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As a new magnetoelectric material, honeycomb-based antiferromagnet Fe,Nb, Oy has attracted a great deal

of attention due to its prominent magnetoelectric (ME) coupling and high Néel temperature, while the physics
of magnetoelectricity is far from understood. In the present study, we present our systematic investigations of
the anisotropic ME effect, electric polarization reversal, and nonlinear ME effect of Fe,;Nb,Oy single crystals,
thus highlighting the phase diagram extended down to 10 K. Our results provide clear evidence for electric
polarization reversal driven by magnetic field (H) along the [110] and [1-10] directions, respectively, while no
such polarization reversal occurs as H is applied along the [001] direction. The nonlinear ME effects and electric
control of magnetism are unambiguously demonstrated. In addition, the angular-dependent probing reveals a
26 rotation of the induced electric polarization around the ¢ axis upon the rotation of magnetic field by an
angle 6. The electric polarization responses and concomitant ME coupling are well explained by means of the
metal-ligand hybridization p-d mechanism. This work represents an essential step forward in the understanding
of ME coupling not only in this A;M,0y honeycomb magnet.

DOI: 10.1103/PhysRevB.107.024108

I. INTRODUCTION

Multiferroics, which are materials that have more than one
primary ferroic order in the single phase, have brought out
plenty of exotic physical phenomena [1-7]. Among them,
the linear magnetoelectric (ME) effect, in which the induced
electric polarization (P) or magnetization (M) is proportional
to the applied magnetic field (H) or electric field (E), has
drawn a great deal of interest due to the potential applica-
tions in novel devices [8—10]. The simultaneous breaking of
spatial inversion and time-reversal symmetry is the key to
allow the ME effect. These compounds usually crystallize in
centrosymmetric structures with collinear antiferromagnetic
(AFM) order, where a perfect match between magnetic and
lattice structures is required [11], as exemplified by Cr,O3
[12], LiCoPQy, [13], Sm;BaCuOs [14], and PbCu3TeO5 [15].
However, nonlinear ME behavior can be induced by diverse
magnetic orders in magnets with noncentrosymmetric crys-
tal lattices, such as Fe;Mo3;Og [16,17], Cu,OSeO3 [18], and
GdFeOs; [19], among many others.

Recently, the corundum-type compound FesNb,Og¢ was
reported to exhibit significant ME effect below its Néel tem-
perature Ty ~ 90K, accompanied by two broad dielectric
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features at Ty and 77 K in polycrystalline state [20]. It crys-
tallizes in a trigonal space group P-3cl with two distinct
crystallographic Fe sites (Fel and Fe2), as schematically
shown in Fig. 1(a). By using the neutron powder diffraction,
Jana et al. determined the magnetic moments at the Fel
and Fe?2 sites arranged antiferromagnetically in the ab plane
and assigned it either C2/¢’ or C2'/c magnetic symmetry
[21]. The adjacent Fel and Fe2 layers were ferromagnetically
coupled along the ¢ axis. In addition, a structure transition
from trigonal P-3cl to monoclinic C2/c occurred around
Ty ~ 77K (70 K, 85 K), which was not identified in other
AyM,0Og9 (A = Mn, Co, M = Nb, Ta) members [22-27]. It
was later shown in Ref. [28] that Fe,Nb, Oy has the magnetic
space group C2/c’ (magnetic point group 2/m’), described as
antiferromagnetically coupled ferromagnetic chains along the
¢ axis with all spins confined in the ab plane and a small
canting angle of 5.81° between the adjacent Fel-Fe2 layers.
Figures 1(b)-1(e) show the detailed magnetic structures of
Fel and Fe2 layers in the trigonal P-3c1 and monoclinic
C2/c phases, respectively. Indeed, imposed by this mag-
netic symmetry, the ME coupling tensor has in principle five
nonzero terms, which were confirmed by magnetodielectric
measurements [28]. However, recently Zhang et al. reported
the existence of nine nonzero components in linear ME tensor
a;; reflected by H-induced electric polarization above 90 K,
demonstrating a much lower magnetic point group of —1’ that
should govern the canted antiferromagnetic structure [29].
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FIG.1. (a) Schematic illustration of crystal structure of P-3cl
phase in Fe,Nb,Oy. Green and black dashed lines denote the ferro-
magnetic and antiferromagnetic exchange interactions. Top view of
magnetic structures of Fel layer and Fe2 layer in (b), (c) P-3c1 phase
and (d), (e) C2/c phase, respectively. Red arrows denote the mag-
netic moments of Fe’" ions. The symbol of “x” denotes the space
inversion center, and red triangle presents the threefold symmetry
along the ¢ axis. Solid black line in (b) denotes the twofold rotation
symmetry and the dashed black line denotes the mirror symmetry.

Given the aforementioned incompatible results, one is
highly concerned with the alignment of electric polarization,
as seen along different crystallographic directions down to
low temperature (7), while unfortunately so far all the ME
characterizations of Fe4Nb,Og single crystal were carried out
on high-T trigonal P-3c1 phase, noting that pyroelectric cur-
rent method at high temperature should be more cautiously
employed due to possible consequence of thermal activation.
In fact, Maignan et al. reported the ME coupling and sign
change of pyroelectric current at low T in polycrystalline
sample [20]. In addition, the response of electric polarization
against H shows opposite behavior for T ~ 10 Kand T ~ 77
K, indicating more complex ME coupling than that observed
in Co4Nb; Oy and MngNb,Og [22,25]. An important question
is how the electric polarization evolves upon decreasing 7. In
order to clarify these issues, it is thus urgently needed to revisit
this compound by uncovering the intrinsic ME response.

In this work, we unveil the anisotropic ME coupling and
electric polarization reversal by a series of characterizations
of magnetic susceptibility, specific heat, and ME response
of FesNb,Og single crystals. We observe unusual electric
polarization reversal driven by H applied, respectively, along
the [110] and [1-10] directions. In particular, nonlinear ME
effect associated with the spin rotation and magnetic do-
main realignment can be driven by magnetic field beyond the
threshold field H, for magnetization, in stark contrast to the
linear ME response only for CosNb,Oy although it shares
the magnetic and lattice structures identical to FesNb,Oq.
In the low-H region, a linear ME coefficient up to —91.5
ps/m, one of the largest values in this family, is obtained.
The phase diagrams for H, respectively aligned along the
[110] and [001] directions, have been constructed, showing
the strong anisotropy of ME effect. It is suggested that our
experimental observations can be well explained based on

the p-d hybridization mechanism, thereby revealing the rich
emergent ME phenomena that deserve further exploration.

