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Magnetoelectric (ME) materials face challenges in terms of practical applications and understanding of the
underlying mechanisms of some phenomena. Studying these phenomena in glassy systems may provide fresh
insights, but research along these lines remains limited. Our study reveals the existence of a glassy state at high
temperature in single-crystal FeNiMo;Og (FNMO), providing a unique perspective for comprehending other
high-temperature physical phenomena in this system. Remarkably, FNMO exhibits enhanced ME coupling,
achieving the ME effect at elevated temperatures relative to other members of the M, Mo;0g family, and coupling
with a higher second-order ME coefficient than its parent phase. Our research establishes a direct relation
between the ME effect and the glassy state. The emergence of exchange bias in FNMO is controlled by the spin
coupling at the interface between the glassy state and the antiferromagnetic state, opening up novel pathways for
developing high-performance magnetic memories by using single-phase materials.

DOL: 10.1103/yn33-jfp3

I. INTRODUCTION

In the broad field of condensed-matter physics and mate-
rials science, the magnetoelectric (ME) effect and exchange
bias (EB) are of crucial importance due to their significance
in advanced technological applications. The ME effect is
observed in materials that exhibit an electrical response in
magnetic field and vice versa. This phenomenon is pivotal
in promoting innovative applications in fields such as in-
formation storage [1], sensors [2], and novel logic devices
[3]. Likewise, EB, characterized by a noticeable shift in the
magnetic hysteresis loop of certain systems, is crucial for en-
hancing the stability and performance of spin-based memories
[4,5] and electronic devices [6].

Historically, the research in these fields has been fo-
cused mainly on materials with long-range magnetic order.
In the field of ME, traditional multiferroics, which break
inversion symmetry, have been extensively explored [7,8].
Although considerable progress has been made, its practical
applications still face great challenges. For instance, type-I
multiferroics exhibit weak ME effects [9], while type-II multi-
ferroics require low operating temperatures to induce electric
polarization [10], which limits their practical applications.
These challenges highlight the necessity of finding novel
methods for advanced ME materials. In the field of EB re-
search, the main focus has been on magnetic heterostructures,
particularly ferromagnet/antiferromagnet (FM/AFM) bilayers
[11,12]. Nonetheless, after over 70 years of research, a thor-
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ough understanding of EB, especially regarding the influence
of disorder and spin frustration at interfaces, remains an unre-
solved problem [13,14].

The spin-glass (SG) state is at the forefront of current
research, playing a crucial role in revealing the complexities
of ME and EB phenomena in new materials. Recent investi-
gations demonstrated that long-range magnetic order is not a
prerequisite for ME coupling in certain glassy systems [15].
More importantly, these materials reveal innovative ME cou-
pling mechanisms [16] and demonstrate the potential for ME
coupling at higher temperatures [17], thus opening up new
avenues for research. Additionally, the EB phenomenon, tradi-
tionally observed in magnetic heterostructures, was identified
in single-phase SG materials [18,19]. Those explorations into
a glassy state indicate a promising direction for further under-
standing the underlying mechanisms of the ME effect and EB.
The glassy state is characterized by disordered and metastable
magnetic moments [20], which are in stark contrast to the
ordered states in FM or AFM materials. The inherent frus-
tration in glassy systems, stemming from structural disorder
[21], chemical intermixing [22], or competing exchange in-
teractions [23], is a critical aspect. Due to the fact that the
intersection of a glassy state and the ME effect is a burgeoning
field of research, examples of such systems are scarce, so
targeted searches based on the magnetic cluster formation
condition are both meaningful and necessary.

The M;Mo30g (M = Mn, Fe, Co, Ni) family, which is well
known for its intricate magnetic phase competition [24-28],
provides an ideal framework for investigating these complex
phenomena. Belonging to the polar space group P63mc [29],
its crystal structure features layers arranged in a honeycomb-
like pattern for M, and a kagome-like structure for Mo; along

©2025 American Physical Society


https://orcid.org/0000-0003-4677-2455
https://orcid.org/0000-0002-8086-0910
https://ror.org/05cvf7v30
https://ror.org/05qbk4x57
https://ror.org/020vtf184
https://crossmark.crossref.org/dialog/?doi=10.1103/yn33-jfp3&domain=pdf&date_stamp=2025-07-07
https://doi.org/10.1103/yn33-jfp3

JUNKAI YANG et al.

