100x), (Pb,,Co,)(Fe;;,Nb, )0,
(PCEN100x), and (Pb,  Ni,)(Fe, ,Nb, ,)O; (PNFN100x). We have
found that the three sets of compositions yield similar Type I mul-
tiferroics with significant ME coupling. On the other hand, we
mainly present the results on PNFN20 as a representative case
in the main text while a full dataset of the others is provided in
the Supporting information.

The X-ray diffraction (XRD) profile indicates that the Pb ions
are successfully replaced by the Niions without secondary phases
within the detection limit of the apparatus used (see Figure 1a).
The decrease in the lattice constant with the Ni ion substitution
constitutes a piece of evidence that the Ni ion, of which charge
number of 2+ as determined through XAS analysis, is introduced
into the A-site; the ionic radius of Ni%* is much smaller than that
of Pb?*, whereas it is larger than those of Fe’* and Nb°>*. Fur-
thermore, the unnormalized XRD peak intensity of the pristine
PEN is less than that of PNFN20. Given that the X-ray absorp-
tion coefficient of Pb ions is much larger than that of Ni ions,3!]
this observation demonstrates that Pb ions are indeed substi-
tuted by Ni ions as intended. The atomic position of PNFN20
was demonstrated via the Rietveld refinement using the Full-
prof program,3?! which indicated the preference of the Ni ion
to sit at the corner of the cuboctahedron rather than at the center
(Figure S1, Supporting Information).

The proposed Pb-site engineering strategy was also verified
on PNFN20 using X-ray absorption spectroscopy (XAS), through
which the ionic valance state of each cation can be determined.
The XAS spectra of both PNFN20 and pristine PFN, measured
at the Fe L-edge, are practically the same as that of a-Fe,0; with
a corundum structure, in which the Fe sites are located nearly
at the center of a perfect octahedron with Fe** ions formally
(see Figure 1b).33] However, the spectra are quite different from
that of y-Fe,0,, which has the combined contribution of Fe**
ions in both tetrahedral and octahedral geometry.**] These
findings indicate that Fe3* ions are exclusively located at the
B-sites in both pristine PFN and PNFN20, strongly suggesting
that Ni ions are introduced solely into the A-sites. Furthermore,
the XAS spectrum of the Ni L-edge closest to that of Ni** in
an octahedrally coordinated environment (see Figure 1c),3>3]
while it is obviously different from those of the Ni** spectrum
and of the Ni** in the pyramidal spectrum. Therefore, the Ni
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Figure 1. X-ray diffraction (XRD) and absorption spectroscopy (XAS) profiles of pristine PFN and PNFN20. a) Normalized XRD pattern reveals a well-
defined single-phase perovskite structure. I(111) is magnified using raw data, i.e., the unnormalized intensity, to show the changes in peak position
and intensity with Ni ion substitution. The XAS spectra measured at b) Fe and c) Ni L-edge along with reference spectra for comparison. The Fourier
transform of the extended X-ray absorption fine structure (EXAFS) spectra superimposed with a simulation-generated profile reveals an interatomic
distance for d) Fe and e) Ni K-edge. The arrows are drawn to indicate neighboring ions with the corresponding orders.

ions in PNFN20 are likely located at the A site, which has a
higher atomic coordination number, with an oxidation state
of 2+.

To clarify further where transition metals are located, we have
also performed the extended X-ray absorption fine structure (EX-
AFS) of PNFN20 as shown in Figures 1d,e (the correspond-
ing XAS spectra at the K-edge was shown in Figure S2, Sup-
porting Information), through which the atomic configuration
can be determined based on interatomic distance analysis.[*’~#0]
The Fourier-transformed EXAFS data were combined with a
simulation-generated profile to provide compelling evidence for
the determination of the local environment of Fe and Niions. The
EXAFS spectrum of Fe ions in Figure 1d reveals that the first peak
relating to the nearest O ions has a shoulder in front of it, imply-
ing that the Fe was off-centered due to the O cage distortion. The
simulation results also suggest that the hidden peak contributed
by the scattering of O and Ni ions can be embedded in the right
wing of the main peak. The next doublet, located in the range of
2-3 A, indicates that there are two different occupied places at the
A-sites centering around the Fe ions.