II. EXPERIMENTAL DETAILS

A. Synthesis of single crystals

First, the Fe4;Nb,Og9 powder was prepared by the con-
ventional solid-state reaction. Stoichiometric amounts of
high-purity Fe, O3, Nb,Os, and Nb were sintered in an evacu-
ated quartz tube at 1100 ° C for 24 h. The obtained powder was
reground and compressed into a uniform rod under hydrostatic
pressure of 70 MPa, then sintered in an evacuated quartz tube
at 1100 °C for 10 h. Subsequently, the well-sintered polycrys-
talline bars were used as precursors for single-crystal growth.

The single crystals were grown by optical floating furnace
(Cyberstar, MF-2400) with the feed and seed growth speed of
5 mm/h in a high-purity Ar gas flow. A cylindrically shaped
single crystal 6 mm in diameter and 10 cm in length of
black shining surface was obtained. The crystallinity of as-
grown crystals was characterized by x-ray powder diffraction
(D8 ADVANCE, Bruker) with Cu K, source (wavelength
A = 1.5406 A). Crystallographic orientation was determined
using the back-reflection Laue detector (MWL120, Multiwire
Laboratories, Ltd.) and the Rietveld structural refinement was
performed by GSAS program [30]. The crystal structure was
visualized by VESTA software [31].

B. Multiferroic characterizations

The dc magnetic susceptibility (x) as a function of T was
measured using the Quantum Design superconducting quan-
tum interference device magnetometer under the zero-field
cooled (ZFC) and field-cooled (FC) modes with the cooling
field of 1.0 kOe. The H-dependent magnetization (M) was
measured using the vibrating sample magnetometer in the
Physical Property Measurement System (PPMS, Quantum
Design). The specific heat (C,) was measured by PPMS in
a standard procedure in the temperature range of 5 to 140 K.

For the anisotropic ME characterizations, well-aligned
crystals with the largest surfaces, respectively normal to the
[110], [1-10], and [001] directions, were required, and they
were cut into plates for the electric measurements. Here, we
measured different electric currents (/) from which electric
polarization P is evaluated:

(1) Pyroelectric current (/) which was probed as a function
of T from the lowest T(~10K) in the pyroelectric current
mode, under zero or nonzero H. The electric polarization P
was then obtained by integrating the I (7") data, as done for
the standard pyroelectric measurement.

(ii)) ME current (I;) which was probed as a function of H
in the H-cycling mode at the isothermal condition (fixed 7).
It should be mentioned that no absolute electric polarization
can be obtained from this dataset of current, and the obtained
polarization signals are the change in electrical polarization,
APy, induced by magnetic field H. Therefore, the integration
of the Iy data in the H cycle produces this change at fixed 7.

In practical measurements, both currents Iy and Iy were
collected only after the samples experienced the ME an-
nealing procedure, carefully carried out in order to reduce
the influence of leakage current or other sources. In de-
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FIG. 2. (a). XRD pattern of as-grown single crystal at room
temperature. The inset shows the photograph of the single crystal
and the Laue diffraction spots obtained along the [001] direction. (b)
XRD diffraction pattern and the Rietveld refinement of the crushed
single crystal measured at room temperature.

tail, the sample was initially poled with —H = —9T, +E =
4+6.67kV/cm from T =120 to 80 K, below which a
small £ =+40.1kV/cm was applied until 7 = 10K. The
short-circuited procedure for sufficient time (30 min) was
performed before each measurement to avoid the influence
of the injected charges. When the background of electrical
current was less than 0.05 pA, the pyroelectric current I was
collected by sweeping 7 from 10 to 120 K on warming at
a rate of 3 K/min under selected H values. The ME current
Iy and H-induced polarization (APy) were measured under
selected T upon H ramping from —H — +H — —H at a rate
of 100 Oe/s using the same ME poling procedure.

III. RESULTS

Before presenting the magnetic data, the quality of single
crystals was carefully checked at room temperature as shown
in Fig. 2(a). The inset of Fig. 2(a) shows the picture of one
segment of the as-grown crystal. The ¢ plane is carefully
oriented and cut with the aid of Laue and x-ray diffractions
(XRD), and the perfect diffraction spots and peaks from the
[001] direction demonstrate the high quality of the crystal.
In Fig. 2(b), the XRD pattern is presented, with slow-scan
pattern and Rietveld refinement of the crushed single crystal at
room temperature. All the diffraction peaks are well indexed
by trigonal space group P-3cl. The refined unit-cell param-
eters a = b= 5.2311A, and ¢ = 14.2242 A, with reliability
parameters R,,, = 8.84% and x? = 2.49%, consistent with
previous report [20].

£ 03 (a) 21 fCurie-Weiss fit (c) H//[110]

- : 1.6 H

3 | e -
T 02 2 12t

[=) 7 Y

g 3 081

= b 0 100 200 300 ~

g 0.1 T(K) =

3 = 04

N —— HJ/[110) —— H//[1T0] S H,

N g oA T L = 00 ! .

0 50 100 150 200 250 300 0 3 6 9
T (K) H(T)
2.0 0.11 —~

a (b) "o 12 [(d) H//[001]
M Lor {010 O T 77 —sx

10 1.2+ 0091 “\-; 24 ——50K

10.09 S N

g o08Ff g 3 16+ K

2 0.08 = =

&~ 041 ——mna g 25 08f

0.0 | ——H//[170]10.07 =
© P AL N 0.0 . .
0 20 40 60 80 100 120 140 0 3 6 9
T (K) H(T)

FIG. 3. (a) Magnetic susceptibility x (T') curves measured under
ZFC mode with magnetic field H = 0.1 T applied along the [001],
[110], and [1-10] directions. The inset shows the Curie-Weiss fitting
in the paramagnetic region. (b) T-dependent C,/T', x(i-107, and x[i10]
curves. (c) H-dependent magnetization (M) measured at different T
under the magnetic field along [1-10] and (d) [001] directions. Green
dashed lines in (c) and (d) as guide to the eye indicate the linear
relationship.

A. Magnetic anomalies and specific heat

Figure 3(a) displays the measured dc magnetic suscep-
tibility x(7') curves under the ZFC mode with measuring
H = 0.1T applied, respectively, along the [001], [110], and
[1-10] directions. While the normal y (7) dependence from
the high-T side is shown, the first anomaly in small kink
feature appears at Néel temperature 7y = 93K and is as-
signed as the long-range AFM ordering. The reported values
of Ty are somehow author dependent, e.g., Ty ~ 90K [20]
and = 97K [28], as evaluated from polycrystalline samples
and single crystals, respectively. Here, the remarkable y (T')
difference along the [001] and [110] directions indicates the
magnetic moments mainly constrained in the ab plane [28].
By analyzing the x (7') data above T = 100K, one sees that
the Curie-Weiss temperature (6, ), as extracted from the data
along the [001], [110], and [1-10] directions, are —52.57,
—71, and —126.5 K, respectively.

