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The magnetoelectric (ME) effect, with the cross coupling between magnetism and electric polarization,
provides a new controlling dimension for creating novel information storage devices. Here, we report crystal
structure, magnetic field-induced spin flop transition, and ME behaviors of Fe-doped Ni;Mo3;Og by using
comprehensive characterization methods of x-ray diffraction, high-angle annular dark-field images, magneti-
zation, specific-heat capacity, dielectric and electric polarization measurements. The Fe/Ni honeycomb lattice
is endowed with strong magnetic frustration. Through Fe doping, a metamagnetic spin flop (SF) transition and
the related linear magnetoelectric effect are achieved under a lower magnetic field, which is due to the delicate
modification of magnetic interactions. Consequently, the maximum direct ME coefficient oy (=238 psm™!)
and converse ME coefficient ag (=110ps m~!) were achieved in NijsFe; sMo;O; at the phase boundary of

antiferromagnetic-SF and SF phase, respectively.

DOI: 10.1103/PhysRevB.109.024442

I. INTRODUCTION

Multiferroic materials with the coexistence and cross
coupling of ferromagnetic (antiferromagnetic) and ferroelec-
tric (antiferroelectric) orders could provide possibilities for
constructing novel spintronic devices [1-10]. However, mag-
netoelectric (ME) effect exists in very finite materials from
the viewpoint of the symmetry constraint [11]. Neverthe-
less, the microscopic mechanism of spin-induced polarization
[11], such as spin-current model [12], spin-dependent d-p
hybridization model [13—15], and exchange striction [16—18],
stimulates the search for the multiferroic materials with
collinear (E-type antiferromagnetic) or noncollinear magnetic
structure.

Recently, intensive efforts have been focused on the ME
properties in frustrated magnets due to their intrinsic non-
collinear spin arrangement. Some materials present unique
polarization responses along with the occurrence of metamag-
netic transition (e.g., spin flop, magnetization plateau) in the
trigonal, kagome, or honeycomb lattice, such as Ni3TeOg [19],
Ni3V20g [20], KCHF3 [21], C04Nb209 [22], and M2M0308
[23] (M = Fe, Mn, Ni, etc.). In order to achieve a greater mag-
netoelectric coupling, magnetoelectric materials need further
improvements in design. The chemical doping is a promis-
ing method to achieve the modification of ME materials.
For example, in CayFe;_,Al,Os5 (0.6 < x < 1) single crys-
tals, the spin easy axis varies from the ¢ axis to the a axis
with increasing Al content. When magnetic field is applied
along the spin easy axis, a spin flop transition takes place,
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accompanied by anomalies in the electric polarization and
dielectric constant [24]. The family of M;Mo3Og (M: Mn, Fe,
Co, Ni, etc.) also constitutes a magnetic frustrated system,
where diverse magnetic phases exist in a delicate balance
of magnetic exchange interactions. The balance may be dis-
rupted by chemical doping effect on specific magnetic sites,
allowing for tunable ME effects. For instance, increasing
Zn amount in Fe,_,Zn Mo3;Og stabilizes the spontaneous
ferrimagnetic state [25,26], Fe-doped Mn;Mo3;Og achieves
a large variation in a diagonal component of the linear
magnetoelectric susceptibility [27], Mg-doped Fe,Mo3Og en-
hances linear and second-order magnetoelectric effect [28],
and Mg-doped Ni;Mo3;0g induces the weak ferromagnetic
state [29]. Ni,Mo3Og shares stripy and zigzag non-Néel anti-
ferromagnetic (AFM) orders with noncentrosymmetric § = 1
honeycomb lattice [30]. The strong spin frustration suppresses
the long-range magnetic ordering of the Néel state, causing
the low antiferroelectric temperature of Ni,Mo3Og and high
magnetic field of spin flop transition.

Here, Fe-doped Ni,Mo3;Og has been synthetized and its
crystal structure, antiferromagnetic order, and magnetoelec-
tric behaviors have been systematically investigated. The
substitution of Fe?* for Ni>* not only caused a significant in-
crease in the antiferromagnetic temperature and a substantial
decrease in the magnetic field of spin flop transition but also
greatly enhanced the ME effect.