PHYSICAL REVIEW B 112, 024407 (2025)

(@)

Qo o ———

xo XO 0
Fe ~~ l %3— Ni
- N\
s 7>—~~o 7
Q ﬁ? o Moo
c | *Q
1 — — f‘: /?
a b
(b) (d)
T T T T 150 F
- T = . 2@
2 Q % S 75t :
= S e |~ do o
< < S 5
& < £ 0 .
£ 2 1s50f o
=
£ {
= 751 |
- g0 o
[ I B | |
. . . . 0 L -
0 20 40 60 80 100 0.4 0.6 0.8 1.0
20 (deg) Normalized intensity (arb. units)

FIG. 1. Structural characterizations of FNMO. (a) Crystalline
structure of FNMO. (b) XRD pattern of as-grown single crystal. (c)
HAADF image of FNMO along the [100] direction, with a scale bar
of 0.5 nm. The left side shows an experimental image, while the
right side displays a simulated image. The parameters used for the
simulation are based on those under real experimental conditions.
The structural model overlaid on the upper right corner of the image
represents Mo atoms as white spheres and O atoms as red spheres.
Yellow and purple markings, respectively, indicate tetrahedral sites
occupied by Fe atoms and octahedral sites occupied by Ni atoms.
(d) The statistical results of the intensities for tetrahedral sites and
octahedral sites in the experimental image, where the intensities are
normalized. The yellow (purple) curve represents the Gaussian fitting
result of the intensity distribution at tetrahedral (octahedral) sites.

the c-axis [Fig. 1(a)]. Despite M;Mo030g exhibiting signifi-
cant polarization and a pronounced ME effect, the operational
temperature is typically below 60 K, posing a limitation for
practical applications. Furthermore, the understanding of the
M>Mo;0g family, especially at high temperatures, is still
developing. Phenomena such as negative thermal expansion
[30], the optical diode effect [31], and unusual phonon modes
[32] highlight significant gaps in our knowledge. The rich
magnetic phase competition in M;Mo30g creates favorable
conditions for the emergence of a glassy state. The potential
existence of a glassy state could provide a new perspective
for explaining these anomalies observed at high temperatures,
thus requiring further experimental validation.

Inspired by these insights, we focus our attention on
FeNiMo3;Og (FNMO), a material in the M;Mo3Og family that
has not been extensively investigated before. In terms of struc-
tural analysis, the synthesized single-crystal samples provide
reliable experimental evidence for settling the long-standing
debate about atom occupation. The results indicate that Ni**+
ions tend to occupy octahedral sites. Regarding the physi-
cal properties, various experimental approaches consistently

indicate the existence of a glassy state in FNMO at higher tem-
peratures (T < 125K), providing a reasonable explanation
for the concurrent negative thermal expansion phenomenon.
Furthermore, at lower temperatures (7 < 50 K), FNMO ex-
hibits both an AFM state and a glassy state. The interaction
between these two magnetic phases leads to the emergence
of EB. Notably, FNMO exhibits a significant enhancement in
ME coupling, achieving the ME effect at higher temperatures
than other members of the M;Mo30g family and displaying a
substantial increase in the second-order ME coefficient with
respect to the parent phase Fe,Mo3;Og. Additionally, our ex-
periments demonstrate a significant correlation between the
ME effect and the glassy state in FNMO. This research aims
not only to bridge the gaps in our understanding of these
complex magnetic phenomena, but also to lay a foundation for
developing high-performance magnetic memories and high-
temperature ME applications.