More interestingly, another evident anomaly which has not
been observed in previous works shows up at T = 7} ~ 87K,
as seen in Fig. 3(a). To further investigate this emergent
anomaly, we measured the specific heat (C,/T) under zero
field, as shown in Fig. 3(b), where the x (7T) data with mea-
suring field H//[110] and H//[1-10] are plotted as well for
reference. In addition to the featured A-shape peak located at
Ty, an additional anomaly does emerge at 77, in accordance
with the anomaly in the x (T') curves at T;.

In principle, there are five nearest-neighbor and next-
nearest neighbor exchanges, i.e., ferromagnetic exchanges J;
(strong), J», J3, and strong AFM exchanges J; and Js, as
illustrated in Fig. 1(a). Because J, and J3 are relatively weak
[27] and no competition arises among J;, J4, and Js, the origin
for the small canting angle between the adjacent Fel-Fe2 pair
in the chain deserves further investigation. Inelastic neutron
scattering and theoretical calculations are required to deter-
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mine the strength of various interactions and figure out the
origin for the small angle canting, while this clarification is
beyond the scope of our work.

B. Magnetization behaviors

Given the magnetic transitions as revealed above, one is
now able to check the anisotropic magnetization behaviors
below Ty and T;. Such anisotropy can be expected if one
considers the lattice and magnetic symmetries of Fe,Nb,Oy.
In fact, due to the triple rotational symmetry along the ¢ axis,
the [100] orientation in the P-3c1 phase is equivalent to the
[010] and [-1-10] orientations, and correspondingly the per-
pendicular orientation is assigned as [120], [210], and [1-10],
respectively. It was found that there exist three types of mag-
netic domains with equal population in zero magnetic field
in Co4Nb,O9 [32]. This equal population would be certainly
broken if magnetic field was applied, and nonlinear magneti-
zation which is attributed to a combined consequence of the
alignment of magnetic domains and spin rotations would be
observed. Considering the similarity of magnetic structure in
Co4NbyOg [32] and FesNb,Og [28], it is thus expected that
there exist three types of magnetic domains in FesNb,Oo,
in which the spins point along the [120], [210], and [1-10]
directions, respectively, with equal population as H = 0. Ob-
viously, the anisotropic magnetization can be expected from
the spin alignment preference.

We present the measured M(H) curves at several selected
T, given H along the [1-10] and [001] directions, respectively,
as shown in Figs. 3(c) and 3(d), confirming the anisotropy
of M alignment. Indeed, the M(H) curves along the [1-10]
direction do exhibit the linear behavior in the low-H region,
but significant deviation from the linear behavior in the high-H
region is seen, and the field separating the two regions is called
the critical field or threshold field H,. The nonlinear deviation
of M(H) above H, is most likely attributed to the realignment
of the coexistent three types of magnetic domains into single
domain, with their major magnetic moments perpendicular to
H. While the critical field H, is only 0.2 T for CosNb,Og,
it is as large as H. = 3T for Fe4Nb,Oy, implying that much
stronger magnetic field is needed to realign magnetic do-
mains. This is the reason why one observes the linear M(H)
behavior till H ~ H. ~ 3.0 T or so for Fe4,Nb,Og. In addition,
small deviation from the linear dependence for M(H) along the
[001] direction does not occur until very high H, suggesting
that Fe>* moments do not cant unless a high H is applied.

C. Magnetically induced electric polarization

We come now to investigate the ME effects of our
Fe4Nb, Oy crystals. Due to the complexity of domain struc-
ture, it is found that different orientation settings were used
by different research groups. For instance, Ding ef al. [28]
and Zhang et al. [29] selected the [120]-oriented magnetic
domain to investigate the ME coupling with x//[100], y//[120],
while Jana et al. chose the [010] and [210] directions as the
reference orientations [21]. Bearing in mind that the [1-10]
orientation was previously used in CosNb, Qg [22], which of-
fers the same magnetic structure as Fe4Nb,Og, we also chose
the [1-10] orientation, whereas the magnetic moments anti-
ferromagnetically aligned along the [1-10] direction. Here,

we design x, y, and z axes along [1-10], [110], and [001]
direction, respectively. Before discussing the measured data,
it is worthy to address the data-processing issue when one
applies this pyroelectric current technique. The sample was
initially electrically and magnetically poled (ME poling) from
T =120 K down to T = 10 K with +F = 6.67kV/cm and
—H = —9T. It was seen that the collected pyroelectric cur-
rent I7(T) curves each always show a relatively broad bump
appearing around 7 = 68K in all the cases. The bump at
different sample warming rates demonstrated a considerably
large shift (~5.5K) toward the high-T side, indicating that
this bump most likely originated from thermally stimulated
depolarization current (TSDC) that was ascribed to the reori-
entation of charged dipoles or charge release. Certainly, no
such shift occurred for the sharp peak emerging at Ty.

In fact, similar results were once reported in recent work
[33]. The sources for such charges are the poling electric
field that induced an internal depolarization field associated
with the dipoles originating from frozen charge carriers. This
internal field is opposite to the applied poling field since the
relaxation time of these frozen dipoles is quite long at low
T that these dipoles were robust and could persist during the
long short-circuit procedure (~30 min). Therefore, when the
sample was warmed up at a constant rate, the frozen dipoles
were gradually released and contributed to the TSDC. The
released current usually tends to increase exponentially first,
reaches a threshold maximum, and then gradually drops to
zero, forming a relatively broad pyroelectric current bump.
In order to exclude the influence of TSDC, we first cooled
the samples from 120 to 80 K with £ = 6.67kV/cm and
—H = —9 T to fully align the ME domains, and then switched
E to a much smaller value, ~0.1kV/cm at T ~ 80 K and
below, to avoid the charge injection during the poling pro-
cedure. This method was confirmed to be effective, and the
bump disappeared, allowing the pure pyroelectric current to
be collected and processed.

Given the careful consideration of the measuring details,
we now present the measured Ir(7T) curves along different
directions, given a set of H along these orientations, respec-
tively. For better illustration, we first present the measured
I7(T) curves along the [110] direction at several selected H, as
plotted in Figs. 4(a)—4(c), respectively. In the overall tendency,
one sees the high-quality data, and the nine sets of data show
remarkable difference from one another, indicating the strong
anisotropy of the ME effect in this system. On the other hand,
no identifiable I (T) signals can be detected as H = 0 for all
the cases, confirming the linear ME effect. Moreover, one sees
that the collected I7(7T) data along the [110] direction show
strong dependence on H: not only on its magnitude but also on
its direction, more evidence for magnetically induced electric
polarization.

