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Crosstalk between magnetostriction and magnetoelectric coupling in type-II multiferroic ThFeO;
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Laminated composites show great promise for achieving substantial magnetoelectric (ME) coupling through
the manipulation of magnetostriction and piezoelectric engineering. However, the ME coupling mechanism in
composites is less understood due to complex extrinsic effects at the interfaces, unlike the well-understood ME
mechanism in chemically single-phase compounds. Our study reveals unexplored ferroelectric (FE) orders along
c-axis and magnetostriction-driven ME couplings, indicating type-1I multiferroic order in TbFeO; and providing
insight into the controversy surrounding ferroelectricity in RFeOs orthoferrites. Neutron and synchrotron x-ray
diffraction (SXD) results indicate exchange striction-driven FE order below 200 K, with Tb order leading to
ferroelectricity below 3 K. SXD results also reveal significant magnetostriction along the c-axis, correlating with
ME coupling at both FE orders. These findings directly demonstrate magnetostriction-driven ME coupling, and

they suggest it as one of the potential mechanisms underlying ME coupling in multiferroics.
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The magnetoelectric (ME) effect, which signifies the in-
duction of electric polarization due to a magnetic field and
magnetization induced by an electric field, was initially
demonstrated by Rontgen in 1888 [1] and was first hypoth-
esized by Curie in 1894 [2]. The ME coupling has regained
significance as researchers delve into its implications in multi-
ferroics [3—5], thereby renewing interest in this cross-coupling
phenomenon. In particular, the intrinsic coupling between
electric and magnetic orders [6—-10] in multiferroics has
evoked intensive interest, given its potential applications in
spintronics [11,12], magnetic data storage devices [8—10,13],
memory applications [14,15], and even for biomedical ap-
plications [16]. Beyond fundamental interest, the potential
applications in multiferroics have motivated the research com-
munity to explore new multiferroics, where significant ME
coupling coincides with a substantial ferroelectric polariza-
tion (P) close to room temperature. Unfortunately, the ME
coupling has been reported to be weak and/or realized far
below room temperature in most of these multiferroics, with
very few exceptions, such as BiFeO3; [17,18], CuO [19], and
Sr3Co,Fey404 [20]. While the ME coupling is weak, BiFeOs
stands out as the most celebrated type-I multiferroic sys-
tem, boasting a considerable P-value and multiferroic order
well above room temperature [17,18]. In the case of CuO,
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ferroelectric order was observed within a limited temperature
range of 213-230 K [19]. The compound, Sr3Co,Fe;4O04; ex-
hibited ferroelectric order above room temperature [20]. How-
ever, its P-value is not as promising, limited to ~30 uC/m?.
High-temperature ferroelectric order and significant mag-
netoelectric coupling have been explored in only a few
compounds, such as YBaCuFeOs [21], Big 2K gFe, 095 [22],
y-BaFe,0y4 [23]. Consequently, identifying promising multi-
ferroics remains a challenging issue.

In recent times, there has been a notable surge in interest
surrounding rare-earth orthoferrites, RFeOs (R denotes rare
earth), due to their intricate and diverse magnetic proper-
ties [24-26] and the recent revelation of multiferroic order
across a broad temperature spectrum, ranging from near room
temperature to the frigid temperatures close to that of liquid
helium temperature [6,27-31].

