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Fe,(MoOy); was synthesized and characterized as a prototype of L-type ferrimagnets (L-FiM) with an order-
ing temperature Ty; ~ 12 K using magnetic susceptibility (), specific heat (C,), and dielectric (¢’) anomaly.
Two remarkable findings are magnetic field (H) induced (i) an additional magnetic phase transition at Ty,
below Tyi; and (ii) the emergence of flexible ferroelectric polarization (P) with the tuning parameters H and
T below Ty,. Thus, the H-T phase diagram for spin-induced type-II multiferroics was established. In contrast to
some known multiferroics with a critical field-induced spin-flip P below 7y, the observed multiferroic nature is
exotic. The origin of the profound multiferroic nature may be hidden in the complex 7-and H-dependent spin
and lattice structures. Consequently, the schematic picture of H-induced possible change of lattice symmetry
and conical spin structure has been proposed. More experimental and theoretical works providing solid evidence
and interpretations have been suggested to explore these peculiar multiferroic phenomena.
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I. INTRODUCTION

Type-II multiferroics with strong cross coupling enable the
electric field control of magnetism (and vice versa) and are an-
ticipated to widen the bottleneck of state-of-the-art spintronic
technology [1]. Although conventional materials exclude the
coexistence of magnetic and electric polarization (P), recent
progress has explored unconventional ways to combine them
in both collinear and noncollinear spin geometries, which can
be explained by various spin-induced microscopic mecha-
nisms [2-9]. In magnetic ferroelectrics, the spatial inversion
symmetry is broken by the peculiar arrangement of spins
resulting in finite P [4,7]. The deep roots of connectiv-
ity between magnetic and electric entities occur via either
one or more of the microscopic glues: (i) spin-orbital, (ii)
spin-lattice, and (iii) spin-charge couplings [8]. Noncollinear
spin-spiral states or collinear spin | | 11 configurations dom-
inate type-II multiferroic research [4,10-12]. Furthermore,
the polar crystal lattice enhances P in multiferroic systems
[9]. Competing factors, such as low-dimensional magnetism,
peculiar spin-frustrated lattices, complex magnetic exchange
interactions, and magnetic/crystalline anisotropy energies, de-
termine the formation of either collinear or noncollinear spin
structures [4,7,8]. Additionally, in many multiferroics sys-
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tems, critical fields evoke a spin-flip transition that manifests
the enhancement of P [3,4,11-17].

Ap(MOy)z (A = trivalent cation and M = Mo and W) ma-
terials have received tremendous attention owing to their
flexible crystal structure, which provides distinctive catalyst
and thermal expansion properties [18]. More specifically,
magnetic molybdates (A = RE or TM ions) are of particular
interest because of their unique ferroelastic and ferroelectric
properties [19]. Unlike conventional ferroelectrics, rare-earth-
based molybdates belong to a class of displacive ferroelectrics
without a soft polar mode [20,21]. This improper sponta-
neous P emerges from an elastic instability that gives rise to
spontaneous strain in the original piezoelectric paraelectric
phase [20]. Recently, T-dependent x-ray diffraction (XRD)
has established that improper spontaneous P arises from struc-
tural instability, which leads to the displacement of different
cations with distinct critical behavior [22]. Further, mag-
netic field (H) induced large linear magnetoelectric (ME)
phenomena owing to magnetic crystalline anisotropy have
been established in these systems [23]. In contrast to rare-
earth molybdates, less attention has been paid to exploring
the magnetic and ME properties of transition-metal-ion-based
molybdates. Structural reports are available on two known
Fe;(M00O4); and Cry(MoOy); systems; an orthorhombic to
monoclinic transformation with a ferroelastic nature was es-
tablished at high temperature [19,24,25]. Reports on the
single crystal x-ray diffraction were indexed with two distinct
space groups, P2 /a (centrosymmetric nonpolar with four dis-
tinct Fe sites) and P2; (noncentrosymmetric polar with eight
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distinct Fe sites) [26]. Despite two space groups being dif-
ferent, the chemical environment of Fe?* is similar, where
the corner shared FeOg octahedra was connected MoQy, tetra-
hedral three dimensionally. However, centrosymmetric P2 /a
was widely accepted in the literature based on the grounds of
the absence of a second harmonic signal in Fe, (Mo0Qj); single
crystals [24]. Fe;(Mo0Qy,); is a prototype example of an L-type
ferrimagnet (L-FiM) with long-range magnetic ordering at
Tni ~ 12 K [27,28]. Combined low-temperature Mdossbauer
and susceptibility results were used to enlighten the L-type
ferrimagnetic structure for Fe;(MoQOy4); [27]. The Moss-
bauer effect spectra reveal ferrimagnetic behavior despite
having a similar oxidation state (Fe*™) and chemical envi-
ronment (FeOg) [27]. Below Ty, the temperature-dependent
sublattice magnetizations saturate at slightly different rates
owing to the minor variations in the magnetic exchange
paths between Fe ions [29]. This generates a difference
in the magnetic hyperfine field of the four iron sites and
leads to weak ferrimagnetic behavior. However, as T — 0 K,
the hyperfine fields trend to saturated at similar values re-
sulting in nearly perfect antiferromagnetic ordering [27,29].
Moreover, the magnetic interaction between two Fe3* ions
occurred via complicated Fe*™ —0>~ —Mo®+ —0>~ —Fe3* su-
persuperexchange paths [27-30]. These motivated us to
explore the magnetic and ME properties of Fe,(MoQy,); fur-
ther in the magnetic fields.