We first look at the dependence on direction of H. For a
nonzero H along the [110] or [1-10] direction, the measured
I7(T) along the [110] exhibits a sharp peak at 7y, followed by
a shoulder below Ty with decreasing 7. Further decreasing T’
leads to a clear sign reversal of I (T') from positive value to
negative one at T = 7. The situation becomes very different
as H is applied along the [001]. While the sharp peak at Ty is
true, no signal reversal of the I (T') data at 7} has been iden-
tified and the current remained positive always. Second, we
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FIG. 4. Pyroelectric current Ij;1o; as a function of temperature
under different magnetic fields applied along (a) [110], (b) [1-10],
and (c) [001] direction. (d)—(1) T dependence of polarization in the
magnetic field and poling electric field applied along the [110],
[1-10], and [001], alternatively. Green dashed lines indicate the mag-
netic transition points 7; and 7y.

discuss the dependence on magnitude of H. It is clear that the
measured I (T') is along the [110] direction and thus electric
polarization Py is induced by H, and qualitatively the higher H
the larger I7 (T ), thus the larger Pp(T ) for all directions of H.
The major concern for such magnitude dependences of current
I and Pp includes their linearity or nonlinearity, associated
with different ME physics. It will be seen that this dependence
can be illustrated in another manner, i.e., the ME current Iy as
a function of H at fixed 7. We shall come back to this issue
later.

Given the above overall description on the H dependences
of electric polarization, now one can show all of the measured
Pr(T) data in the nine sets in terms of different (H, Pr)
combinations, as shown in Figs. 4(d)—4(1). Several interest-
ing features deserve highlighting here. First, the polarizations
Pr(T) along the [110], [1-10], and [001] directions, are all
positive as long as magnetic field H is applied along the
out-of-plane direction [001]. Second, when H is aligned along
the [110] and [1-10] directions, respectively, the measured
Pr(T) emerging at Ty and below is positive and then a sign
reversal appears at 75 K, below which the magnitude of Pr(T)
increases gradually with decreasing 7. Third, the polarization
is majorly aligned along the [110] direction and its magnitude
is much larger than the values along the [1-10] and [001]
directions, no matter which direction of H. It is confirmed
that the magnetically induced electric polarization is highly
anisotropic. In particular, the measured Pr at ~10 K along
the [110] direction reaches up to 900 .£C/m? no matter which
direction of the applied H ~ 9 T. The largest polarization P in
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FIG. 5. (a) Magnetoelectric current I; and (b) modulated field-
induced polarization APy along [110] direction as a function of time
with respect to linearly varying magnetic field between —9 and 9 T
along [110] direction, respectively. (c) Corresponding H dependence
of AP0 under H//[110] and (d) [001] direction, respectively. (e) H
dependence of AP o) under different poling electric fields E at 10
K. (f) Modulated magnetization of Mo as a function of external
electric field E applied along [110] direction. Dashed lines are used
to show the linear relationship.

this A4M> 9 family, together with the concomitant high-AFM
transition point, makes Fe,Nb,Og attractive.

D. ME responses

Due to the magnetically induced electric polarization,
we can now investigate systematically the ME responses,
addressing the electric polarization response to H in the
isothermal condition. The measurements of the ME responses,
as described in the Sec. II, were performed mainly on the
electric polarization along the [110] direction, since it is the
largest. For the consideration of simplification, the isothermal
ME current and polarization response are denoted as Iy and
APy, and no more indication of the [110] direction is given
unless stated elsewhere. The results will be presented in sev-
eral different manners, as discussed below.

First, we measured Iy (H) over the linear H cycling after
the assigned poling process (—H = —9T, E = 6.67kV /cm).
Figures 5(a) and 5(b) present the measured Iy and APy at
T = 10K, respectively, when H is applied along the [110]
direction. The clear and instant response of Iy (H) upon vary-
ing H is unambiguously demonstrated, as shown in Fig. 5(a).
Such instant ME response can be more clearly seen from
the evaluated APy (H), as shown in Fig. 5(b) where the an-
tiphase response character is displayed with the opposite sign
of APy (H) with respect to the sign of H, implying the neg-
ative ME coefficient @ ~ (dP/dH) < 0. It is seen that such
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an antiphase response occurs only in the low-T range (e.g.,
T ~ 10K) and the response becomes synchronous with H
in the high-T range (e.g., T ~ 85K), indicating the positive
o, as shown in Fig. 5(c), while the magnitude of APy is
remarkably reduced. When H was applied along the [001]
direction, the ME responses over the whole 7 range below Ty
were synchronous with « > 0, as shown in Fig. 5(d).

Second and more interestingly, the ME response shows
satisfactory linear character when H is low while it becomes
remarkably nonlinear in the high-H region. The critical field
H, would be an important parameter for understanding the
different mechanisms for the ME response. In proceeding, we
look at the APy (H) data at T = 10K, as shown in Fig. 5(e)
where three sets of APy (H) data given different poling elec-
tric fields are plotted. It is seen that each of the three APy (H)
curves does show the linear dependence in the low-H region
and nonlinear dependence in the high-H region. Roughly, the
as-obtained critical field is also H. ~ 3T, which coincides
with the critical field for spin rotation and magnetic domain
realignment, as shown in Fig. 3(c). This coincidence sug-
gests the unique behavior of Fey,Nb,Og in terms of the ME
response:

(i) Similar compound Co4Nb,Qy, which also exhibits the
spin rotation and magnetic domain realignment at the critical
field H,, does not show any nonlinear ME response above H,
[22].

(ii) Earlier works demonstrated Fe4;Nb, Qg as a linear mag-
netoelectrics [29], while our results here uncover the nonlinear
ME effect and electric polarization reversal by directly mea-
suring the ME current.

In addition, as the other character of ME response,
the possibility of electrically controlled magnetism was
checked, as recently demonstrated for some linear ME ma-
terials [25,34,35]. Our results plotted in Fig. 5(f) show the
[110]-oriented M in response to steplike electric field E ~
+10kV/cm applied along the [110] direction too. For this
measurement, the sample was electrically poled from T ~
100 to 10 K under H =2 T and E = 10kV/cm. After the
sufficient short-circuit process, both H and E were set to
zero, and subsequently M was collected in the presence of
modulated £ measuring H ~ 0.2 T along the [110] direc-
tion. Clearly, the measured M rapidly changed from 1.0725 x
1072 up/fu. at E = 10kV/cm to 1.1246 x 1072 up/f.u. at
E = —10kV/cm. It should be mentioned that no larger E
applied to the sample could be allowed due to the limit of
PPMS apparatus. Even so, the reverse ME coefficient defined
as AM/AE is ~—25.1ps/m.