Given that the EXAFS spectrum of Ni ions in Figure 1le is
significantly different from that of Fe ions, it is plausible that
Ni ions are located at the A site rather than the B site. This is
further supported by the fact that the distance between the Ni
and O ions is greater than the distance between the B site and
the O ions. It was revealed that both the first peak attributable
to the scattering of the nearest O ion and the second peak
attributable to the scattering of the ions sitting at the B-sites
are well split, indicating that the Ni ions are off-centered. Con-
sidering the obtained local environment around the Fe** and
Ni** ions, it is plausible that the Ni ions sit at the corners of
the A-sites of the perovskite structure rather than at the B-sites.
Based on the data interpretation from the EXAFS, Figure 2a
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schematically illustrates the local environment of Ni ions, in
which the position of Ni ion is shifted toward a corner of the
cuboctahedral A-site.

The density functional theory (DFT) calculation was employed
to determine the spin configuration to account for the origin of
the ferromagnetism in MDFs, based on the established atomic
configuration obtained through X-ray-related analyses. The DFT
calculation suggests a canting-free perovskite structure with the
space group of R3m as the most stable form. However, the pris-
tine PFN itself is known to be a canted antiferromagnet like BFO,
with an oxygen octahedral tilting, thus belonging to the space
group of R3c.[*!] This discrepancy may arise from the fact that
the cell size for the current calculation is insufficient to consider
the long-wavelength period typically required for a stable canted
antiferromagnetic order.>#? Although the effect of spin-canting
cannot be reflected, the DFT calculation suggests that the soft
ferromagnetism is induced by the A-site engineering (Figure 2b)
through the two key mechanisms. First, the displaced Ni?* ions
cause two nearby oxygen octahedra to be tilted even more. Sec-
ond, through an in-between oxygen ion, the Ni* spin can align
ferromagnetically with the spin of the nearest Fe** ion via a 90°
superexchange interaction, while that of the second nearest Fe**
ion is arranged in the opposite direction. This is evidenced by the
calculated superexchange parameters between Ni’+ and Fe** ions
in PNFN20, i.e., Jopy and Jgy, based on the pristine PFN results
(Figures S4-S6, Supporting Information); the superexchange pa-
rameter between Ni and the nearest Fe ion (Jgy) is slightly larger
than that between Ni and the next nearest Fe ion (J4py)., i-e., Ni
ions effectively align ferromagnetically with the nearest Fe ions
while they align antiferromagnetically with the next nearest Fe
ions.[**] Thus, all experimental and theoretical data indicate that
the introduced Ni ion is located at the corner of the A-site, and
interacts with two Fe ions located at a slightly different distance
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FM: ferromagnetic / AFM: antiferromagnetic

Figure 2. Schematics of a) the local environment around Fe3* and Ni?* ions established by the extended X-ray absorption fine structure (EXAFS)
results and b) spin configuration determined by the first principle calculation. The superexchange parameter is denoted as J with feasible spin exchange
interactions, and the arrows for the Fe (red) and Ni (green) ions represent the magnetic spin states. The degree of exchange interaction is indicated by
the color and the type of arrow; a blue and solid arrow implies a stronger interaction than a black and dashed arrow, respectively.

to the Ni ion of #0.07 A, coming from an oxygen octahedral tilt-
ing. The resultant interaction produces stronger ferromagnetic
interaction with the nearest Fe ions.

The stability of the perovskite structure is determined by
the Goldschmidt tolerance factor based on the ionic size of
each element in ABO;; a larger cation with a low valency and
a smaller cation with a higher valency occupy the A-site that is
surrounded by 12 oxygen ions and the B-site that is octahedrally
coordinated with 6 oxygen ions, respectively. Therefore, usual
magnetically active ions belonging to 3d transition metals are
positioned at the center of the oxygen octahedral cage in the case

of representative Pb- or Bi-based lone-pair ferroelectrics with
the perovskite structure. This means that when the B sites are
filled with magnetically active ions, the spin alignment becomes
antiparallel owing to the antiferromagnetic superexchange
interaction, according to the Goodenough-Kanamori rule.[25:2¢]
As a result, the PEN system considered in this study, in which
the magnetically active Fe’™ ions populate only the B sites,
exhibits paramagnetism with a relatively small coercive field and
remnant magnetization due to spin clustering,[*>#*] as shown
in Figure 3a. On the other hand, introducing magnetically active
elements simultaneously into the A and B sites can result in a

a Antiferromagnetic superexchange interaction

Paramagnetism Lone-pair ferroelectricity
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Figure 3. Schematics of both a) antiferromagnetic and b) ferromagnetic s
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uperexchange interactions along with the magnetic and ferroelectric behavior

of the pristine and engineered PFN systems. The ferromagnetic superexchange interaction results in soft ferromagnetism coexisting with the existing
displacive ferroelectricity, in contrast to the antiferromagnetic superexchange interaction.
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Figure 4. Transition temperatures and magnetoelectric (ME) coupling of PNFN20. a) Temperature-dependent dielectric permittivity with variable fre-
quencies (f), which doubles in stages from 1to 16 kHz along the direction of the arrow, manifests the ferroelectric Curie temperature (T¢ ¢¢). b) The
magnetization versus temperature (MT) plot exhibits ferromagnetic transition temperature (Tc gy). ) A currently state of multiferroic oxides in terms
of their transition temperatures and magnetic types, demonstrating that MDFs are the only magnetoelectrically active “Type I” multiferroics exhibiting

both ferroelectricity (FE) and ferromagnetism (FM) above 300 K.