II. MATERIALS AND METHODS

Single crystals of FNMO were successfully synthesized
using the chemical vapor transport reaction, as detailed in
Ref. [33]. We utilized high-purity materials, including Fe,
Fe;03, NiO, and MoQO,, along with TeCly as a transporting
agent. These components were sealed in evacuated silica tubes
and then subjected to a two-zone furnace process at 1000 °C
for a duration of 10 days, facilitating crystal growth. The com-
positional analysis was conducted using scanning electron
microscopy (SEM) (HITACHI, Regulus 8230) paired with
energy-dispersive x-ray (EDX) spectroscopy. X-ray diffrac-
tion data were collected using a diffractometer (Bruker, D8
VENTURE), utilizing Mo Ko radiation (A = 0.71073 10\)
at a temperature of 293(2) K. For structural refinement,
we employed the SHELXL software package [34]. Specimen
preparation for scanning transmission electron microscopy
(STEM) was carried out using focused ion beam milling (FEI,
Helios 600i). The atomic structure was subsequently exam-
ined with a transmission electron microscope (JEOL, ARM
300F), which features double spherical aberration correctors,
achieving a spatial resolution below 63 pm at 300 kV. A mul-
tiline simulation program (HREM Research, xHREM) was
utilized for the quantitative analysis of the STEM image [35].

For the measurement of dc molar susceptibility (xm,) and
magnetization (M), we employed a magnetic property mea-
surement system (Quantum Design, MPMS-3). The ac molar
susceptibility and electrical properties were assessed using
a physical property measurement system (Quantum Design,
PPMS-9T). To measure the relative dielectric constant (&,) and
electric polarization (P), silver paste electrodes were applied
to the parallel end surfaces of the specimen. The ¢, were
determined at various frequencies using an LCR meter (Ag-
ilent, E4980A). The value of P was calculated by integrating
the time of the polarization current, recorded with a precise
electrometer (Keithley, 6517B). For pyroelectric current (J)
measurements, the sample underwent cooling from 200 to
5 K with a poling electric field (Ep = £480 kVm™"). J
was recorded from 5 to 150 K post removal of Ep, and a
subsequent 30-min wait to dissipate space charges, thereby
mitigating any extrinsic contributions. The &, and J measure-
ments, responsive to temperature and magnetic field, were
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performed at a warming rate of 2 K min~! and a magnetic field
ramping at 100 Oe s~!.

III. RESULTS AND DISCUSSION

The FNMO single crystal generally exhibits the char-
acteristics of a hexagonal prism, which is consistent with
sixfold rotational symmetry. We quantitatively analyzed the
elemental composition in different regions of the sample by
using an energy-dispersive spectrometry (EDS), and the re-
sults are shown in Table S1 of the Supplemental Material
[36]. The elemental ratios in different regions of the sam-
ple are almost the same, with the average result showing
Fe : Ni = 0.48 : 0.52 and (Fe + Ni) : Mo = 2.03 : 3, which
are essentially consistent with the nominal composition ratios.
To confirm the symmetry of the sample, we characterized the
crystal structure in detail by using x-ray diffraction (XRD) and
selected-area electron diffraction (SAED), and the results are
shown in Figs. 1(b) and S1, respectively [36]. The sharp and
clear diffraction peaks, along with the diffraction pattern that
possesses the same characteristics as Fe;Mo3Og, indicate that
the sample has the space group P63mc and good crystallinity.

In previous studies on FNMO polycrystals [37,38], the
specific occupancy of Fe and Ni in the crystal structure is still
a contentious issue. Due to our successfully growing FNMO
single-crystal samples, we have an opportunity to investigate
this issue in greater depth. To obtain a more accurate under-
standing of the occupancy rate of doping atoms, we refined
the structure of single-crystal XRD (SCXRD) data as listed
in Table S2 [36]. The refinement result shows that a weighted
R-factor wR; is only 3.36%, highlighting the high reliability
of the research results [39]. The lattice constant of FNMO is
between those of Fe;Mo3;0g and Ni,Mo3Og. The Ni content is
determined to be approximately 51%, which is consistent with
the EDS data. More importantly, the refinement also reveals
that the octahedral positions are almost entirely occupied by
Ni?* ions (see Table S3 [36]), which is consistent with Moss-
bauer spectroscopy observations [37].