E. ME manipulation

While the strong ME response has been demonstrated, it
is more promising to check the ME intermanipulation. For the
present case, the magnetically induced variation of electric po-
larization, APy (H), is closely related to the spin structure and
magnetic anisotropy, which can be softly modulated through
varying the magnetic field direction, an attractive model of
ME manipulation, while the electrocontrol of variation in
M, AM, has been evidenced [see Fig. 5(f)]. As the three
magnetic domains realign into single one with their major
spins perpendicular to the H, an important issue is how the
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1200 ——— ’ ,
[170]
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FIG. 6. Dependence of APy on angle 6 defined by the relative
direction of magnetic field H and the [1-10] axis at 10 Kunder H = 9
and 2.5 Taswell as 85 Kwith H =9 T.

in-plane electric polarization evolves upon variation of mag-
netic field direction below and above H,. In order to clarify
the relationship between the magnetic structure and induced
electric polarization, we performed the measurements of APy
along the [110] direction, in response to H rotating within the
trigonal basal plane (rotating around the c axis).

The representative datasets are plotted in Fig. 6 where the
angular dependence of APy on rotating H at T = 10 K and
T = 85 K after the ME poling in the H//[1-10] and E//[110]
configuration, respectively. On one hand, when H is larger
than H,, indicating the occurrence of field-induced spin ro-
tation and magnetic domain realignment, a periodic variation
of APy well fitted by term cos(26) upon the rotation of H = 9
T at T = 10 K around the ¢ axis can be observed. On the
other hand, when H is smaller than H,, e.g., H = 2.5 T, no
such spin rotation and magnetic domain realignment would
occur. It turns out that APy changes gradually synchronously
in response of H rotating around the ¢ axis.

Furthermore, when temperature is higher than the struc-
tural transition point but still below Ty(~93K), e.g., T = 85
K, the periodic variation of APy can be also fitted by term
cos(20), but a /2 phase shift of the response is identified.
It is believed that all of these variations in angular-dependent
electric polarization can be attributed to the modification of
electric dipoles due to the direction of the Fe>™ magnetic
moments mainly perpendicular to the magnetic field upon
rotating the magnetic field, which will be discussed below.

F. ME phase diagrams

Our systematic investigations of the ME responses in
Fe4sNb,Oy allow a multiferroic phase diagram to be con-
structed which is H-orientation dependent. The phase dia-
grams for H aligned along the [110] and [001] directions are
plotted in Figs. 7(a) and 7(b), respectively. Overall, the phase
boundaries from measured data on various physical quantities
are well consistent.

In Fig. 7(a), with H aligned along the [110] direction,
Fe,Nb, Oy accommodates four distinct major phases, labeled
as high-temperature paraelectric and paramagnetic phase (PE,
PM), ferroelectric and antiferromagnetic phase (FE1, AFM)
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FIG. 7. (a) H-T phase diagrams of Fe,Nb,Oy with magnetic field
applied along [1-10], and (b) [001] direction.

between Ty and T, ferroelectric and antiferromagnetic phase
(FE2, AFM) below Tj, and realignment of magnetic domains
(FE3, RA). Here, the FE1 phase has positive polarization
which decreases in magnitude and changes its sign in FE2
phase. Both FE1 and FE2 phases exhibit the linear ME re-
sponse, whereas APy deviates from linearity in the FE3
phase.

In contrast, for H//[001], the phase diagram is plotted in
Fig. 7(b) where three distinct multiferroic phases, labeled as
(PE, PM), (FE1, AFM), and FE2, accompanied with spin
canting (SC), are included. To this end, it can be inferred from
the phase diagrams that magnetic domain realignment and
spin canting have strong influence on the linear ME behavior,
while the structure transition occurring at 77 has significant
influence on the modulation of ferroelectric domains.

IV. DISCUSSION

Given the aforementioned unique anisotropic ME effect
and electric polarization reversal phenomena, it is thus impor-
tant to discuss the microscopic mechanism of the ME coupling
in Fe4Nb,Og. Up to date, there are three most popular mech-
anisms to explain the magnetically induced ferroelectricity.
In the spin current or inverse Dzyaloshinskii-Moriya (DM)
mechanism, the induced ferroelectric polarization can be ex-
pressed as Ap o< e;; x (S; x S;), where §; and S are the spins
of neighboring magnetic ions, and e;; is the vector connecting
the interacting neighbor spins [36]. Second, the ferroelec-

tricity induced by the exchange striction mechanism can be
expressed as Ap o S; - S; [37]. However, neither inverse DM
mechanism nor exchange striction mechanism can work in
Fel and Fe2 layers, since the sum of the vector spin chirality
S; x §; in each honeycomb lattice is zero and the S; - S; is
uniform for all Fe—Fe bonds in Fel and Fe2 layer. Finally,
the metal-ligand hybridization p-d mechanism gives the lo-
cal electric polarization Ap o (S - ¢;)* ¢; via the spin-orbit
interaction, in which S is the moment of the transition-metal
ion and e; is the vector connecting the transition metal and
the /th ligand [38]. Therefore, in the absence of the inversion
symmetry at the transition-metal site, in terms of the local
environment, a local dipole would be generated.

As the magnetic Fe’* ion occupies a site with broken-
inversion symmetry in Fe4;Nb,Qy, the local dipole of the
FeOg cluster can exist. In addition, it is worth noting that the
induced electric polarization changing its direction upon rotat-
ing magnetic field was well explained using the metal-ligand
hybridization p-d mechanism in Co4Nb,Og [39]. Therefore,
based on the consideration mentioned above, we would like
to give a tentative discussion to explain how the electric polar-
ization emerges in the ab plane, why the structural transition
accompanies electric polarization reversal, and concomitant
ME coupling in Fe4Nb,Og using the metal-ligand hybridiza-
tion p-d mechanism.

A. Local electric dipole of FeOg cluster

According to the metal-ligand p-d hybridization mecha-
nism, the local dipole of the FeOg octahedral cluster can be

expressed as p 216:1 (S -¢ )2 e;, where S is the magnetic
moment of Fe ion, and ¢; is the unit vector connecting the Fe
and /th — ligand O ions, respectively. To obtain the expression
of the local dipole p = (p*, p’, p*) in the FeOg octahedral
cluster, we design x, y, and z axes along the [1-10], [110],
and [001] direction. Since the symmetry of FeOg octahedron
also changes when the structure phase transition occurs, the
detailed local dipole expression in the P-3c1 and C2/c phase
is given, respectively. In the P-3c1 phase, each FeOg octahe-
dral cluster exhibits threefold rotational symmetry along z axis
(3;), and the six vectors ¢;; along the Fe-O bonds in the polar
coordinate can be expressed as

sin 0 cos ¢
ey = | sinf;sing; |,

cos 61
sin 0 cos(¢; + 27 /3)

e1n = | sin@; sin(g; + 27 /3)

cos 6,
sin 0 cos(¢; — 27 /3)

e13 = | sin6; sin(gp; — 27 /3)

cos 0q
sin 6, cos ¢,

ey = sin 92 sin 21,

cos b,

024108-7



J. H. ZHANG et al.

PHYSICAL REVIEW B 107, 024108 (2023)