II. EXPERIMENTAL DETAILS

Polycrystalline Fe,(MoQOy4); was synthesized using the
conventional solid-state method previously prescribed in
Ref. [31]. The phase purity of the Fe,(MoO,); was as-
certained using high-resolution synchrotron x-ray diffraction
(SXRD) with the 19A beamline of the Taiwan Photon
Source at the National Synchrotron Radiation Research
Center (NSRRC), Taiwan. For SXRD, the polycrystalline
Fe;(Mo0Qy), fine powder was loaded in a glass capillary of
0.3 mm diameter. The data were collected using the reflec-
tion geometry with a wavelength of A = 0.61992 A and a
double crystal monochromator Si (111) with an energy res-
olution of 1.33 x 10~*. Diffraction data were collected in
the 2-120° range in steps of 0.004°. Rietveld refinement
of the SXRD data was performed using FULLPROF suite
software. The surface morphology was examined by scan-
ning electron microscope (SEM, FEI Quanta-200) equipped
with an energy dispersive x-ray spectrometer (EDS) analyzer.
Figure S1(a) of the Supplemental Material shows an SEM
micrograph that demonstrates random shaped grains (size dis-
tribution of 10-50 pwm) separated by grain boundaries [32].
The quantitative analysis by EDS revealed that a Fe:Mo:O
ratio of 0.129:0.179:0.692 is close to the expected stoichiom-
etry of Fe,(MoQy);. DC magnetic measurements under fields
were carried out in the Quantum Design magnetic property
measurement system (MPMS-XL7). Magnetic measurements
were performed in zero field cooling (ZFC) and field cooling
(FC) protocols on a finely grounded powder sample. The spe-
cific heat C,(T, H) was measured with a heat-pulsed thermal
relaxation calorimeter in the physical property measurement
system (PPMS). A precision Agilent 4294A LCR meter with
an operating voltage of Vyc =10V was used for 7- and

H-dependent dielectric measurements. Pyroelectric current
(Ipy) measurements were made with a Keithley 6517B elec-
trometer. Silver paste has been applied on both sides of the
sample (a ~ 12 mm? and d ~ 0.2 mm) to make parallel plate
geometry for dielectric and I, measurements. Dielectric and
I,y measurements were performed in MPMS-XL7 with the
user-designed probe. For I,, measurement, ME poling was
applied at 35 K (far above Ty; with H = 7 T and electric field
E = +2.6 kV/cm) and subsequentially cool to the lowest
T =2 K and removed the stray charges by short circuiting
the leads for about 20 min at 2 K. I,, was recorded while
heating under the same H and zero electric fields. The P was
calculated by integrating the time dependence of the I,y =
S é ot; where a and ¢ denote area and time respectively. All
the pyrocurrent and dielectric measurements were performed
in H1E geometry.