ferromagnetic superexchange interaction through the bypassing
of the superexchange interaction path, as schematically illus-
trated in Figure 3b. It is noted that replacing Pb** ions with 20
at% Ni?* ions (thus forming the PNFN20) yields soft ferromag-
netism with a considerable magnetization of ~0.2 p; fu.—1,
which is 500 times larger than that of the pristine, and a
saturation magnetic field as low as 0.1 T. To our surprise, the
PNFN20 system preserves the preexisting ferroelectricity (an
intuitive demonstration of the coexistence of ferromagnetism
and ferroelectricity is provided in Movie S1, Supporting Infor-
mation); a saturated ferroelectric polarization was measured as
~17 uC cm~2 and a butterfly shape, which is typical for normal
ferroelectrics, is evident in the corresponding electromechanical
strain hysteresis loop with a value of 180 pm V! at 2.5 kV mm™".

We argue that the generation of ferromagnetism in the MDFs
is owing to the intended A-site engineering, as the saturation
magnetization doubles when the concentration of Ni doubles
from 10 to 20 at.%. The observed magnetic properties in PNFN20
do not come from the possible presence of ferromagnetically
active secondary phases such as NiFe,O, (NFO) as the NFO, if
any, is well below the detection limit of the XRD profile.[*6+]
Moreover, we have confirmed that the mere mixture of pure
PFEN and NFO with &5 wt.%, which produces apparently similar
magnetic properties with PNFN20, resulted in ferroelectricity

Adv. Electron. Mater. 2024, 2400370
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and ME coupling behaviors completely different from those of
PNFN?20. In addition, the mixture reveals the secondary phases
even at 1 wt.% NFO addition (Figure S3, Supporting Informa-
tion). This is clearly evidenced by a full data set, presented in
Figures S7 and S8 (Supporting Information). It is noted that a
small deterioration of ferroelectricity of PNFN20 as compared
with that of PFN (%22 uC cm™ for saturated polarization) is
also consistent with our claim, considering that the magnetically
active elements replacing Pb** are ferroelectrically inactive.
Alongside, the piezoelectric coefficients (d;;) were measured to
be similar at #120 pC/N before and after Pb-site engineering.
This indicates that replacing magnetically active elements plays
a significant role in the lattice deformation during the switching
process, without contributing to the polarization state. This
is likely caused by the oxygen octahedra tilting as discussed
above.

The temperature-dependent dielectric permittivity of PNFN20
implies that the MDFs undergo a diffuse phase transformation
(Figure 4a; Figure S10, Supporting Information). Intriguingly,
a certain dielectric relaxation occurs in the temperature range
of 340-370 K, as evidenced by the frequency-dependent inflec-
tion points in the dielectric loss. This dielectric relaxation ap-
pears to be closely related to the transition between a ferroelectric
and a paraelectric order. As shown in the magnetization versus
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Figure 5. Magnetoelectric (ME) coupling of PNFN20 is verified through a) a magnetodielectric (MD) coupling given by the frequency-dependent dielec-
tric permittivity under on- and off-magnetic fields, b) a direct ME coupling in terms of the ME voltage coefficient as a function of the magnetic field,
and c) a converse ME coupling manifested in the deflection of a compass needle. d) A schematic is prepared to explain ME coupling behavior based on

experimental and theoretical results.

temperature (MT) curve (Figure 4b; Figure S11, Supporting In-
formation), the magnetic Curie temperature of PNFN20 (=860 K)
seems to originate from the triangular spin configuration, simi-
lar to ferrimagnetic spinel oxides.[*84]

The significance of the developed MDFs is most evident from
the status summary presented in Figure 4c (details in Table S1,
Supporting Information). The MDFs are unique among ME mul-
tiferroics in that the ferromagnetism induced by Pb-site engi-
neering on lone-pair ferroelectric oxides is significant in mag-
nitude since it originates exclusively from the spin moment of
magnetic elements in the A-site, via the 90° ferromagnetic su-
perexchange mechanism. The multiferroicity induced from fer-
romagnetic oxides is usually quite weak at ambient temperature,
as demonstrated in previous studies.!'1%] This is because the
spatial inversion asymmetry required for ferroelectricity arises
from an extremely small subatomic-level anisotropy, known as
the inverse DM interaction.[**>*] Therefore, the MDFs can be the
unique, practically viable ferromagnetic—ferroelectric magneto-
electric oxides.