sin 0, cos(¢y + 27 /3)

ey = | sinf, sin(p, + 27 /3) |,
cos 6,
sin 8, cos(¢y — 2 /3)
ey3 = | sin 6, sin(py — 27 /3) |, €))]

cos b,

where the index i denotes the oxygen positions, e.g., above
(i = 1) and below (i = 2) the Fe ion, respectively. The index
Jj denotes the threefold symmetric Fe-O bonds in the xy plane.
Therefore, the local dipole p of FeOg octahedral cluster in the
P-3c1 phase can be expressed as:

p* o Asin’a cos(—28) + B sin’a sin 2 + C sin 2« cos f,
P’ o Asin’a sin(—28) + B sin?« cos 28 + C sin 2a sin f,
p* o Cysin’a + Chcos’a,
A = 3[sin*0) (cos’¢; — 3sin’p;cosg)
+ sin392(0033g02 — 3sin2<pzcos¢2)],
B = %[sin361(35in(p10052<p1 — sin3g01)
+ sin392(3singozcoszg02 — sin3g02)],
C= %(sinzelcos& + sin6,cos65),
C; = 3(sin%6;cosh; + sin*6rcosbs),
C, = 3(cos391 + cos392) 2)

where A, B, C, C;, and C, are the coupling constants cor-
related to the structural parameters of the FeOg octahedral
cluster, « is the angle of the spin with respect to the z axis,
and B is the corresponding angle of the projection of S on
the xy plane with respect to the x axis. In contrast, due to the
absence of 3, symmetry, the local dipole p = (p*, p’, p°) in
C2/c phase can be expressed as:

p° o Arsinacos®B + A,sin’asin®f + Ascos’a
+ Aysin®asin2B + Assin2acosB + Agsin2asing
P’ o« Agsin®acos® B + Bysinasin® 4 Bscos’a
+ Assinasin2 + Agsin2acos + Bysin2asin
p° o Cysin®acos?B + Casinasin® 8 + Cscos’a
+ Cysinasin2 + Cssin2acosp + Cgsin2asinf (3)

Similarly, the coupling constants in Eq. (3) are also corre-
lated to the structural parameters of FeOg octahedral cluster
in C2/c phase.

B. Spin-dependent electric polarization in Fe,Nb,Oy

We now consider the total electric polarization of the
honeycomb lattice in Fel and Fe2 layer. As illustrated in
Figs. 8(a)-8(d), the magnetic structures of the Fel and Fe2
layers can be represented by the two different sites S; and S.
Each site consists of three identical magnetic ions forming a
triangle. The local electric polarization pg, (ps,) can be ob-
tained by the superposition of three local dipoles at the S;(S,)

H//[110]
(@) \ (c)

PN s
i\
L*f( \ =ﬁ2§ \ <——2§\-"5‘-,:"(—{¢Z\),

1 1
Fel layer — Fe2 layer Fel layer 7/ IFeZ layer

H//[1-10] H>H,

H//[1-10] H<H, H//[001]
® 6,3 5.8°
SR IR %’ 4 8 ’%
| [
[1-101| ‘%5 B9, \ ; < ¢ H5”§O 535 \
ll ! : !
Fel ldyel I Fe2 layer Fel layer @ Fe2 layer

[110]

e

FIG. 8. Directions of the magnetic moment at the §; and S, sites
in the Fel and Fe?2 layer under the external magnetic field applied in
(a) H//[110], (b) H//[1-10] and H < H,, (c) H//[1-10] and H > H,,
and (d) H//[001]. Red arrows indicate the magnetic moments on each
site. Blue and black dashed lines represent the x- and y directions. S;
and S, represent the two Fe sites in each Fel and Fe2 layer.

site, while the electric polarization P; for the Fel layer and
P, for the Fe2 layer can be obtained by the superposition of
corresponding ps, and ps,. The total electric polarization P is
the superposition of P, and P;.

In P-3cl phase, the 3, symmetry and three mirrors in-
cluding [001] axis are allowed for each site, while the
two sites are connected by the —1 and 2, symmetry.
When the Fe moments at the two sites are aligned along
the (sina;, cos B, sina;, sin B;,, cosa;,) and (sin o, cos B;,,
sin@;, sin B;,, cosw;,) direction in the polar coordinate, re-
spectively, after considering all the 3;, 2,, and —1 symmetry
operations, the local electric polarization pg, and ps, can be
expressed as, respectively,

[ Asin®a;; cos 281 + C sin 205 cos B;
ps1 o +3| Asin’a;, sin(—28i1) + Csin 201 sin B;;

C;sin®a;; + Cycos?a;

Asin’a;; cos 2B, + Csin 2a cos B,

Psy < —3 Asin’ap sin(—2p;,) + Csin2apsin B |, (4)

C sinzoz,-z + CzCOSZOliz

where «;;(i, j =1, 2) is the angle of the magnetic moment
with respect to the z axis and B;;(i, j =1, 2) is the corre-
sponding angle of the projection of magnetic moment on the
xy or ab plane with respect to the x axis. The index i denotes
the honeycomb layer, e.g., i = 1 for the Fel layer and i = 2
for the Fe2 layer, and the index j denotes the magnetic site j
in each honeycomb layer, e.g., j = 1 for the S site and j = 2
for the S, site.

Here, it is worth pointing out that the Eq. (3) will change
into Eq. (2) if we consider the 3, symmetry of the FeOg
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cluster. In the P-3cl phase, Eq. (3) relates the coupling
constants by A; = —Ay = A, Ay =-B, =B, A5 =A¢=
B3=C3=C4=C5=C6=O, and A5=B4=C. There-
fore, the first two terms in the expressions for p* and
P’ in Eq. (3) can be simplified as cos2pf and only three
terms exist. Constrained by the 2, symmetry, the term
Asin’a sin28 in the x component of pg, (ps,) and the term
Asin?a cos 28 in the ycomponent of ps, (ps,) cannot be
considered anymore [39]. It thus implies that in the P-3cl
phase the x and ycomponents of ps (ps,) should mainly
originate from the terms Asin’a cos2p and Asin’a sin2p,

In contrast, as the O%>~ ions shift in the ab plane, leading
to the absence of 3; symmetry in the FeOg cluster for the
C2/c phase, the relation A| = —A;, Ay = —Bj, A3 = Ag =
B; =C3=C4 =C5 =C¢ =0, and As = B4 are no longer
applicable and six terms exist in the expressions for p* and
. If we consider the term A4sin’« sin 28 in the x component
of ps,(ps,) and term Ajsin’acos?f + Bysin’asin®g in the y
component of pg, (ps,), the metal-ligand p-d hybridization
mechanism would give rise to results inconsistent with our
measured data. For example, in the case of H//[110], electric
polarizations Pj, P, and total electric polarization P can be

respectively. expressed as

A4 sin2p

Py x 6| Aysin28 |,

| C4sin2p

_A’l (cos?By — cos?By) + Ay (sin? By — sin®B,) — A'4(sin 28, — sin28,)
A (cos’ By — cos’Ba) + B)y(sin? By — sin’B,) — Ay (sin 2, — sin28,) |,
| C (cos?By — cos?By) + Ch(sinB; — sin?By) — C,(sin 28 — sin2,)