II. EXPERIMENTAL DETAILS

As shown in Supplemental Material, Fig. S1(a) [31], the
growth of single crystals of Ni,_,Fe,Mo3;Og (x = 0, 0.5, 1.0,
1.5, and 2.0) was conducted in a horizontal two-zone tube
furnace using the chemical vapor transport method with TeCly
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as the transport agent [32]. The mixture of Fe (99.9%, Alfa
Aesar), Fe>03 (99.9%, Alfa Aesar), NiO (99.9%, Alfa Aesar),
and MoO; (99.9%, Alfa Aesar) was weighed by amounts
of the desired stoichiometric ratio and thoroughly grounded
before being placed into a quartz ampoule. The experimental
temperature vs time is shown in Fig. S1(b) and Table S1 [31].

The x-ray diffraction of the ab plane was measured by an
x-ray diffractometer (Smartlab, Rigaku) at room temperature.
Transmission electron microscope (TEM) measurements were
conducted at 300 kV by applying an aberration-corrected FEI
Themis Z scanning transmission electron microscopy (STEM)
equipped with a four-detector energy-dispersive x-ray spec-
troscope (EDS). The magnetization of samples was measured
at a physical property measurement system (PPMS) (Ever-
Cool II, Quantum Design) equipped with vibrating sample
magnetometer (VSM). The electric-field modulation of mag-
netization was examined by using a homemade VSM sample
holder with a high-resistance electrometer (6517B, Keithley)
providing external voltage. The PPMS relaxation calorimeter
was used to measure the heat capacity. The dielectric and
electric polarization measurements were carried out in PPMS
by using an inductance-capacitance-resistance (LCR) meter
(E4980A, Agilent) and high-resistance current meter (6517B,
Keithley), respectively. No electric-field poling procedure was
carried out at the pyroelectric current measurement. Detailed
information on the sample holder used for the electrical and
magnetic measurements is presented in Fig. S2. The samples
for all measurements are from the same batch. To make a
comparison, the same sample from each composition was
used for electric-field modulation of magnetization, dielectric,
and electric polarization measurements.

III. RESULTS

Figure 1(a) shows the crystal structure of Ni,_,Fe,Mo30Os.
It is composed of Fe/Ni oxide layers and trimerized MoO,4
layers along the c¢ axis, belonging to a polar space group
P63mc [29]. The honeycomb lattice is a bipartite lattice com-
posed of two triangular sublattices from the direction of the
c axis. Octahedrally and tetrahedrally coordinated Ni** /Fe>*
occupy these two triangular sublattices, respectively, as shown
in Fig. 1(b). The previous Mdossbauer study revealed that Fe
atoms prefer to occupy the oxygen-coordinated tetrahedral
site [33]. Figure 1(c) shows the x-ray-diffraction (XRD) pat-
terns of the single crystal of Ni,_Fe,Mo3;Og (x =0, 0.5, 1.0,
1.5, and 2.0) at room temperature. The diffraction peaks of
NiyMo30Og from the ab plane are consistent with (00!) peaks
in PDF No. 00-037-0855. The equally spaced 20 values of
(007) are a typical single-crystal feature. Upon Fe doping,
the individual peak positions of Ni,_,Fe,Mo3;O0s (x = 0, 0.5,
1.0, 1.5, and 2.0) gradually shift to lower angles. The XRD
features reveal the increase of the c-axis lattice and systematic
doping level of Fe>™ with the increasing x. The c-axis lattice
parameters as a function of x are shown in Fig. S3.