Furthermore, we conducted a more in-depth study of the
crystal structure by using scanning transmission electron
microscopy (STEM). The left half of Fig. 1(c) displays a high-
angle annular dark-field (HAADF) image of FNMO along the
[100] direction. The statistical analyses for the intensities of
atoms at tetrahedral and octahedral positions in the image are
shown in Fig. 1(d). The intensities at both positions follow
a normal distribution, and it is noteworthy that the intensity
at the octahedral position is significantly higher than that
at the tetrahedral position. This is also consistent with the
conclusion we obtained previously through the refinement of
SCXRD. The higher intensity at the octahedral position is due
to the larger atomic number of Ni than that of Fe [40,41]. To
verify the accuracy of the statistical result, we constructed two
different occupancy structure models and validated them by
using HAADF image simulation. From the simulation results,
the structure model with Ni>* ions at the octahedral positions
is more consistent with the experimental result (see Fig. S2
[36]). Taking into consideration both the refinement results of
the SCXRD and the intensity statistics of the HAADF images,
we can conclude that in FNMO, Fe?* ions are more inclined to
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FIG. 2. Temperature-dependent magnetic susceptibility of

FNMO. Variations of dc molar susceptibility x,, with temperature
along (a) the c-axis and (b) the a-axis, where the FC and ZFC data
are represented by a blue line and a red line, respectively. The gray
dashed lines denote the Curie transition temperature 7c in panel (a)
and the Néel transition temperature 7y in panel (b). (c) Variations
of real part x, and (d) imaginary part x,, of ac susceptibility with
temperature along the a-axis. The data are measured at different
frequencies and an amplitude of 10 Oe. The inset in panel (d) shows
the plot of log(f) vs 10g[(T;, — Tireeze )/ Tireeze] and the best fit (orange
dashed line).

occupy tetrahedral positions, while Ni** ions tend to encroach
on octahedral positions.

We also measured the lattice constants of FNMO at vary-
ing temperatures by using SAED. Figure S3 shows SAED
patterns taken at room temperature and in a liquid nitrogen
temperature region [36]. After cooling, no new diffraction
spots are observed and the diffraction pattern remains un-
changed, indicating that FNMO does not undergo a structural
transition at 95 K. The analysis of the lattice constants reveals
an increase in the lattice parameters of FNMO after cooling,
as shown in Table S4 [36]. Similar negative thermal expansion
phenomena were observed in both Fe;Mo3;Og and Ni;Mo3Og
[38], and neutron powder diffraction indicated that the nega-
tive expansion may be related to short-range magnetic order
[42]. Therefore, we subsequently conducted an in-depth study
of the magnetic properties of FNMO.

Figures 2(a) and 2(b) show the temperature-dependent
magnetic susceptibility obtained when 0.1 T is applied along
the c-axis and a-axis, respectively. The x,, of FNMO along the
c-axis exhibits distinct AFM characteristics, specifically, it be-
gins to decline at the onset temperature of the Néel transition
(Ty = 50K) and approaches zero at low temperatures. The
similarity of the susceptibility curves with those of Fe;Mo30g
suggests that the spins in FNMO are likely aligned along the
c-axis. Interestingly, in the results obtained along the a-axis,
the ym, shows not only a small peak at Ty, but also a charac-
teristic similar to a ferrimagnetic (FIM) transition at a higher
temperature (7c = 134 K). As a function of temperature, the
magnetization of FNMO at high temperatures (7 > 150 K)
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follows the Curie-Weiss law (Fig. S4 [36]):

C

Xm(T) = Xo+ 7 6]
where y( represents the temperature-independent contribu-
tion. The values of Curie-Weiss temperature 6 for both
directions are negative, specifically, . = —64K and 6, =
—178 K, indicating that the spin coupling in the material ex-
hibits AFM characteristics. Further comparison between the
magnetic moments . = 3.40uy and u, = 4.18ug, which are
derived from Curie constant C, indicates significant magnetic
anisotropy between the ab plane and the c-axis. Due to the
orbital-driven Peierls effect, Mo*t ions form nonmagnetic
trimers [43,44]. This results in only Fe?t (with a theoretical
spin value of only 4.90ug) [45] and Ni** (2.83up) ions con-
tributing to magnetism in FNMO. The FNMO displays a more
complex magnetic structure than Fe;Mo3;Og, and a higher
magnetic ordering temperature than Ni;Mo3;Og. Its changes
stem from the preferences of Ni and Fe ions for a unique site.
In magnetic materials, the preference for a specific crystallo-
graphic site significantly influences the exchange interaction
that is crucial for establishing magnetic order. The intricate
interaction dynamics between the Fe and Ni ions in FNMO
may also explain the observed FIM-like transition at higher
temperatures than in the parent phase.