Magnetodielectric (MD) coupling, which is a phenomenon
indirectly showing ME coupling, was characterized based on
frequency-dependent dielectric permittivity changes under an
on- and off-magnetic field strength of 0.11 T (Figure 5a). The
shift in the resonance frequency in the presence of the magnetic
field resulted in a substantial dielectric tunability of ~800% in
PNFN20 at a resonance frequency of 6 MHz. The PNFN20, as
shown in Figure 5b, exhibits an expected profile for the direct
ME coupling between ferromagnetism and ferroelectricity for
the following reasons. First, the ME coefficient () increases
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with increasing magnetic field, culminating with the onset of
saturation in the inducible magnetization at ~0.05 T. Second,
the presence of hysteresis in the ME coupling implies that
ferroelectric domains are responsive to the external magnetic
field. Finally, a converse ME coupling is visualized with a
compass upon the application of an electric field, which indi-
cates voltage-driven spin control. The needle of the compass is
deflected by ~#160° clockwise under the influence of the voltage-
driven magnetic field, as shown in Figure 5c (videos of these
demonstrations are available in Movies S2 and S3, Supporting
Information).

Given that the magnetic spin of PNFN20 can be switched by
a smaller magnetic field than those of PFN as supported by the
magnetic coercive fields presented in Figure 3, we suppose that
the ME coupling originates from the Ni’* spin flipping between
two nearby displaced Fe** ions with opposite spin directions; this
flipping could induce greater oxygen octahedral tilting or/and
magnetostriction between Ni and Fe ions depending on their
spin direction and interatomic distance, resulting in bilateral
ME switching in the presence of electric fields, as illustrated
schematically in Figure 5d. This is supported by the character-
istic coupling behaviors that vary depending on the introduced
transition metals, i.e., Fe, Co, and Ni, as shown in Figures
S11 and S12, Supporting Information). Although this effective
direct coupling between the spin exchange interaction and ionic
displacement needs further verification, the results imply that
the incorporation of Ni’* into the A-site is the key to realiz-
ing viable magnetoelectrically coupled multiferroic perovskite
oxides.

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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3. Conclusion

In summary, we have demonstrated that Pb-site engineering
in ferroelectric perovskite oxides with magnetically active ele-
ments can yield intrinsic ferromagnetism inherited from a ferro-
magnetic superexchange interaction. Considerable ME coupling
arises from the interaction of intentionally introduced magnetic
elements at the A-site with two nearby B-site magnetically ac-
tive ions (Fe ions in this study) of different distances resulting
from different oxygen octahedral tilting. Because of the room-
temperature magnetoelectric coupling, together with the intrin-
sic ferromagnetism, MDFs exhibit superior ME coupling charac-
teristics as compared with those found in typical Type I multifer-
roics. The effectiveness of the proposed strategy was confirmed
through spectroscopic analyses and DFT calculations. We expect
that this discovery of a new class of MDFs will open up a new
opportunity for applications of conventional ferroelectrics in the
field of spintronics and future industries where magnetically ac-
tive ferroelectrics are essentially required.

4. Experimental Section

Fabrication of Bulk Samples of Compositionally-Modified PFN Systems:
The raw powders of PbO (99.9%, Sigma-Aldrich), Fe,0; (99%, Sigma—
Aldrich), Nb,Os (99.99%, Sigma-Aldrich), NiO (99.8%, Sigma—Aldrich)
and CoCO; (99.5%, Alfa—Aesar), dried at 373 K for 24 h, were used to
fabricate bulk pelletized samples by a conventional solid-state sintering
technique. The mixtures of powders were calcined at 950-1100 K for 2 h
and sintered at 1250-1400 K for 2 h along with Pb-excess PbZrO; powder
to prevent Pb evaporation.

Measurements of the Ferroelectric Properties of the Compositionally-
Modified PFN Systems: A piezoelectric measurement system (aixACCT
aixPES) was used to characterize the polarization and strain hysteresis
loops on usual disc-shaped samples of 1 mm in thickness and 10 mm in di-
ameter up to the electric field strength of 2.5 kV mm™~" at the measurement
frequency of 10 Hz. The piezoelectric coefficients (d;3) were measured
by using a ds;3 meter (YE2730A) at a frequency of 110 Hz. Temperature-
dependent dielectric permittivity and loss were measured by impedance
spectroscopy (HP4192A).