TEM technique is used to gain insight into the crystal
structure. A low-magnification high-angle annular dark-field
(HAADF) image of the NiFeMo3;Og flake is shown in
Fig. 2(a). The elemental mappings of NiFeMo3Og obtained
by EDS confirm the homogeneous distribution of chemical
elements (Fe, Ni, Mo, and O), as shown in Figs. 2(b)-2(e).
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FIG. 1. (a) Crystal structure of Ni,_,Fe,Mo3;Og with polar space
group P6smc. (b) The crystal structure of Ni,_,Fe,Mo;Og viewed
from the direction of ¢ axis. The dashed lines highlight the octahedral
and tetrahedral triangular sublattices. (c) The diffraction peaks of ab
plane (00/) in Ni,_,Fe,Mo;0g (x = 0, 0.5, 1.0, 1.5, and 2.0).

Electron-diffraction patterns taken with [001] and [010] zone
axis were detected as shown in Figs. 2(f) and 2(h). The cor-
responding HAADF images are shown in Figs. 2(g) and 2(i).
Fe/Ni atoms and Mo atoms are marked with yellow solid cir-
cles and pink solid circles in Figs. 2(g) and 2(i), respectively,
with the small hexagonal honeycomb composed of two layers
of trimerized Mo atoms and the large hexagonal honeycomb
composed of Fe/Ni atoms. With the obtained interplanar spac-
ing of (100) and (002) planes as shown in Figs. 2(g) and 2(i),
we can calculate the lattice constant of a = d(100)/c0s30° ~
577A and ¢ =2 x doozy =~ 10 A, which is consistent with
the previous literature [34].

The magnetism of sample comes from unpaired 3d elec-
trons in Ni2T/Fe?* ions, with no contribution from Mo** ion
due to the formation of spin-singlet trimmers [35]. Previous
research of magnetization and powder neutron diffraction on
Ni;Mo3;0g and Fe,Mo3Og illustrated that their antiferromag-
netic ground states belong to the magnetic point group of
mm?2 [34] and 6'mm’ [36], respectively. Ni;Mo3Og was an
ordered magnetic state characterized as an admixture of stripy
and zigzag AFM ordered magnetic state. Figure 3(a) shows
zigzag spin lattice from b-direction components of Ni;Mo3Os.
The zigzag spin lattice belongs to geometrical spin frustration.
Strong geometrical spin frustration suppresses the long-range
magnetic ordering of the Néel state. In contrast, Fe;Mo3Og
has collinear antiferromagnetic order, and the direction of the
Fe spin is parallel to the ¢ axis as presented in Fig. 3(b).

Figure 3(c) demonstrates the temperature (7) dependence
of the magnetic susceptibility (x) curve in Ni,_,Fe,Mo3Og
(x =0, 0.5, 1.0, and 1.5) after the field-cooling (FC) proce-
dure with H = 1 kOe parallel to the ¢ axis. The magnetization
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FIG. 2. (a) A low-magnification HAADF image of NiFeMo3;Og and the corresponding EDX elemental mapping of (b) O, (c) Mo, (d) Ni,
and (e) Fe. Corresponding electron-diffraction pattern viewed from (f) [001] and (h) [010] zone axis. HADDF images of NiFeMo3;0g viewed
along (g) the [001] and (i) [010] zone axis. The right corner of (g) and (i): the atomic model of NiFeMo3;Og overlaid on the top of HADDF

images.