It is noteworthy that both the field-cooling (FC) curve and
the zero-field-cooling (ZFC) curve bifurcate when the temper-
ature is lower than T, which indicates that the irreversibility
occurs in different cooling processes. This kind of bifurcation
phenomenon was reported in glassy materials and superpara-
magnetic systems [46,47]. To understand the nature of this
phenomenon, we measured the real part x; and imaginary
part y, of the alternating current (ac) molar susceptibility
of FNMO, and the results are shown in Figs. 2(c) and 2(d).
First, a frequency-independent peak is observed at T¢ in each
curve, which is a characteristic of FIM order [48]. Second,
a small anomaly is observed just below 134 K, meaning the
onset of a transitional magnetic state, arising from competing
magnetic phases in the frustrated FNMO. Third, as the tem-
perature decreases, a pronounced frequency-dispersive bulge
appears in . . The peak position, 7,, shifts with the change
of applied frequency, indicating the existence of a glassy state
in the material. These peaks, which represent the FIM state,
the transitional magnetic state, and the glassy state transition,
respectively, are also observed in x,,. The relationship of T}
with frequency can be described by using a dynamic scaling
law [49,50]:

1 T, — Treeze \ "
= _ TO( p free: e) ’ (2)
f

2'7-[ Tfreeze

where 1 is related to the characteristic spin flipping time,
zv is the dynamic critical exponent, and T, iS the static
freezing temperature for the glassy state. The fitting result
indicates that Ti.e,e 1S about 49 K as indicated in the inset
of Fig. 2(d). Notably, for a canonical SG system the 7y lies
between ~ 1072 and 10" 5 [48,51,52], which is smaller than
the observed value of 107® s by a few orders. The larger 7,
indicates toward freezing of magnetic clusters [53].

Previous studies show that a multivalley energy landscape
generated by spin frustration occurs after the material has
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FIG. 3. Glassy state characterization and exchange bias of
FNMO. (a) Thermoremanent magnetization measurements (dots)
along the a-axis performed at various temperatures with correspond-
ing fits (lines). The sample is cooled to the target temperature in a
field of 0.1 T along the g-axis, and after a period t,,, the magnetic
field is removed and the relaxations are recorded. (b) Temperature-
dependent exchange bias field woHgg, which is extracted from each
loop by taking the average of the x intercepts. The inset shows the
definition of oHgg (red line). (c) Hysteresis loops along the a-axis
at different temperatures, with the dashed lines marking the position
of the origin. Data are vertically shifted for clarity. Under each test
condition, the sample is first heated to the paramagnetic state (200
K) and then cooled to the target temperature in zero field so as to
eliminate the interference of the residual magnetization in the sample
with the experimental results.

entered the glassy state [20,46,54]. This nonergodic nature
leads to complex magnetic relaxation process, manifested as
slow variation in magnetization over time after the external
magnetic field has been removed. For the measurement of
thermoremanent magnetization (TRM), the sample needs to
be cooled to the target temperature under an applied mag-
netic field, then maintained for a period ¢, under that applied
field. These experimental results under different conditions
are shown in Fig. 3(a). Notably, the magnetization does not
show any relaxation phenomenon at 200 K nor 2 K, which is
because at 200 K the material has not yet entered the glassy
state, while at 2 K (7" < Ty) the glassy state is frozen, which is
consistent with the fitting result of Tiee,e & Ty obtained from
Eq. (2). At 100 K, FNMO exhibits a relaxation phenomenon
of magnetization over time, and this process can be described
by using a typical stretched exponential decay function [55]:

B
M) = Mo +Mc,exp[—<t5) } 3)
0

where M, represents the initial remnant magnetization, Mg
is the magnetization of the glassy state component, 7 is the
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characteristic relaxation time constant, and g is the stretching
exponent. The 8 values obtained for different values of 7, are
0.35 (orange line) and 0.25 (green line), respectively. Both
of these fitted values are within the typical range for glassy
systems [51,52,56]. Furthermore, longer ¢, values are related
to higher magnetization values, which is another characteristic
feature of glassy magnetic systems [20,46].