The RFeO; compounds crystallize in the orthorhombic
Pbnm space group and comprise two different magnetic ions:
the 4f R** and the 3d Fe*" ions. Consequently, three types
of magnetic interactions emerge—Fe®*-Fe**, Fe’*-R3*, and
R**-R3**—leading to the complex and interesting magnetic
properties in RFeO;. Typically, in the majority of RFeO3
compounds, the Fe’* ions exhibit ordering at higher Néel
temperatures (7y) within the range of 620-740 K, adopt-
ing a G-type canted antiferromagnetic (AFM) structure. This
results in the manifestation of weak ferromagnetism (FM).
Below Ty, the magnetic structure undergoes a gradual spin
reorientation transition due to 3d — 4 f interactions, occurring
as the material cools through a specific temperature range
[32,33]. Eventually, R3* orders below 10 K. Interestingly,
recent studies have revealed that the 3d — 4 f interaction may
play a crucial role in the emergence of multiferroic as well
as ME properties in RFeO; compounds. For instance, the
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exchange interaction between R3* and Fe’* spins results in
a substantial ferroelectric (FE) polarization along the c-axis
in GdFeO3 [27,34,35] and DyFeO; [30]. However, these FE
orders occur below the R3* ordering at 2.5 and 3.5 K for
GdFeO3 and DyFeO;, respectively. In contrast, ferroelectric-
ity near room temperature was observed in epitaxially grown
YbFeOs [36], GaFeOs [37], LuFeOs [38,39], and SmFeO3
[40] thin-film heterostructures, where strain engineering at
the interface between films and substrates plays a crucial
role for emerging ferroelectricity. Recently, the contentious
revelation of room-temperature FE order in SmFeOj; crystal
[28,29] has spurred investigations into elite members of the
RFeO; series. A more recent observation has solidified this
interest, confirming a FE order below ~210 K, accompanied
by a notable ME coupling along the c-axis in HoFeOj3 [31].
The varied sources of ferroelectricity in RFeO3; compounds
serve as a catalyst for further exploration into the multifaceted
ferroic properties of the yet unexplored TbFeOs. In contrast
to previous observations of FE order across the entire series
of the RFeO; family, two distinct FE orders are now observed
along the c-axis in TbFeO; crystal. This observation sheds
light on the FE behavior across the entirety of the RFeO3
family. The current findings also emphasize an unprecedented
observation of magnetostriction-driven ME coupling in the
TbFeO; crystal, and they represent a unique example in chem-
ically single-phase type-II multiferroics.

For orthoferrite TbFeO3, the compound of our interest, the
Fe3" spins order antiferromagnetically in the G-type G.F,
magnetic state at 7y = 650 K. Upon cooling, as a result of
the Fe’T-Tb*" interaction, the Fe** spins reorient to order in
the G,F, state from G,F,, and Tb>" spins order in the F/C,
state at 8.5 K. However, below 3 K, another spin reorienta-
tion occurs, leading to a transition to a low-temperature (LT)
phase. This transition causes the Fe** spins to revert back
to their high-temperature (HT) G,F. state, while the Tb**
spins order antiferromagnetically in the A\ G, state [41-44].
Incidentally, ferroelectric orderings at HT (200 K) and LT
(3 K) are always coincident with the G-type G,F, magnetic
state of the Fe sublattice. Moreover, below 3 K, ferroelectric
ordering is further associated with the Tb spin ordering in
TbFeO3.

The TbFeO; single crystals were grown by the flux
method [45]. Laboratory-based powder x-ray diffraction was
conducted using a Bruker D8 x-ray diffractometer with
monochromated Cu Ko radiation (40.0 kV, 30.0 mA). Ri-
etveld refinement was carried out using FULLPROF software.
A single-crystal synchrotron diffraction study was performed
at beamline PO9/PETRA III at DESY, Germany [46]. The
crystals were mounted in a He-flow magnet cryostat covering
the temperature range from 2 to 300 K with the cryostat
mounted on a horizontal Psi diffractometer. The experiment
was conducted at photon energies significantly below the
L2/3 absorption edges of the rare-earth elements to avoid
fluorescence. Crystal was fixed firmly during all the magnetic-
field-dependent experiments.

A single-crystal neutron diffraction study was performed
on a neutron-sized crystal, which was glued on a vanadium
pin and placed on the self-dedicated low-temperature Displex
device [47]. A full data set was collected at 200 K at the D19
diffractometer (ILL, Grenoble) operating in high-resolution

mode with a wavelength of 0.9482 A. Data sets consist of
omega scans at selected y and ¢ positions to obtain a com-
pleteness above 90%. The data collection was performed
using the NOMAD software from the ILL. The reflection data
were indexed with the ILL program PFIND and integrated
with the RETREAT software [48] from the ILL program suite.
The correction for attenuation was carried out with the ILL
program D19ABS [49].