P20(3

_A/l (cos’B; — cos’By) + A’z(sinzﬁl — sin?B,) — A'4(sin 28, — sin2p,) + 2A4sin 28
AA(COSzﬂl —cos’By) + B’z(sinz,Bl —sin’By) — Aj(sin2p; —sin28,) + 2A,sin28 |. 5)
C|(cos’B1 — cos*By) + C/z(sinzﬂl —sin?By) — C,(sin2B; —sin2p,) + 2C4sin 28

P x3

It is clearly seen that the components P* and P” in both P; and P, are dominated by the terms sin 28 and (sin28; — sin28,),
respectively. According to the crystal structural parameters obtained from the neutron powder diffraction at 7 = 10 K for the
C2/c phase [21], the coupling constants A, = 0.0867, A4, = —0.0923, A’, = 0.1182, and A’y = —0.265 can be obtained, which
indicate that Py;_1) is nearly two times larger than Pj;1¢), in contradiction with our experimental results that P;;10) is much larger
than Pj;.10;. In fact, such discrepancy is mainly due to the inclusion of term Aysin’a sin 2 in the x component of polarization
s, (Ps,)-

Honestly, the term A4 sin’« sin 28 in the x component of polarization pg, (ps,) and the term A4 sin’acos®8 + B, sin’a sin’g
in the y component of polarization pg, (ps,) should be deleted and the x and y components of ps, (ps,) should also mainly
originate from the terms A; sin’acos’f + A, sin’a sin’8 and A, sin?a sin 28 in the C2/c phase, respectively, in order to reach
the consistency between the formulas and the experimental data. Therefore, the local electric polarization ps, and pg, in the C2/c
phase can be simplified as

i Aj sina;icos?Bi 4+ A, sinaisin®Bi1 + Az cos’a
+ A5 sin2a,~] COS,B,‘] + A() Sil’lZOli] sinﬁil

; B; cos’aj; + A sin®a;;sin28i

pst= + Ag sin2a;1cosfi1 + By sin2e;;sinB; ’

C, sin®a;1c08?Bj1 + C, sin®a;isin® Bj; + C3 cos®a;

+ Cy4 sin®a1sin28;; + Cs sin2a;1cosBj; + Ce sin2o;sin;;

[ A sinpcos?Bin + A sinZapsin® B + Az costain
+ As sin2apc0sBin + Ag sin2apsinfip

3 Bs cos?ajp + As sin®a;psin2 i 6

Ps2 == + A6 Sil’lZO[,‘zCOSIB,‘z + B4 sin2a,~] Sinﬁiz . ( )

Cy sinapcos® B, + C, sinap sin? By + C3 cos’an

+ Cy sin%ayp sin2Bi + Cs sin2aj cosBin + Ce sin2aj» sinBin

Given the above discussion, we shall use Eq. (4) and Eq. (6) to explain the magnetically induced ferroelectric polarization,
the electric polarization reversal upon the structural phase transition from high-7 P-3c1 phase to the low-7 C2/c phase, as well
as the dependence of polarization on the direction of magnetic field.
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C. Magnetic field-driven ferroelectric polarization reversal based on p-d hybridization mechanism

In fact, as shown in Figs. 1(b)-1(e), the magnetic symmetries of the Fel and Fe2 layers are different from each other, due
to a small canting angle of 5.81°. In this case, based on the symmetry analysis [40,41], the Fe2 layer in the P-3c1 phase has
an independent —1’ symmetry, while the Fel layer exhibits the symmetry described by 2/m’ plus —1’ symmetry, where symbol
2 marks the twofold symmetry axis along [110], and m’ is the mirror symmetry perpendicular to the [110] direction plus a
time-reversal symmetry. In the C2/c phase, the magnetic structures of the Fel and Fe2 layers both satisfy the —1’ symmetry.
Due to the presence of the —1’ symmetry, the electric polarizations ps, and pyg, in the Fel and Fe2 layers are canceled with each
other and no electric polarization is available. However, the applied magnetic field will break the —1’ symmetry, resulting in
nonzero P; and P, aligned along some direction in space. Similar conclusion can be also obtained from Eq. (4) and Eq. (6), as
the magnetic moments at the S and S, sites in the Fel and Fe2 layers are antiparallel in the absence of magnetic field. However,
in the case of H//[110], as presented in Fig. 8(a), relations «j; = oo = 90°, B1; = B, and B, = m—pf are satisfied in the Fel

layer, while relations ay; = o = 90°, 821 = —B1, and By = m — B, are satisfied in the Fe2 layer. Consequently, the electric
polarizations P; and P,, and total electric polarization P can be expressed as
0
P < 6A| —sin2p |,
0

cos2f; —cos2pB;
P, o 3A’| sin28; —sin28, |,

0
P* A’(cos2B; — cos2B))
P=|P | «3|A'(sin2f; —sin28,) — 2Asin28 |, 7
P 0

where A and A’ are the coupling constants of the S site in the Fel and Fe2 layers, respectively.

We can see that nonzero electric polarization components P*(Pri-10)) and P”(Prj110)) can be induced by magnetic field H
applied along the [110] direction. According to the crystal structural parameters obtained from the neutron powder diffraction
at T = 150 K [21], coupling constants A = 0.0156 and A’ = 0.1818 can be obtained, indicating that the magnetically induced
polarization in the P-3c1 phase is mainly from the Fe2 layer, due to the larger lattice distortion of the (Fe,)O¢ octahedron.
Therefore, polarization P” is larger than P*, as deduced from Eq. (7), well consistent with our experimental data as shown in
Fig. 4.

On the other side, in the case of C2/c phase, electric polarizations P; and P», and total electric polarization P can be obtained
as

0
P, x 6| Aysin28 |,
| C4sin2p
(A (cos?B — cos®By) + Ab(sin® B — sin’By)
-Aj(sin2p8; —sin2p,)
C)(cos’B; — cos’B,) + Ch(sin? By — sin?B)
—C,(sin2B; —sin2p,)
P A (cos’ By — cos?Ba) + Al (sin’B; — sin’B)
P T -A,(sin28; —sin2pB;) + 2A;sin28 , ®
p: C)(cosB; — cos’Ba) + Ch(sin’B; — sin’By)
—C}(sin2B; —sin2p,) + 2C4 sin 28

P20(3

where A;, C, are the coupling constants of the S, site in the Fel layer, and A’y, A’,, C'y, C'5, C'4 are the coupling constants
of the S site in the Fe2 layer. Similarly, the aforementioned coupling constants A, = —0.005, C, = 0.012, A’} = —0.1861,
A, =0.1182,C'y = 0.0252, C', = 0.09, and C'y = —0.045 can be extracted by using the previously reported crystal structural
parameters at 7 = 10 K [21].