III. RESULTS

A. Crystal structure

The high-resolution SXRD pattern of Fe,(MoQOy4); was
analyzed using the P2;/a space group through Rietveld re-
finement, as shown in Fig. 1(a), and the corresponding fitting
parameters are summarized in Table S1 of the Supplemental
Material [32]. The crystal structure contains four distinct Fe
sites, which form the three-dimensional framework of the
FeOg octahedra by corner sharing with the neighboring MoOy4
tetrahedra [Figs. 1(b) and 1(c)]. The average bond lengths
({Fe-0)) of the four Fe sites indicate two Fe sites (Fe2 and
Fe3) among the four experienced similar crystal-field environ-
ments (shown in Table S2 [32]). Fe20g4 and Fe3Og¢ are highly
distorted with the shortest (Fe-O) bond lengths and a bond
angle that generates different crystal fields for Fe2 and Fe3
magnetic ions.

B. Magnetic, thermal, and electric properties

Fe;(Mo0OQy); is a well established L-type ferrimagnet. De-
spite having a similar valence state (Fe’*) and chemical
environment (FeOg) for all four Fe sites, a weak FiM com-
ponent resulted from the incomplete compensation of the
collinear arrangement of Fe’' ions aroused by the differ-
ence in (Fe-Fe) bond lengths and (Fe-O-Mo) bond angles
[29]. To further confirm the L-type FiM of Fe;(MoQy);, a
low field magnetization has been presented in Fig. S2 [32]
and Fig. 2(a). The x vs T nature of ZFC and FC curves
at H = 0.1 T represent the typical L-FiM behavior with an
almost zero value of x at the paramagnetic (PM) region. A
long-range ordering is established at Ty; ~ 12 K; with a fur-
ther decrease in 7, x decreases monotonically and approaches
zero as T — 0. Overall, x(T) is similar to that of the L-
FiM ordering [28]. The specific heat (C,) at H =0 T with
cooling and heating curves [Fig. 2(b)] exhibits a character-
istic A-shaped anomaly at 7y; ~ 12 K, without the thermal
hysteresis manifesting a second-order phase transition with
long-range magnetic order. In addition, &’ vs T cooling and
warming curves [Fig. 2(c)] at O T exhibits a slope change at
Tx followed by a rapid decrease below Ty;. The coincidence
of magnetic, thermal, and dielectric anomalies indicates a
strong correlation among the magnetism, thermodynamics,
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FIG. 1. (a) Experimental SXRD pattern with the Rietveld refinement of Fe,(MoQy); at 300 K. (b) Crystal structure of Fe,(MoOy);, where

the FeOg4 octahedra corner is connected with the MoO, (Mo atoms are

in blue) tetrahedra, which enables supersuperexchange interactions

through the Fe-O-Mo-O-Fe path. (c) Fe-O bond lengths of all four distorted FeOg (tabulated in Table S2).

and electric properties of this system at H = 0 T. A similar
trend of ¢ vs T curves was observed in several multifer-
roic systems, which was ascribed to the lattice ¢’ anomaly
[33-35].