drop of the M-T curve for all compositions is a typical
antiferromagnetic ordering characteristic. For x = 0, the an-
tiferromagnetic transition temperature (7y) of Ni;Mo3Oyg is
5 K, as highlighted by the arrow in the inset of Fig. 3(c). With
the increase of Fe content, 7y gradually increases to 45 K
(x=10.5),549K (x = 1.0), and 60 K (x = 1.5), respectively.
The x~'(T) curves are fitted by Curie-Weiss formula x ' =
C/T —6, where C is the Curie-Weiss constant and 0 is referred
to as the Curie-Weiss temperature. The obtained Curie-Weiss
temperatures were —140.7 K (x = 0), —130.5 K (x = 0.5),
—187.5 K (x = 1.0), and —331.4 K (x = 1.5), and negative
values of 6 indicate AFM interactions. To describe magnetic
frustration, the frustration index f(f = |0|/Tn) was intro-
duced, where strong spin-frustration systems are thought to
be those associated with f > 5 [37]. The frustration indices f
for Ni,Mo3Og and Niy sFe; sMo3Og were 28 and 5.5, respec-
tively, indicating strong magnetic frustration in Ni;Mo3Osg
and weak frustration in NigsFe; sMo3Og. For the sample of
x = 0.5 and x = 1.0, the frustration index f falls in the range
of 2-5 [2.8 (x = 0.5) and 3.4 (x = 1.0)], which are typically
regarded as unfrustrated systems [38]. Figures S4(a)-S4(d)
show the M-T curves of Ni,_,Fe,Mo3;Og (x = 0, 0.5, 1.0, and
1.5) under different magnetic field. Ty shifts to lower tempera-
ture as magnetic field increases, indicating that magnetic field
inhibits the formation of antiferromagnetic order. Figure 3(d)
shows the specific-heat C,(T) curves of Ni,_Fe,Mo30g (x =
0, 0.5, 1.0, and 1.5). Typical A-shaped anomalies were ob-
served at 5 K (x = 0), 45 K (x = 0.5), 54.9 K (x = 1.0), and
60 K (x = 1.5), respectively. The linear behavior of C,/ T?
vs T plot of Ni;Mo3Og signifies the typical antiferromagnetic
behavior in the low-temperature region in Fig. S5.

The magnetic-field dependence of magnetization under
H || ¢ for different samples were measured at various tem-
peratures. For low Fe-doping levels of x = 0.5 and x = 1.0,
the typical linear M-H curves representing antiferromagnetic
behavior were observed up to o = 9 T as shown in Fig. S6.
As for the higher Fe-doping level of x = 1.5 as shown in
Fig. 3(f), a slight deviation from the linear dependence occurs
at 28.6 kOe (defined as H.;) when T = 59 K. This deviation
reflects the spin flop transition-induced metamagnetic state.
With the decrease of temperature, H,; moves to a higher
magnetic field as shown in Fig. 3(f). From above, we can
see that a higher Fe-doping level can induce the spin flop
transition, which may be due to the modification of magnetic
interactions.

Figure 4(a) shows the temperature dependence of
the relative dielectric constant [Ae = &(T)-e(30K)] of
Niy_,Fe,Mo3;0s (x =0, 0.5, 1.0, and 1.5) under zero mag-
netic field. For x = 0, the peak on the dielectric curve was
observed at 5 K (defined as 77). Upon Fe doping, the dielectric
anomalies occur at 45 K (x =0.5), 54.5 K (x = 1.0), and
60.3 K (x = 1.5), respectively, corresponding well to Ty, indi-
cating the magnetoelectric coupling effect in Ni,_,Fe,Mo3Os.
Figures S7(a), S7(d), and S7(g) show the e-T curves of
Niy_,Fe,Mo3;0sg (x = 0.5, 1.0, and 1.5) with different mag-
netic fields, and the dielectric anomalies 7; in &-T curves
are sorted out in Fig. 4(b). T} shifts to a lower temperature
with increasing magnetic field, consistent with 7y response
to H. To gain insight into the dielectric anomaly at 7}, py-
roelectricity of Ni,_,Fe,Mo;Og (x =0, 0.5, 1.0, and 1.5)
was studied as shown in Fig. 4(c), where the electric polar-
ization was obtained by integrating the pyroelectric current
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FIG. 3. (a) Zigzag magnetic structure from b-direction compo-
nents of the Ni,Mo;Os. (b) Collinear antiferromagnetic order of
Fe,Mo;0g (c) Temperature dependence of magnetic susceptibility
(x) for Ni,_,Fe,Mo3;03 (x =0, 0.5, 1.0, and 1.5) with a magnetic
field of 0.1 T after field cooling (FC) under H || ¢. (d) Temperature
dependence of inverse magnetic susceptibility x~' measured along
the c axis. The dashed lines are fitting curve by Curie-Weiss equation.
(e) Heat capacity vs temperature plot of Ni,_,Fe,Mo;0g (x = 0, 0.5,
1.0, and 1.5). (f) The magnetic-field dependence of magnetization
measured at selected temperatures for Niy sFe; sMo3Os.