Dielectric permittivity was recorded in an E4980A LCR
meter (Agilent Technologies, USA) equipped with a PPMS-
II system (Quantum Design, USA). The pyroelectric current
was recorded using an electrometer (Keithley, model 6517B)
at a constant temperature sweep rate. The P-E loops were
recorded using a ferroelectric loop tracer (Radiant Technol-
ogy, USA). All electrical contacts were fabricated using an
air-drying silver paint. The dc magnetization was measured
in a commercial magnetometer of Quantum Design (MPMS,
evercool) both in zero-field-cooled (ZFC) and field-cooled
(FC) protocols. For ZFC measurements, crystal was cooled
in zero magnetic field, while measurements were carried out
in the warming mode with a desired magnetic field (H). For
the FC protocol, crystal was cooled in field, and measurements
were carried out similar to the ZFC protocol. Raman measure-
ments were carried out using a Horiba Labram HR Raman
spectrometer (excitation wavelength = 532 nm with a spot
size of 1 um).

We refer to the Supplemental Material (SM) [50] (includ-
ing Refs. [1,2] for reported Raman spectroscopy) for details
on structural, magnetic characterization, pyroelectric results,
magnetoelectric coupling, and starting with the dielectric
permittivity (e) results. The powder x-ray diffraction was
performed at 300 K on powdered crystal, which is shown in
Fig. S1 of the SM [50], where Rietveld refinement confirms
the single chemical phase of TbFeOs. The Raman spectrum is
depicted in Fig. S2 of the SM [50], reproducing the previous
reports [45,51]. Signatures of HT and LT ferroelectric orders
were initially discerned through the € measurements. The real
(¢/) components of € at a frequency of 2 kHz are depicted with
T in Figs. 1(a) and 1(d) for the HT and LT regions, respec-
tively. A subtle anomaly is noticeable near ~200 K, while
an apparent peak is observed close to ~4 K. The absence
of a peak shift with frequency further indicates the onset of
long-range polar order (see Fig. S3 of the SM [50] for details
of € results). The value of ¢ at 2 K is significantly higher
than the previous reports [6,45,52], which might be attributed
to imperfection of the crystal. The result of bias electric field
(BE) measurement further confirms polar order with an onset
around 200 K (see Fig. S4 of the SM [50]). The pyroelectric
current density (/,) was recorded to further characterize polar
order. The peaks in [,(T') are observed around ~200 K and
~3 K along the c-axis, as depicted in Figs. S5 and S6 of
the SM [50] (see also Refs. [3—5] therein) for characterizing
the genuine occurrence of I,(T) in the HT and LT regions,
respectively [53-55]. Time-integrated I,(T) yields electric
polarization (P). The variations of P(7T') are illustrated at
45 kV/cm poling fields in Figs. 1(b) and 1(e) for the HT and
LT regions, respectively. Reversal of P due to opposite poling
fields corroborates the emergence of ferroelectric order below
200 (Tgg1) and 3 K (Tggy) in TbFeOs. Thermal variation of
ZFC magnetization (M) recorded in the LT region with a
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FIG. 1. Thermal variations of €’ in the (a) high-temperature (highlighting 7rg;) and (d) low-temperature regions; electric polarization
(P) in the (b) high-temperature and (e) low-temperature regions. (c) P-E and (f) M-H loops at selected temperatures. Insets show (e) ZFC
magnetization with T, highlighting Tgg,. (f) M-H loop at 10 K. All the measurements were recorded along the c-axis.

10 kOe magnetic field is depicted in the inset of Fig. 1(e). A
maximum in M (T ) around T, indicates a ME consequence.
The M (T') curve recorded in the ZFC protocol (Fig. S7 of the
SM [50]) does not indicate any convincing signature around
T

Figure 1(c) displays the P versus E loops at selected tem-
peratures below Trg;, where E represents electric field applied
along the c-axis. The P(E) curve exhibits a saturating value
of P~ 0.25 uC/cm? at 10 K, closely matching that observed
from pyroelectric measurement. Our attempts to measure P
along the a and b axes consistently yielded negative results,
aligning with observations of ferroelectricity along the ¢ di-
rection in orthoferrites such as GdFeOs [27], DyFeO; [30],
and HoFeOs; [31]. Figure 1(f) depicts M versus H curves with
H applied along the c-axis at representative temperatures of
2 and 10 K [inset of Fig. 1(f)]. The loop at 10 K exhibits a
square-type FM hysteresis, corroborating a weak FM moment
along the c-axis [56]. The loop at 2 K exhibits a magnetic-
field-induced transition around 7.5 kOe, as evident in the
first-order derivative plot (Fig. S8 of the SM [50]).