The x(T) vs T at different H values was presented in
Fig. 2(d). H strongly affects the overall x(7T) profile. The
magnetic anomaly at Ty; was progressively suppressed and
became broader and smeared for H up to 7 T, whereas Ty
was maintained unchanged. More remarkably, H induced an
additional magnetic anomaly upturn at Ty, below Ty;. It is
noted that the anomaly at 7Ty, was continuously enhanced and
shifted toward Tn; with increasing H. An apparent saturated
trend of the x(T) curve at low T suggests the more ferro-
magnetic (FM)-like nature of this transition. Further absence
of irreversibility between ZFC-FC curves at 7 T suggests Tx;
belongs to the second-order magnetic transition (Fig. S3 [32]).
To gain further insight into the magnetic anomaly at Typ,
C,/T(T)in H up to 9 T is depicted in Fig. 2(e) which demon-
strates a clear and startling trend. An H-induced anomaly

emerges at Tnp, consistent with the anomaly in x (T, H) data.
It is plausible that the emerging anomaly of x (7, H) corre-
sponds to the simple phase transition as observed in C,/T.
Simultaneously, the original transition anomaly at Ty; was
gradually suppressed with increasing H. C,/T(T)atH =9 T
is particularly intriguing. The results show that a robust long-
range order is established at 7y, under applying H. These
results imply that, in even higher H, there might exist only
one phase transition at 7y, at the expense of the 7y; phase.
Following these unique x (7, H) and C,/T (T, H) data, the
¢ (T, H) curves shown in Fig. 2(f) demonstrate an exotic
dielectric response, where the application of H induces a
second &’ anomaly at Typ, below Ty, and it progressively
shifts to higher T with increasing H. Amusingly, the on-
set of Ty, matched the second transition in the x (7, H)
and C,/T(T, H) curves. This suggests a complicated cou-
pling between the magnetic, thermal, and electric properties
of the system at 7np. This coupling might be distinct from
that at Ty;.
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FIG.2. x,Cp,and &' for T =210 20 K. (a) x vs T (ZFC-FC) curves at H =0.1T; (b)) G, vs T at H =0T; (c) &' vs T at H =0 T and
frequencies (f) = 100 kHz; (d) x vs T, (e) C,/T vs T, and (f) &’ vs T under H = 1-7 T with AH = 1 T. The color arrows in (d)—(f) illustrate
the onset of Ty, for the respective H values in the x, C,/T, and &’ curves.

C. Magnetoelectric properties

To elucidate the ferroelectric nature of Fe,(MoQOy); at Ty
and Ty, H-dependent I,y vs T curves along with the corre-
sponding P values were measured [shown in Figs. 3(a) and
3(b)]. For H = 0, within the resolution limit of the experi-
mental setup, /,y is almost zero over the entire measured 7'
window. This result is consistent with ¢ vs T for H = 0,
suggesting that the lattice dielectric anomaly does not lead
to P at Ty;. A sharp peak in I, at the onset of Ty» for
H =7 T confirms that 7x; is responsible for P. Further, the
switching of P by changing the poling direction of the electric
field (E) at H = —7 T confirms the ferroelectric nature of the
transition at Tx,. Notably, I,y remains zero at Ty, even for
H =7 T, which excludes the existence of spin-induced fer-
roelectricity near Ty;. To verify and correlate the continuous
variations in Ty, with the H, the I,y vs T curves are shown at

different H in Fig. 3(c). A minute broad peak in ,y(~ 0.5 pA)
starts to appear even for a low H(= 1 T) value at Ty, = 3 K.
When H increases, I, becomes more pronounced, sharper,
and enhanced in magnitude up to Iy = 3.9 pA for H =7 T.
In Fig. 3(d), P = 0 over the entire T range as H = 0. How-
ever, P can be observed for H # 0, even at relatively low
H values. For H = 1T, P increased sharply below Ty, and
became saturated at low T'. As H increased above 1 T, Tn»
shifted to a higher 7', and P saturates at 2.8 x 10~* (1C/cm?)
below T =2 K. A DC bias pyrocurrent (/Ipc) measurement
was performed to check the intrinsic ferroelectric ordering.
Unlike conventional I,, measurement, in the DC bias tech-
nique, the electric field remained switched on and I, was
collected during the warming of the sample. The DC bias acts
as a poling field below ferroelectric transition, polarizing the
dipoles. Thus, for intrinsic ferroelectric transition, DC bias
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FIG. 3. (a) I,y and (b) P of Fe;(MoQy); under H = 0 and £7 T with a pooling electric field of 2.6 kV /cm; (c) Iy (H, T); (d) P (H, T),
which follow x vs T, C,/T vs T, and ¢’ vs T as shown in Fig. 2; (e) I,y under DC bias at H = 7 T with a pooling electric field of 4+-2.6 kV
and a ramp rate of 5 K/min, showing intrinsic ferroelectric behavior; (f) P vs H curve at T = 2 K; the solid blue line represents the linear fit

to estimate the magnetoelectric coupling coefficient.