with time. For x = 0, as temperature approaches Ty (7}), a
steep drop occurs on P-T curve and P gradually reaches the
saturated value of —133 uC m~2 at low temperature. With the
increase of Fe content, net P of Ni,_,Fe,Mo3;Og (x = 0.5, 1.0,
and 1.5) also appears at Ty (77), and saturated polarizations
are —85.8 uCm~2 (x = 0.5), —273.8 uCm~2 (x = 1.0), and
—1041.6 uCm~2 (x = 1.5), respectively. The above results
indicate that the magnetic transition is accompanied with the
modulation of electric polarization along the ¢ axis, and the
electric polarization is greatly enhanced as the amount of
doped Fe content increases. Subsequently, AP-T curves of
Ni,_, Fe,Mo030g (x = 0.5, 1.0, and 1.5) were measured under
different magnetic fields as presented in Figs. S7(c), S7(f),
and S7(i) and Fig. 4(d), which presents the magnetic-field
modulation of electric polarization.

e-H and AP-H curves were measured at different temper-
atures with H || ¢ axis to further study the magnetoelectric
properties in Ni;_ Fe,Mo3Og (x = 0.5, 1.0, and 1.5). As
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FIG. 4. (a) Temperature dependence of relative dielectric con-
stant Ae [Ae = ¢(T )-e(30K)] for Ni,_,Fe,Mo;0g (x = 0, 0.5, 1.0,
and 1.5). (b) The magnetic-field dependence of the dielectric anoma-
lous temperature (77) for Ni,_,Fe,Mo;0g (x = 0.5, 1.0, and 1.5).
(c) Electric polarization (AP) as a function of T for Ni,_,Fe,Mo;Os
(x=0, 0.5, 1.0, and 1.5). (d) The magnetic-field dependence of
the saturated polarization (Py,) for Ni,_,Fe,Mo;Og (x = 0.5, 1.0,
and 1.5).

shown in Figs. S8(a), S8(d), and S8(g), the magnetodielectric
curves show linear behavior when the temperature is above
TN, presenting no hint of magnetoelectric effect. In contrast,
when the temperature is lower than Ty, for x = 0.5 and 1.0,
the dielectric constant is quadratically changed with magnetic
field. Moreover, when x = 1.5, the magnetodielectric curve
presents anomalies at H = 28.6 and —27.8 kOe marked by
black arrow at T = 59K as shown in Fig. 5(a). Magnetodi-
electric peaks become sharp and gradually shift to a high
magnetic field with temperature decreasing in Fig. 5(b). The
onset H of dielectric anomaly is consistent with the phase
boundary of AFM and spin flop (SF) on M/H-H curves as
demonstrated in Fig. 5(c), which indicates that the dielectric
behavior is associated with the spin flop transition.

To confirm the ME effect, the ME current density(J) was
collected by sweeping the magnetic field at various tem-
perature, as shown in Figs. S8(b), S8(e), and S8(h). The
calculated variation of polarization data AP(H) is plotted
in Fig. 5(d). For x =0.5 and 1.0, the AP-H curves fol-
lowed a parabolic behavior in the AFM region. In contrast,
for sample x = 1.5 at T = 59K, the AP-H curve followed
a parabolic behavior in the AFM region and AP linearly
changed with H in SF phase. With the temperature decreases,
the onset field (parabolic to linear AP-H) gradually shifted
to a higher magnetic field and AP (H = 70kOe) gradually
increased, as shown in Fig. 5(e). To present a quantitative
evaluation of the ME effect, the ME coefficients were obtained
by fitting the positive magnetic-field region of AP-H curve
using a polynominal equation AP = oH + BH?, where o
and B are the first-order and second-order ME coefficients,
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FIG. 5. The magnetic-field dependence of (a) relative dielec-
tric constant (¢) and (d) relative electric polarization(AP) for
Nip_,Fe,Mo3;0s (x = 0.5, 1.0, and 1.5) at 45, 52, and 59 K, respec-
tively. The magnetic-field dependence of (b) ¢, (c) M/H, and (e) AP
at 57,58, 59, and 60 K for Nij sFe; sM030s. The dashed bright-green
line and dashed red curve are the fits to the AP-H curve with the
different functions of AP ~ B;H? and AP = a,H + B,H?, where
o, Bi, and B, are constants. The SF transition points are marked
by a black arrow. (f) The temperature dependence of f; and o, for
Ni0.5F61'5M0308.