To investigate the potential ME coupling, 1,(T) curves
were recorded under two H orientations, both || and L to the
c-axis. Notably, results obtained with H L c-axis exhibited
similar trends to those recorded for H || ¢, as illustrated in
Fig. S9 of the SM [50]. The variations of P(T"), derived from
the time integration of recorded I,(T"), for HT and LT regions
are presented in Figs. 2(a) and 2(d), respectively, for selected
H || c-axis. The insets of the figures magnify the changes
of P(T). Notably, in both cases, the values of P exhibit
nonmonotonic changes with H. The percentage of changes
in P, defined as AP/P(%) = [P(H)/P(0)— 1] x 100, at
180 (below Trg;) and 2 K (below Tggp), are plotted with
H in Figs. 2(b) and 2(e), respectively. The variation of
AP/P with H differs for applied H directions relative to
the c-axis, indicating anisotropy in ME coupling (also refer
to Fig. S9 of the SM [50]). For H || ¢, the AP/P(%) at

180 K decreases with increasing H, reaching a minimum
around 30 kOe, beyond which it increases slowly until
90 kOe. The maximum value of |AP/P| is ~8% at H = 30
kOe. Conversely, below Tgg,, the AP/P(%)-value increases
with H until ~20 kOe, beyond which it shows a slowly
decreasing trend. Intriguingly, the maximum |AP/P|-value
is substantial, reaching ~38% at 2 K for H = 20 kOe. The
variation P with H below Tgg; is consistent with the previous
reports [57,58]. However, the AP/P(%)-value at 20 kOe
diminishes at 2.5 K, following a similar dependence beyond
20 kOe (see Fig. S10 of the SM [50]).

Measurements of dynamic response of ME coupling was
conducted at representative temperatures of 180 (below Trg;)
and 2 K (below Tgg;), as depicted in Figs. 2(c) and 2(f).
The H(t) was varied in between 10 kOe over time ()
with a sweep-rate of 100 Oe/s. Distinctive features in the
ME effects below Tgg; and Tgg> are noted, as manifested
by the changes in Ip with ¢ driven by H(¢). At 180 K, Ip(t)
exhibits continuous changes in response to H(z). The time
periods of Ip(t) and H (¢) are found to be different, which has
rarely been observed. Conversely at 2 K, Ip(¢t) remains zero
with variation in H (), except when H (¢) alters polarization
direction. Nonzero Ip signals are observed just before and
after the zero crossing of H(¢), as evident in Fig. 2(f). The
characteristic signatures of Ip driven by the zero-crossing of
H (¢) hold potential for sensor applications. However, this ME
coupling gradually diminishes with increasing temperature,
as shown in Fig. S11 of the SM [50].

To investigate structural distortion correlated with FE or-
der, a synchrotron diffraction study [46] was conducted over
a temperature range of 2-300 K. The 26 scans were recorded
around the (221) reflection at different temperatures. Variation
of diffraction peaks with /-values at selected T around Tgg;
are highlighted in Fig. 3(a), revealing a peak shift with T.
Upon closer examination, a weak shoulder emerges on the
right-hand side below Trg; at 200 K. This shoulder, indicated
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FIG. 2. Thermal variations of electric polarization (P) in the (a) high-temperature and (d) low-temperature regions recorded at selected
magnetic fields (H). The variation of AP/P with H at (b) 180 and (e) 2 K; representative temperatures below high-temperature (7gg;) and
low-temperature (7gg,) ferroelectric order. Time (¢) profile of pyroelectric current (I,) with H variations at (c) 180 and (f) 2 K, indicating the
nature of magnetoelectric coupling. All the measurements were recorded along the c-axis.