results in two I,y peaks: one upward peak due to the P of
the ferroelectric dipoles and then a downward peak due to the
depolarization of these polarized dipoles across the transition.
However, such a typical feature is not observed in extrinsic
cases such as leakage currents or thermally stimulated free
charge carriers. The two peaks in the DC bias pyrocurrent
(Ipc) data [shown in Fig. 3(e)] confirm the true nature of the
ferroelectric ordering at 7y,. The linear ME coupling constant
o = 0.563 x 1072 ps/cm shown in Fig. 3(f) is of comparable
order to that of known linear ME materials, such as Cr,O5 and
Co4Nb,O [36-38].

D. H-T phase diagram

With the systematic data of x(T, H), G,/T (T, H),
¢’ (T, H), and P (T, H), the multiferroic phase diagram of
Fe;(Mo00Oy4); shown in Fig. 4 can be delineated with the
corresponding anomalies in Figs. 2 and 3. For H = 0, with
decreasing T, Fe,(MoQ,); changes from the PM state at high
T to an L-FiM state below Ty;. With a finite value of H =
0.35 T, one more phase boundary below 7Ty, develops with the
new anomaly in x in the (T, H), C,/T (T, H), &' (T, H),
and P (T, H) data at Ty,. This phase boundary continuously
shifts toward higher T and approaches Ty; with increasing
H. Curiously, P begins to develop below the phase boundary,
indicating that L-FiM changes into another magnetic order-
ing phase under H where the polarization appears and is
known as the multiferroic region. These results demonstrated
that Fe;(MoQ,); belongs to the type-II multiferroic state be-
low Txz. In type-II multiferroics, the origin of P is closely

associated with specific spin configurations. Detailed knowl-
edge of the spin structure is a prerequisite for understanding
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FIG. 4. H-T multiferroic phase diagram of Fe,(MoQOy); deter-
mined by x vs T, C,/T vs T, and &' vs T (Figs. 1 and 2). The
vertical black line at 7y, ~ 12 K indicates the transition from a PM
to an L-FiM ordering state. The second phase boundary of 7y, from
L-FiM and multiferroic region where the polarization appears is
highly sensitive to the applied H. The white, red, yellow, and cyan
areas indicate the PM, L-FiM, multiferroic region, and unknown area
(owing to the limitation of the experimental window), respectively.
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the spin-charge coupling mechanism in type-II multiferroics
[4]. Unfortunately, no reports are available on the spin struc-
ture of Fe;(M0QO4); under H. Although a reasonable L-FiM
spin structure has been proposed from neutron powder ex-
periments at H = 0, the ground-state magnetic structure has
not yet been fully resolved and remains an open question.
Although the H-T phase diagram established a peculiar type-1I
multiferroic Fe;(MoQOy);, several questions remain unan-
swered. (i) Why is electric P absent for L-FiM order below
Txi1? (i) Why does P only emanate below Tn,? (iii) Why is
Txo strongly modulated by external H? The possible answers
to these questions might lie in the crystal and spin struc-
tures, along with complicated magnetic supersuperexchange
paths.