respectively. The AP(H) curves in the AFM region showed
perfect quadratic fittings to the magnetic field (AP = B, H?),
as illustrated by the dashed bright-green curve in Fig. 5(e).
B1 (59 K) was ~13 x 1078 s A~!, which is larger than those
found for NixMo3Og (5.1 x 1078 s A~1) [30], Fe,Mo;04
(1.81 x 1028 s A=1) [25], and Co,Mo0305 (2.9 x 1078 s A~1)
[39]. B; decreased as the temperature was reduced, as shown
in Fig. 5(f). The data in the SF region were well fitted by
AP = a,H + BoH?, as denoted by the dashed pink curve. a;
(59 K) was about 30 psm ™', and a, increased as the tempera-
ture decreased. When T = 57.5K, o was 238 ps m~!, which
was much larger than those typical linear ME materials, in-
cluding Cr,O3 (~4.13 ps m~!) [40], Ni,Mo3O0g(~70 ps m~1)
[30], Fe,Mo30s (differential ME coefficient ~10*psm™!
at transition boundary and linear part of ME coefficient
~—16.2psm~! at the ferrimagnetic region) [23,26], and
Fe304 (~50psm~1) [41].

The magnetization was performed under electric field to
study the converse magnetoelectric effect. Figures 6(a)-6(c)
show the magnetization periodically modulated with a con-
tinuous electric field at 7 T for Ni,_,Fe,Mo3;0g (x = 0.5,
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FIG. 6. The periodical modulation of magnetization as a function
of time for Ni,_,Fe,Mo3;0g [x = (a) 0.5, (b) 1.0, and (c) 1.5] at
selected temperature. The magnetic-field dependence of inverse ME
coefficient(g) at various temperatures for Ni,_,Fe,Mo;0g [x = (d)
0.5, (e) 1.0, and (f) 1.5]. The SF transition points are marked by a
black arrow.

1.0, and 1.5) with H || E || c-axis configuration, where M
almost linearly changes with E. In contrast, the trend of M
changing with E reverses when poH is reversed to —7 T. M-E
curves were also measured at other temperature and different
bias H. The converse ME coefficients («g) are obtained by
fitting the quadratic equation: uoM(E, H) = agE + BgE 24
woM (0, H), where M(E, H) is the average of the increasing
and decreasing E-scan data, and «g and Sg are the first-order
and second-order converse ME coefficients, respectively. No-
tably, the linear term o was dominated and og were sorted
out as shown in Figs. 6(d)-6(f). As for x = 0.5 and 1.0, g
increased with the magnetic field increasing. The maximum
agis20psm~! (43K, x = 0.5)and 28 psm~! (53 K, x = 1.0)
at 8 T, respectively. For x = 1.5, the maximum og marked
by black arrows was achieved at the boundary of AFM-SF
phase at each temperature, and the highest ag was achieved
at T = 57.5K, with H = 7T with g = 110 psm~'. Further-
more, the magnetization modulation under sequential square
electric-field waves was also measured in Nigs;Fe; sMo3;Og
at 57.5 K. M reacts rapidly under 7 T when the sample is
applied to continuous electric field of 1, 0. and —1 MV m~!.
In contrast, when the sign of H is reversed, E-induced high or
low state of M is also reversed, as shown in Fig. S9 [31].