The magnetization of the sample as a function of applied
magnetic field is measured after ZFC, and the results are
shown in Fig. 3(c). These two interesting characteristics are
worth noting. First, it can be clearly seen that with the de-
crease of temperature, the hysteresis loop first appears and
then disappears. These characteristic changes are the same as
the behaviors of relaxation phenomena discussed previously,
and the appearance temperatures of both phenomena (Ty <
T < Tc) are the same, which further indicates that the uncom-
pensated magnetic moment in the material originates from the
glassy state. Second, when 7' < Ty, the hysteresis loop has a
lateral shift, which is a characteristic of the EB [57,58]. The
magnitude of the EB field, oHgg, can be calculated from the
following formula:

HoHintt + poHine
5
where poHin and poHin, are the intercepts on the horizontal
axis as shown in the inset of Fig. 3(b). It can be noted that a
distinct uoHgp appears as FNMO enters the AFM state, and
woHgp gradually increases with further decreasing tempera-
ture.

In the study of electrical properties of FNMO, we first
characterized the variation of the relative dielectric constant
& with temperature, which is shown in Fig. 4(a). At the
temperature of the AFM transition, anomalies are observed
in &, along both the [001] and [120] directions, indicating that
the magnetic phase transition in FNMO significantly affects
its dielectric properties. In addition, the anomalies of the curve
do not shift with frequency, thus ruling out the possibility of
relaxor ferroelectricity. Unlike traditional ferroelectric mate-
rial where ¢, exhibits a sharp peak at the phase transition, the
change in &, of FNMO is relatively gradual, suggesting that
FNMO may not possess ferroelectricity at low temperatures.

In the absence of an applied polarization electric field, we
measured the pyroelectric current J(7) of FNMO, and the
results are represented by the dark green curve in Fig. 4(b).
Several key points in the figure are noteworthy. First, the
J(T) signal appears in FNMO below 125 K, which coincides
with the temperature of the glassy state identified through
magnetic characterization, indicating a clear correlation be-
tween the two phenomena. Second, at the AFM transition
temperature, J(7) undergoes significant changes, indicating
that long-range magnetic ordering triggers off an additional
pyroelectric current. Lastly, a reverse J(7) signal was de-
tected at low temperatures (~ 30 K). Since the appearance of
this signal does not coincide with any dielectric or magnetic
anomalies, we believe that this is not intrinsic to the sample;
the data below 30 K are shown for completeness only. Similar
phenomena were observed in J(7) measurements for other
materials [59,60], but they are more likely to be due to the
influence of free charges that are inevitable in the testing
process [61,62].
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FIG. 4. ME coupling of FNMO. (a) Temperature-dependent rel-
ative dielectric constants under applied electric fields at four different
frequencies. (b) Temperature-dependent pyroelectric current J(7')
(dark green curve) and electric polarization AP(T') (orange curve)
along the c-axis. (c) Magnetic-field-dependent change of electric
polarization AP(H ) with uoH (T') applied along the c-axis at various
temperatures. (d) The second-order ME coefficients from the fitting
as a function of temperature, with short black lines representing error
bars.

By integrating J(T) over time, we obtained the variation
of the polarization AP(T) in FNMO as shown by the orange
curve in Fig. 4(b). Like the trend of J(T), AP(T) gradually
strengthens with the emergence of the glassy state and peaks
after the AFM transition, followed by a decrease due to the
influence of free charges. Notably, this change in polarization
does not reverse with the direction of the applied electric
field changing (Fig. S5 [36]), indicating that FNMO exhibits
pyroelectricity rather than ferroelectricity. Although the struc-
ture of FNMO belongs to a polar point group (6mm), its
polarization direction cannot be switched. From an energy
perspective, the opposite polarization states in ferroelectric
materials typically have low-energy barriers, allowing for po-
larization reversal by applying electric fields similar to energy
levels. However, in pyroelectric materials such as NizTeOg
[63] and CaBaCo40O7 [64], due to the asymmetry of the
structure in the two polarization states, the energy barrier for
reversing polarization is actually infinite.