IV. DISCUSSION AND PROPOSED MECHANISM

Fe;(M0QOy4); has a complex crystal structure with four
different iron crystallographic sites in a three-dimensional
lattice. Each iron atom is surrounded by six (M0QOy) tetrahedra
that prevent the direct Fe-O-Fe superexchange interaction;
indeed, supersuperexchange interactions have been reported
via Fe-O-Mo-O-Fe [30]. Each iron atom has eight nearest
neighbors and six next-nearest neighbors that provide 14
distinct exchange links (Fe-O-Mo-O-Fe) [30]. The net ori-
entation of the spins was controlled by the strength of the
exchange interactions between the sites. The supersuperex-
change interactions were determined by the semiempirical
rule, with the assumption of a dominant AFM interaction,
where the strength increases with the decrease of bond length
and increase of bond angles [30]. The pair of magnetic
moments, Fel-Fe3 to Fe2-Fe4, aligns antiferromagnetically
with an incomplete compensation of the collinear arrange-
ment. This assignment justifies the finite FM moment at
low T and the reasonable agreement with low-7 neutron
diffraction [30].

In type-II multiferroics, the observation of magnetoelec-
tric phenomena is intricately linked to crystal and magnetic
spin structures. In general, either spin-frustrated lattices or
the symmetry-allowed magnetic space groups generates the
finite electric polarization ME systems. However, neither
the FiM structure nor its magnetic space group P2;/a of
Fe,;(Mo00y )5 supports the ME coupling, which agrees with the
observation of the absence of P in the L-FiM spin structure
below Ty; for H = 0 [30,39], which is consistent with the
absence of second harmonic signal for the single crystals
of Fe;(MoOy); [29]. However, as displayed in Figs. 2 and
3, the concurrent emergence of Ty, and finite P strongly
hints at a possible change of pre-existing L-FiM ordering and
crystal symmetry under external A that might trigger modu-
lated spin structures. Furthermore, the low P values perhaps
eliminated the exchange-striction-induced ferroelectricity in
Fe;(Mo00y); (Table S3 [32]). Indeed, the order of magnitude
P matches several well-known noncollinear multiferroic sys-
tems, as shown in Table S3 [32] (see also Refs. [11-15,40,41]
therein). This hints that the contribution of unconventional
spin structures might explain P below 7Tx;. It is important
to note that the low P is not a sufficient condition to rule
out the exchange striction; indeed, other mechanisms such
as p—d hybridization and a combination of two or more

origins are also equally possible and need to be verified
further.

Based on the spin-canting assumption, here we proposed
one of the potential scenarios for the origin of spin-induced
magnetoelectric coupling, where external H modulates the
L-FiM ordering. Figures 5(a) and 5(b) represent a schematic
variation of sublattice magnetization vs 7 for H =0 T and
7 T. Figure 5(c) displays the variation of sublattice magne-
tization vectors in L-FiM. A magnetically induced conical
magnetic ordering at one of the Fe sites is proposed for H =
7 T [shown in Fig. 5(d)]. This assignment is quite possible
for Fe,(MoO4); by comparing the Mossbauer analysis of the
L-FiM Li3Fe,(POy4); system under H. The linear increase
in the canting angle between the total H with the y-ray
directions suggests the canting of iron spins in the FeOg
octahedra [42]. This canting was enhanced with increasing
H, suggesting the formation of spin-spiral states. The linear
variation in P vs H [Fig. 3(f)] strongly supports H-induced
spin canting. Moreover, Fe;(MoQy); is structurally complex
and flexible, and the spin reorientation at the FeOg octahedra
might occur via strong lattice coupling. From the bond length
and bond angle analyses of the structural data (Table S2) [32],
the average bond lengths of (Fe2-O) and (Fe3-O) are slightly
different from those of the other two Fe sites, suggesting
that Fe ions endure slightly different crystal fields. In fact,
this was supported by the Mossbauer spectrum. The thermal
evaluation of the somewhat different hyperfine fields indicates
minor variations in the local crystal fields of the Fe sites
[27,29] that cause slight differences in exchange interactions
and finite FiM components [29]. Further, competition between
the local crystal field and the magnetic anisotropy with the
external Zeeman field may trigger coherent FeOg octahedral
distortions that might lead to noncentrosymmetric polar space
group P2, and the emergence of electrical polarization under
external H. This may result in unconventional conical spin
structures at the Fe sites [43], indeed, resolving the conical
spins that generate a superposition of the L-type and trans-
verse conical spin components.