by the arrows, shifts towards the main peak as tempera- lattice constant, as the change in /-value in (22/) is inversely
ture decreases, suggesting a possible structural distortion or  proportional to the lattice constant ¢. Thermal variation of
transition associated with the FE order. Integrated intensities ¢/¢(300 K), where ¢(300 K) represents the c-value at 300 K, is
and peak shift are depicted with T in Figs. S12 and S13(a) of  depicted in Fig. 3(b). To investigate a possible structural cor-
the SM [50], respectively. The peak shift correlates with the relation with the observed variation of P with H, we recorded
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FIG. 3. (a) The [ variation around (221) diffraction peaks at selected temperatures (7') in zero field, arrows highlighting the shoulder and
broken vertical straight line guiding the peak shift with 7'. The T profile of the lattice constant scaled by the same at 300 K [¢(T)/c(300 K)] in
(b) HT region and (e) LT region (left axis). (e) (right axis) T variation of integrated intensities of (22/) diffraction peak in LT region at H = 0.
The [ variation near (221) diffraction peaks at (c) 180 K and (f) 2 K at selected magnetic fields (H). Variation of Ac with H at (d) 180 K and
(g) 2 K. Magnetic field was applied along the c-axis.
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(22]) scans at 180 K for selected H along the c-axis, which
are shown in Fig. 3(c). A significant suppression of the inten-
sity of the diffraction peak is evident for H at 20 kOe. The
variations in peak positions with respect to H exhibit a similar
trend, as depicted in Fig. S13(b) of the SM [50]. This variation
in peak position eventually indicates c¢ lattice distortions, as
depicted by the change in ¢ (Ac) with H in Fig. 3(d), suggest-
ing a maximum magnetostriction around 20 kOe. Although
measurements with small increments in H would provide
more precise magnetostriction results, the findings suggest
that magnetostriction is correlated with the ME effects at
180 K. The variations in AP/P, along with those in Ac/c as
a function of H, are compared in Fig. S10(a) of the SM [50].

Synchrotron diffraction study was further extended to
LT regions around Tgg;. The scans along [22/] are shown
in Fig. S14(a) of the SM [50] for selected temperatures
around Tpgp. The integrated intensities (right axis) and
C(T)/c(300 K) (left axis) [obtained from peak shifts
given in Fig. S14(b) of the SM [50]] are plotted with
T in Fig. 3(e), revealing abrupt changes in c¢(7T) near
3 and 8.5 K, as indicated by the arrows. Incidentally,
3d-4f interaction driven Fe’* and Tb** spin reorientation
transitions occur at 8.5 and 3 K, respectively, suggesting
significant magnetoelastic coupling. Moreover, the structural
distortion at 3 K is associated with the LT FE order. The
diffraction peaks were recorded with selected H at various
T, as summarized in Fig. 3(f) and Figs. 15(a-d) of the SM
[50]. The change in structure of the peak with H is significant
at 2 K, compared to the results above 2 K, and it indicates
significant involvement of magnetic domain-wall movements.
The asymmetric diffraction peak was deconvoluted into
two peaks, as demonstrated in Fig. S16 of the SM [50]. The
variation of Ac with H, as obtained from the high-/ peak shift,
is shown in Fig. 3(g). The lattice contracts with increasing
H until 30 kOe, beyond which it exhibits nonmonotonous
behavior, analogous to that observed at 180 K. Below 30
kOe, the results indicate that an increase or decrease in P
is associated with a corresponding decrease or increase in ¢
under an applied magnetic field at 180 and 2 K, which are
representative temperatures below Trg; and Tgg), respectively.
The findings indicate a correlation between the ME effect and
magnetostriction. The magnetostriction is significant at 2 K
and decreases significantly above 2 K (see Figs. S15(e-h) of
the SM [50]). The decrease in magnetostriction is correlated
with the decreased ME consequence with increasing
temperature.