Figure 4(c) shows the changes in polarization of FNMO
under different magnetic fields, i.e., the ME effect. Notably,
the ME coupling exhibits a trend of first increasing and then
decreasing with decreasing temperature. To quantitatively an-
alyze the ME effect, we use a second-order polynomial to fit
the AP(H) curve and obtain the ME coefficient from

AP = Py+ aH + BH?, (5)

where P is the crystallographic and spin-induced spontaneous
polarization, and « and § are the first-order and second-order
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ME coefficient, respectively [24]. The fitting results indicate
that the ME effect in FNMO mainly arises from 8 as shown
in Fig. 4(d). With the emergence of the glassy state, the ME
coefficient gradually increases with decreasing temperature
but rapidly decreases below the AFM transition temperature.
The magnitude of the ME coefficient in FNMO was analyzed,
and the largest 8 was measured at 45 K (1.8 x 107'% s/A),
which has a significant enhancement of about ten orders of
magnitude compared with the 8 at 45 K in Fe;Mo3;Og (1.81 x
10728 s/A) [65]. Additionally, compared with 1.7 K at which
the B value in Ni;Mo3Og reaches —5.1 x 107" s/A [27], the
temperature for ME coupling in FNMO is notably high.

The refinement result of SCXRD and the intensity statistics
of HAADF images both indicate that in FNMO, Fe?t ions
tend to occupy tetrahedral sites, while Ni’>* ions are more
inclined to encroach on octahedral sites. This preferential oc-
cupation can be analyzed from the perspective of ligand field
theory. Ligand field stabilization energy (LFSE) represents
the decrease in total energy of transition-metal d electrons
entering the split energy levels formed by the crystal field,
compared with entering into the degenerate state [45]. The
difference in LFSE between octahedral complex and tetra-
hedral complex, (LFSEq-LFSErT), also known as octahedral
site preference energy (OSPE), can quantitatively evaluate the
degree of preference of different electronic configurations for
ligand environments [66]. As shown in Table S5, the OSPE
of the d® electronic state is smaller, indicating that Ni’>* ions
preferentially occupy octahedral sites, thereby lowering the
overall energy of the system [36,67]. This theoretical analysis
provides a reasonable explanation for the experimental results
of SCXRD and HAADF.

Multiple experimental methods confirm the existence of
a glassy state in FNMO. First, the direct current (dc) mag-
netization curves show that below 7¢, a bifurcation occurs
between the FC curve and the ZFC curve, as can be seen
in Figs. 2(a) and 2(b), which is typically attributed to the
freezing of magnetic moments [68]. When the crystalline
anisotropy of small domains overcomes thermal fluctuations,
spins are frozen in random directions, leading the ergodicity
to break down [69]. Varying the magnitude of the magnetic
field applied in the measurement process can change the
free-energy minimum value, thus causing a change in the
temperature at which the FC and ZFC curves bifurcate as
shown in Fig. S6 [36]. Second, the ac susceptibility curves ex-
hibit two peaks, which represent the FIM state transition and
the glassy state transition, respectively [Figs. 2(c) and 2(d)].
This characteristic of transitioning from long-range magnetic
order to disordered phase after cooling is reminiscent of
reentrant spin glass (RSG) [70]. Third, the measurements of
magnetization over time reveal slow spin relaxation dynam-
ics in FNMO [Fig. 3(a)], another characteristic feature of
glassy magnetic materials. The formation of a glassy state is
generally accompanied by disorder and frustration [71]. The
FNMO crystallizes in the polar space group P63mc, featuring
a honeycomb network for the M, layer. This two-dimensional
lattice inherently contains triangular motifs, which prevent
all nearest-neighbor spin couplings from simultaneously sat-
isfying their lowest-energy configurations, thereby inducing
geometric frustration. In Fe;Mo3Og and Ni,Mo3;Og, magnetic
phase competition can be jointly controlled by magnetic field

and temperature, thereby producing a variety of magnetic
phases [27,65]. Additionally, the competing magnetic inter-
actions within the system may lead to spin frustration, which
hinders the formation of a perfectly ordered state, resulting in
the emergence of a disordered phase [72].