The electric P in the noncollinear spin systems originates
from the spin current via the inverse Dzyaloshinskii-Moriya
(DM) model (Katsura-Nagaosa-Balatsky model) [4]. The
Fe’*t (d°; orbital angular momentum L =0) electronic
state rules out the spin-orbit mechanism. Considering the
flexibility of the crystal structure and lattice &' anomaly
at Ty for H =0T, one can anticipate that spin-lattice
coupling plays a dominant role in the observed exotic
multiferroicity under H in Fe;(Mo0QOy);. Furthermore, this
analysis adequately agrees with the proposal that an exter-
nal H might distort the crystal lattice via FeOg octahedra
rotation, and concurrently spin-reorientation and electric
P occurred [43]. Meanwhile, the theoretical and exper-
imental validity of the inverse-DM mechanism in these
complex supersuperexchange interaction pathways might pro-
vide a deeper understanding of the magnetoelectric coupling
in Fe;(M0Oy);.

Observing H-induced second magnetic ordering and its
associated electric coupling makes Fe,(MoQO,4); a peculiar
multiferroic distinct from other well-established spin-flip-
induced type-II multiferroic members, for example, in sys-
tems like TbMnO3, CoCr,04, and MnWOQO,, where structural
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FIG. 5. (a) Schematic representation for the 7 variation of sublattice magnetizations compared with the experimental x vs T curve for
the L-FiM nature. (b) Subtle changes in the sublattice magnetizations of L-FiM under H where the multiferroic behavior has been observed.
Simplified representation of the spin alignment of sublattice magnetization in. (c) L-FiM. (d) possible conical spin configuration at one of the

Fe sites (for simplification, here we assumed two magnetic sublattices for four Fe3*
ions). The red, black, and green lines and arrows illustrate the variation in the sublattice spins M,, My, and AM = M, — M,

pair of Fe**

ions sites and each sublattice represents an FM coupled

respectively, whereas the blue arrows indicate the random spin alignment in the PM region.

changes usually drive the noncollinear magnetic configuration
at zero fields. Then, the H-induced spin flop reorients the
spin spiral plane between different crystallographic directions
and leads to a giant electric P [13,14,44]. In contrast, the
present system is very distinct such that H-induced entirely
new magnetic and electrical orderings appear below L-FiM
at Ty;. Although the proposed conical spin structure quali-
tatively explains the origin of multiferroic behavior, it further
needs to be verified experimentally. At present, the actual spin
structure below Ty, is unknown; different equally persuasive
interpretations might, in principle, validate the observed ex-
otic magnetoelectric nature. Further, possibilities of crystal
structure change from P2, /a to polar P2; under magnetic field
need to be investigated. Hence the origin of the magnetic-
field-induced ferroelectricity is still an open question and
needs to be resolved quantitatively. Therefore, growing single

crystal Fe;(MoQy);, analyzing its lattice and spin structure
via neutron scattering, and probing the Fe electronic structure
via optical spectrum below 7y, and under H are extremely
demanded.

V. CONCLUSION

In summary, the magnetic and electric properties of
Fe;(Mo0QOy); were investigated. (i) The L-FiM ordering at
Tni ~ 12 K was verified with x (7') and C,(T') anomalies. (ii)
Other than the anomaly that occurred at Ty;, an additional
magnetic anomaly built up at lower temperature Ty, at in-
creasing H shows an exotic magnetic ordering state. Thus,
the H-induced conical magnetic state from the original L-FiM
was proposed. (iii) The H-induced switchable ferroelectric
polarization (P) was measured corresponding to the magnetic
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state below Tnp. Thus, the type-II multiferroic behavior was
established by the H-T phase diagram. (iv) In contrast to the
commonly observed H-induced spin flip and P with a certain
critical field (H,) at Ty, observed H-dependent Ty, and ME
coupling was exotic. (v) The results open new thoughts for
novel multiferroic mechanisms besides existing ones; there-
fore, more theoretical, and experimental works are needed for
further exploration.
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