IV. DISCUSSION

All measured data were adequate to draft the H-T phase
diagram for each composition, as shown in Figs. 7(a)-7(d),
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FIG. 7. (a)~(d) The H-T phase diagrams for Ni,_,Fe,Mo;Os
(x=0, 0.5, 1.0, and 1.5) under H | ¢, as decided by magneti-
zation, polarization, and dielectric measurements. PM, AFM, and
SF indicate paramagnetic, antiferromagnetic, and spin flop phase,
respectively.

respectively. The phase regions are determined by the peak
position in the M(T), M(H), P(T), AP(H), ¢(T), and ¢(H).
As for x =0, 0.5, and x = 1.0, the AFM ground state is
separated from the paramagnetic (PM) phase by the AFM
Néel point Ty and 7; in different magnetic fields. For x = 1.5,
when T < 60K and magnetic field exceeds H;, SF phase
appears. However, for low doping content of Fe, H.; may
appear at higher magnetic field, which cannot be observed
in our experiment. There are no sufficient experiments to
clarify the magnetic phase at this stage and ME responses of
a comprehensive origination are discussed below.

Ni;Mo3Og has a ground state of specific noncollinear
magnetic structure and Fe;Mo3;Og belongs to the collinear
spin order. It is possible that Fe-doped Ni;Mo3Og induces
a noncollinear magnetic structure due to the competing
magnetic interactions, especially for FeysNij; sMo3;Og with
the magnetic frustration index of 5.5. Under this circum-
stance, we cannot exclude the ME origination from inverse
Dzyaloshinskii-Moriya (IDM) interaction [P o ejp X (S] X
S>), where S; and S, are the neighboring spins, and e,
denotes the connection from S; and S,]. However, in our
measurements, the IDM mechanism does not contribute to
the polarization due to the H || P || ¢ relation. The d-p hy-
bridization [P o e; x (e1S;)?, where e; denotes the vector
between transition metal and its ligand atoms] depending on
the spin configuration has no fixed relationship of P and
H. Fe;Mo30Og cancel P with respect to the ¢ axis due to

the collinear AFM structure, and Ni;Mo3Og can give rise
to nonzero polarization because of noncollinear arrangement
of Ni [25,30]. In our case, d-p hybridization can produce
electric polarization along the ¢ axis with specific spin con-
figuration in Fe-doped Ni,_,Fe,Mo3;0s. However, the inverse
DM interaction and d-p hybridization mechanism are both
from spin-orbital coupling effect. Moreover, the nonrelativis-
tic exchange striction mechanism described by P o €15(S5152)
supports that the electric polarization along the ¢ axis in
Ni,_,Fe,Mo3Og may be due to the collinear magnetic mo-
ment component. Different from the tremendous P jump
in Fe;Mo3Og at H (collinear AFM to ferrimagnetic), the
slight change of P for Fe; 5sNipsMo3;Og occurs at H, which
may be due to the minor exchange energy gain (AFM to
SF). Additionally, the magnetic point group for the anti-
ferromagnetic order is 6'mm’ in Fe;Mo3Og, allowing the
second-order ME effect. It possesses the symmetry element
necessary to produce piezomagnetic effect [42], which may
also apply to NigsFe; sMo3Og. In this way, the magnetostric-
tion effect (spin-lattice coupling) may also play a role in
NigsFe; sMo3Og under a magnetic field due to the doped
magnetic ion (Fe’")-induced elongation of FeO, tetrahedron
and possible change of spin state [43,44]. This occurrence
further enhances the linear ME effect of Nig sFe; sM030s.

V. CONCLUSION

By substituting the magnetic ion in Ni;Mo3Og, the pri-
mary structural characteristics remain intact. However, with
the increase of Fe content, the antiferromagnetic temperature
was improved, antiferromagnetic exchange interaction was
enhanced, and the magnetic field of spin flop transition de-
creased; the influence of the magnetic field on the spontaneous
ferroelectric polarization associated with the specific AFM
ordering gradually changed from inhibition to promotion. The
clear magnetism-driven ferroelectricity behaviors have been
demonstrated by the quadratic ME response in the AFM re-
gion and linear ME response in the SF region. Significant
tunability of linear ME and converse ME effect was achieved
due to the delicate modification of magnetic interactions.
Overall, Fe chemical doping control is an effective method to
achieve the modification of magnetoelectric materials in the
frustrated magnet Ni;Mo3Os.
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