The glassy state in FNMO generates a series of novel phe-
nomena, such as the observation of EB below Ty [Fig. 3(b)].
Figure S6 shows that the FC and ZFC curves under 1 T field
are virtually identical, demonstrating that the 1 T applied field
is sufficient to overcome any remanent magnetization in the
MPMS, thus eliminating its influence on the EB measurement
[36]. Regarding the physical origin of the EB, the interaction
between two magnetic phases is often considered to be a key
factor in multilayer films [73]. Therefore, it can reasonably
be expected that the coexistence of a glassy state and an
AFM state in a single-phase material would also lead to the
emergence of EB [19,74]. This implies that the pinning effect
can exist not only at thin-film interfaces but also throughout
the entire sample space. As the temperature decreases, the
influence of thermal disturbances on the pinning effect weak-
ens, causing joHgg to increase rapidly. More importantly, like
some RSG systems [74-77], EB can be observed after ZFC in
FNMO, which is undoubtedly beneficial for the applications
of EB in spintronic devices.

The ME effect in FNMO also shows a profound connection
with the glassy state. A key observation is that the onset
temperature of the pyroelectric current aligns with the forma-
tion temperature of the glassy state, both occurring around
125 K. This temperature is notably higher than those ob-
served in other M>,Mo3Og family members [24-27], including
Ni2M0308 (5 K), C02M0308 (405 K), Mn2M03Og (415 K),
and Fe,Mo30g (60 K), and also higher than those in some SG
materials [16,78,15], such as NiMnTiO3; (10 K), StMnTiO3
(38 K), and BaCogTigO;9 (50 K), highlighting the distinc-
tiveness of FNMO. In exploring the ME effect mechanism,
previous investigations on M;Mo30g mainly concentrated on
long-range magnetic order, while our study reveals that short-
range magnetic order can equally induce the ME effect. In
FNMO, the significant spin-lattice coupling, inferred from
the negative thermal expansion in the glassy state, likely
contributes to this ME coupling [30,79]. Moreover, our quan-
titative analysis of the ME effect demonstrates that the ME
coefficient first increases and then rapidly decreases as the
temperature decreases [Fig. 4(d)]. This behavior in the high-
temperature range (Iy < T < T¢) can be understood because
decreasing temperatures cause the magnetic domain size to in-
crease, thereby amplifying the ME effect in FNMO. However,
when entering the AFM state (T < Ty), the interplay between
the magnetic clusters and AFM phases cannot be ignored.
The EB confirms the persistence of the glassy state, but the
response of the magnetic clusters is markedly reduced by the
influence of interfacial spin coupling. This interaction leads
the ME coupling to decrease significantly, thereby providing
a comprehensive explanation for the observed temperature-
dependent behavior of the ME effect in FNMO.

IV. CONCLUSION

We have successfully synthesized single-crystal FNMO
and conducted comprehensive studies on its structure,
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magnetism, EB, and ME effect. Through SCXRD refinement
and HAADF image contrast statistical analysis, it is con-
firmed that Ni** ions prefer to occupy octahedral sites. The
existence of a glassy state in FNMO at high temperatures,
caused by competing magnetic interactions, is confirmed
through ac magnetic susceptibility and TRM measurements.
The confirmation of the glassy state provides a new direction
for explaining other novel physical phenomena occurring in
this system at high temperatures. Notably, FNMO exhibits
a significant enhancement in ME coupling. FNMO not only
achieves the ME effect at higher temperatures than other
members of the M>Mo3;Og family, but it also shows a signifi-
cant increase in the second-order ME coefficient, by 10 orders
of magnitude compared with the parent phase Fe,Mo3Os.
Further research finds a close relation between the ME effect
and the glassy state in FNMO, specifically, as the magnetic
domains increase (or freeze), the ME coefficient correspond-
ingly increases (or decreases). This discovery provides a new
perspective for understanding the complex ME mechanisms
in this family. After forming long-range magnetic order, the

spin coupling at the interface between the glassy state and the
AFM state leads to EB. The discovery of EB in this material
provides a new approach for developing high-performance
magnetic memories in single-phase materials. Overall, these
research findings not only deepen our understanding of the
magnetic structure and ME effect in M,;Mo3Og, but they also
reveal that appropriate chemical doping can optimize its ME
coupling performance, thus providing feasibility for the prac-
tical application of high-temperature ME.
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