Confirmation of Ferromagnetism and Magnetic Curie Temperature: Mag-
netic hysteresis loops were measured using a vibrating sample magne-
tometer (VSM, VSM7300) and a physical property measurement system
(PPMS, Quantum Design).

Measurement of MD and ME Coupling: Dielectric permittivity was
measured by an impedance spectroscope (HP4194A) over the measure-
ment frequency range from 100 Hz to 40 MHz at room temperature. For
the dielectric measurement under a magnetic field, i.e., magnetodielec-
tric (MD) coupling, wired disc-shaped samples were placed in the cen-
ter of two platelet neodymium magnets of 40 mm X 60 mm x 15 mm
in parallel with a separation distance of 60 mm. Before the magnetoelec-
tric (ME) measurement, the compositionally modified PFN bulk samples
were DC-poled at 1 kV mm~" for 20 min at room temperature. The mea-
surement system consisted of a lock-in amplifier (SR850), a bipolar am-
plifier (BA4825), a DC amplifier (BOP 36-12ML), a DC electromagnet, and
a Helmholtz coil. Voltage changes in response to the sinusoidal AC mag-
netic field of 1074 T at 1 kHz generated by the Helmholtz coil was recorded
at every 0.1 sec during an AC magnetic field sweeping for two successive
cycles with a constant field loading/unloading rate.

Structural Analysis of Compositionally-Modified PFN Systems: X-ray
diffraction (XRD, D/MAX2500V/PC) with Cu-Ka radiation was used for the
structural analysis for a 26 range of 20°-80° with a step size of 0.02°. The
soft X-ray absorption spectra at both the Ni and Fe L edges were measured
at the BL25SU beamline in SPring-8. The total electron yield method was
used with 96% circularly polarized incident X-rays under an applied mag-
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netic field of 1.9 T. The incident light direction was inclined by 10° with re-
spect to the magnetic field direction. The XMCD spectrum is given by the
difference of the two spectra; Al =1, —I_ where | _ and |_ are the intensi-
ties when the incident photon direction and the magnetization vectors are
parallel and antiparallel, respectively. A detailed experimental description
of the setup for the soft XMCD measurements can be found elsewhere.l>4]
Neutron diffraction data were collected using the nanoscale-ordered ma-
terials diffractometer (NOMAD) instrument at the Spallation Neutron
Source at Oak Ridge National Lab. Bragg Rietveld refinements of the four
highest-resolution detector banks were performed using TOPASv6. Sam-
ples were characterized using X-ray and neutron diffraction (see ESI).

DFT Calculation Method:  DFT calculations were employed in the local
spin-density approximation (LSDA+ U) scheme as implemented in the
software package VASP.5.4.1.1%] It can be claimed that the varying of U
in the range of 3-5 eV does not appreciably change the values of the Ni
and Fe magnetic moments.[%%] Indeed, we found that the tendency of the
magnetic interaction between Ni and Fe ions remains the same, from the
results of various U and ] values. Ni spin prefers to be aligned in parallel
rather than antiparallel to the nearest Fe spin (See. Figure S12, Supporting
Information). Among them, as one of the simplest cases, U =5 eV and |
=0 eV were used for Fe** and Ni?* ions in the Lichtenstein scheme.[>’]
The projector-augmented wave method was in the VASP potentials for Pb
(5d, 6s, and 6p), Ni (3p, 3d, and 4 s), Fe (3p, 3d, and 4 s), Nb (4s, 4p,
4d, and 5's), and O (2s and 2p). A 3 X 2 X 1 Monkhorst—Pack k-point grid
was used for integrations within the Brillouin zone for a cell containing
12 formula units.[*8] The space group was R3m with G-type antiferromag-
netic ordering. We assumed that Fe and Nb atoms were disordered. The
calculated cell contained 12 formula units of PFN with a = 5.5784(3) A, b
=9.7491(1) Aand c = 13.7628(2) A. The magnetic moments of the Fe ions
were ~—4.19 ug for down spin and 4.16 g for up spin, whereas that of the
Ni ions is —=1.62 ug. The energy cut-off for the plane wave basis was set to
500 eV and the force criteria for the structure optimization was 0.01eV A",
Spin—orbit coupling was included with the bulk G-type antiferromagnetic
order to determine the spin-canting and weak ferromagnetic moments by
magnetic anisotropy calculation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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