At room temperature, TbFeOj3 crystalizes in the Shubnikov
Pbnm group [41,59,60], which precludes ferroelectricity. The
structural and magnetic refinement of neutron diffraction was
carried out using “modes” to identify the mode responsible for
ferroelectricity, while assessing the amplitude values within
the refinement error. To obtain a Shubnikov space group
compatible with ferroelectricity, we analyzed all the possible
subgroups using the ISODISTORT platform [61]. Our careful
observations suggest that among all possible subgroups, the
subgroup having the highest symmetry is Pn'a’2;, allowing
polarization along the c-axis. There are two structural irre-
ducible representations needed to distort the parent Pbnm
structure into Pna2;. The application of an extra magnetic
irreducible representation yields the final Pn’a’2; Shubnikov

(@) 02, w ()

o 2K R . N P

o—
o— _ Fe o The
a o

[

FIG. 4. (a) Active modes for I''* representation at 200 K. The
pink and blue arrows are the results of two different vector modes
acting on 02 and O2,, respectively. (b) Active modes for I'*~ repre-
sentation at 200 K. The violet, orange, and green arrows correspond
with the displacement of the Fe, 02, and 02, atoms, respectively.

space group. Here, we discuss only I'*~ and I''*, because
they are the only displacement modes. Within this Shubnikov
group, there are 15 possible mode vectors acting on the nu-
clear part at 200 K, with only six modes being active for
refinement using the Pn’a’2; space group. The values of 15
amplitude modes, acting on different atoms of TbFeOs, are
listed in Table I of the SM [50].

Figures 4(a) and 4(b) depict two structural irreducible rep-
resentations for I''* and '™, respectively. I'*~ acts on all
atoms, whereas 't influences Tb and O atoms. Moreover,
the global amplitude of each representation is 0.108(8) A for
I'*~ and 0.0065(18) A for '+, indicating that the distortions
produced by I''* representation are practically negligible.
Among two active modes of I''*, A14 and A15 amplitudes act
on O2; and O2, atoms, denoted by the pink and blue arrows
in Fig. 4(a), respectively. However, these amplitudes preclude
ferroelectricity, since the displacements of O2; and 02, atoms
are compensated by identical displacements in opposite direc-
tions. A similar behavior is observed for Fe atoms. Out of four
active modes of '~ only A2 acts on Fe atoms. However, this
cannot explain ferroelectricity, as the amplitude of this mode
is null within the unit cell. The distortions of Fe atoms are
represented by violet arrows in Fig. 4(b).

The remaining three active modes of I'*~, namely A6, A7,
and A8, act on O2; and 02, atoms, forming connections be-
tween Fe atoms in the ab plane. The displacements of O2; and
02, atoms are illustrated by orange and green arrows, respec-
tively, in Fig. 4(b). The components of these displacements
produce a net distortion of 02 and O2, atoms along the c-axis
in the TbFeO3 unit cell. However, these modes represent a
component along the a axis, and they cancel each other out.
Here, the values of the amplitudes are 0.050(9) A for A6(I'*"),
—0.089(8) A for A7(I'*"), and —0.034(9) A for A8(I'*"),
as listed in Table I. All these amplitudes are significantly
larger than their error and produce a net polarization along the
c-axis. Therefore, based on amplitude refinement, the global
distortions of O2; and O2;, in the Pna2; structure permit
ferroelectricity along the c-axis in TbFeOs. Using the atomic
displacements, we obtain an estimate of P to be ~3.5 uC/cm?
using a simplified formula, P = 1/V[}_,(m;Az;Z;)e], where
m; is the crystallographic site multiplicity, Az; is the displace-
ment along the polar axis (here, crystallographic c-axis), Z;e
is the charge, and V is the unit-cell volume. This calculated
value of P is ~10 times higher than the experimental P-value.
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Instead of a point-charge model, the Berry phase method
using a first-principles calculation would provide a more re-
alistic P-value [62].

In the HT region, the iron sublattice orders antiferro-
magnetically, accompanied by a weak Dzyaloshinskii-Moriya
(DM) interaction-induced ferromagnetic moment [44,63,64].
The neutron results do not indicate any convincing signa-
ture of a modification in the iron spin direction around
Trg1. However, low-temperature Raman studies, as well as
Tb oscillations, reported an interesting observation regarding
magnetoelastic coupling driven by the crosstalk between Tb
and Fe spins [65]. Adopting a two-sublattice model of the
four Fe>* moments in each unit cell of TbFeO3, two doubly
degenerate spin-wave branches (M| and M,) were proposed
for the iron sublattices [51]. Thermal variations of M; and
M, magnons indicate a change of slope near Tgg;, driven by
a proposed exchange striction mechanism. Thermal variation
of Raman spectra further indicates the emergence of a new
mode around 430 cm~! close to FE ordering temperature,
suggesting a structural transition [65]. Consistent with the
above results, current synchrotron diffraction results suggest
a structural transition, where a net displacement of O2; and
02, atoms in the Pn'a’2; Shubnikov space group reveals a
ferroelectric polarization along the c-axis. The observation
of another ferroelectric order at Tgg, is consistent with that
reported in orthoferrites [27,30]. As suggested in GdFeO3 [27]
and DyFeO; [30], the ferroelectric order at low temperature
is associated with coexisting Tb and Fe spin order in TbFeO3
[44]. Finally, the results reveal two distinct ferroelectric orders
at Tpg; and Tgpp, each with different origins of ferroelectric-
ity. The ferroelectric order at LT close to rare ordering has
been observed in GdFeO3 [27] and DyFeO; [30] without any
evidence of HT ferroelectric order, associated with the 3d
moment ordering. On the other hand, the HT ferroelectric
order has been proposed for HoFeOs without LT ferroelectric
ordering [31]. TbFeOs, however, exhibits the unique char-
acteristic of both LT and HT ferroelectric order within the
entire RFeO; family. The ME coupling and ferroelectricity in
TbFeO3; have been proposed based on symmetry calculations
[66]. Moreover, ME coupling has also been proposed in other
ferrites [67].

The variation of P with H, indicative of ME coupling,
exhibits a nonmonotonous behavior in our observations.
When a magnetic field is applied along the c-axis, distinct
minima and maxima are observed in the P-H curves below
HT and LT ferroelectric orders, respectively. Below the HT
ferroelectric order, the minimum occurs at a level nearly six
times higher than the coercivity, suggesting that magnetic

anisotropy does not play a leading role in ME coupling.
Instead, magnetostriction emerges as a more influential factor,
evidenced by significant distortion along the c-axis under the
influence of H. The connection between magnetostriction and
ME coupling has seldom been explored in chemically single-
phase compounds [68,69], unlike in composites [70] and films
[71,72]. Below LT ferroelectric order, the scenario differs.
The P(H) starts to increase above ~10 kOe, with a maximum
around 20 kOe, nearly twice the coercivity at 2 K. This result
may be influenced by the magnetic-field-induced change in
magnetic structure around 5 kOe at 2 K [44]. However, the ad-
ditional impact of magnetostriction is rather more influential
on ME coupling [Fig. 3(g)]. The direct observation of intrinsic
magnetostriction-driven ME coupling is a rare consequence,
particularly in a chemically single-phase compound.

To conclude, our investigation reveals two distinct ferro-
electric orders, occurring at around 200 and 2 K, respectively,
in TbFeOs, indicating a type-II multiferroic behavior. This
result contributes to resolving the controversy surrounding
the emergence of ferroelectric order in the RFeO;z family.
Synchrotron and neutron diffraction results confirm a struc-
tural distortion to a polar Pna2; structure, correlated with
the emergence of ferroelectricity below 200 K. Specifically,
the net distortion of oxygen displacements along the c-axis
(02, and 02,) engineers ferroelectric order. Additionally,
the Tb spin order below 3 K involves ferroelectric order.
The polarization value undergoes a significant change upon
application of magnetic fields along the c-axis. This change
is accompanied by a notable lattice distortion, suggesting a
magnetostriction-driven magnetoelectric coupling. Our find-
ings represent a substantial contribution to advancing the
understanding of magnetoelectric coupling in type-II multifer-
roics, particularly those operating at higher temperature, with
significant ferroelectric polarization, and boasting commend-
able magnetoelectric coupling.
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