It is found that the largest polarization also comes from the Fe2 layer, and the electric polarization is aligned mainly along the
[110] direction, similar to the case of the P-3c1 phase. However, here for the C2/c phase, the polarization components P* and P”
will change their sign, according to Eq. (7) and Eq. (8). For example, substituting the coupling constants into Eq. (7) and Eq. (8),
respectively, we obtain that P* = —1.091sin(8; — B,) sin(B; + B) in the P-3cl phase and P* = 0.913 sin(8; — B,) sin(B; +
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B>) in the C2/c phase, respectively, while P = 1.091sin(8; — B2)cos(B; + B>) in the P-3cl phase and P* = —0.7092sin(8; —
B2)cos(B1 + Bo) in the C2/c phase. It is thus clearly demonstrated that P” is larger than P* and P* (P”) in the P-3c1 phase and
C2/c phase are always opposite to each other, well consistent with our experimental results.

Here it should be pointed out that in our experiments the magnitude of electric polarization P” in the C2/c phase is larger
than that in the P-3c1 phase. However, according to Eq. (7) and Eq. (8), the magnitude of P* in the C2/c phase is smaller than
that in the P-3c1 phase, and this discrepancy may be due to the larger leakage in the measurement carried at high 7 ~ 85 K,
leading to the issue that electric dipoles may not be well aligned.

In addition, we can also obtain P* o< 0.27sin(8; — B2) cos(B; + B,) in the C2/c phase, significantly smaller than P”, also
in agreement with the experimental results. Here, it is worth noting that the angles 8, B;, and 8, for the two phases should be
slightly different, but we indeed do not distinguish these small differences for simplicity, and the main conclusion should not be
affected.

Subsequently, we consider the case of H//[1-10]. As presented in Fig. 8(b), for H < H,, a1 = oo = 90°, B11 =0°, B1p =
180°, which indicate that P; is always zero no matter in the P-3c1 phase or C2/c phase, consistent with the symmetry analysis.
In contrast, the angles in the Fe, layer can be expressed as o) = app = 90°, 81 = — 1, and By = 180° — B,; thus, the total

polarization (P) in the P-3c1 phase and C2/c phase can be formulated in the following Eq. (9) and Eq. (10), respectively:
cos2pB; —cos2p,
P=P x3A’"| —sin2B, +sin2p; |, 9)

0

A (cos’By — cos?Ba) + Ab(sin®B; — sin?B)
-Aj(sin2p8; —sin2p)

P=P «3

C)(cos’Bi — cos’Ba) + Ch(sin®By — sin?By)

(10)

—C}(sin2B; —sin2pB,)

It is clearly seen that the polarization in the C2/c phase
shows nonzero components along all the x-, y-, and z direc-
tions, consistent with the experimental results. In particular,
the electric polarization along the y axis reverses its sign upon
the structural transition from the P-3cl to the C2/c phase.
When H > H,., accompanied with the reoriented spins and re-
aligned three types of magnetic domains, the spins are mainly
perpendicular to the magnetic field with the canting angle
¢1(p2) toward y or [110] direction, as illustrated Fig. 8(c).
The corresponding polarizations in the P-3c1 phase and C2/c
phase can be written as Eq. (11) and Eq. (12), respectively:

0
Py o 6A| —sin2¢ |,
0
0
P, o« 6A’| —sin2¢; |,
0
P* 0
P=|P | x6|—Asin2¢; —A’sin2¢, (11)
P? 0
0 0
P 6| Aysin2¢; |, P, o 6] Ay sin2¢; |,
Cy sin 2¢ C, sin 2¢,
P* 0
P=|P | x6| Arysin2¢;+A, sin2¢, |. (12)
P* C4sin2¢; + C) sin2¢,

(

Similarly, in this case, it is clearly seen that the polariza-
tions along the y axis in the P-3c1 and C2/c phases are still
opposite to each other, and the polarization along the z axis is
much smaller than that along the y axis.

Furthermore, when H is applied along the [001] direc-
tion, as shown in Fig. 8(d), the moments in the three types
of magnetic domains will tilt a little bit to the external
field, namely o;, = o, o;, = —c, implying that the in-plane
spins are still aligned antiparallel to each other. Therefore,
no net electric polarization can be generated in the P-3cl
phase or C2/c phase by the metal ligand p-d hybridiza-
tion mechanism, implying that another unknown mechanism
plays a role here. It is worth reminding that while the po-
larization induced by magnetic field along the [110] and
[1-10] directions mainly originate from the spin-dependent
p-d hybridization mechanism, the polarization induced by
magnetic field along the z direction is believed to origi-
nate from other mechanisms, and thus different 7-dependent
behaviors for magnetic field-induced polarization can be
expected.

Honestly, there exist two more questions regarding the
p-d hybridization mechanism to be addressed. First, the p-d
hybridization mechanism does not predict nonzero polariza-
tion along the x or [1-10] direction, when H is applied along
the [1-10] direction with H > H,, according to Eq. (11) and
Eq. (12). Unfortunately, in this work we indeed observed
nonzero polarization which should not be treated as measuring
uncertainties. Such an inconsistency can be reasonably under-
stood as three types of magnetic domains in Fe4Nb,Og are not
fully realigned into a single one, and the other two types of
magnetic domains still exist, as the magnetization M[;_jo;(H )
exhibits the nonlinear behavior. In this case, similar to the
situation in the Fe2 layer, the magnetic moments at the S; and
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S, sites in the other two magnetic domains will form different
angles with respect to the x axis, giving rise to nonzero P*,
according to Eq. (4) and Eq. (6). However, we have no direct
evidence for this explanation and the question remains to be
confirmed.

The second question is that no z-component electric po-
larization can be generated in the P-3cl phase by the p-d
hybridization mechanism when H is applied in the xy plane,
while a finite polarization is always experimentally observed,
no matter along which direction the magnetic field is applied.
As shown in Figs. 4(j)—4(k), the crossing points of Pr,
exhibit quite different features compared to P110) and Pi-10;,
implying that P, may be induced by other mechanisms to
be discussed briefly here.

First, the inverse DM mechanism gives the electric dipole
Ap < e;j x (S; x S;) at the bond between sites i and j ly-
ing in the xy plane and Pr,,, cannot be expected from this
mechanism. Second, as shown in Fig. 1(a), there are two
(Fel)Og/(Fe2)Og dimers connected by the —1 symmetry
in the unit cell of FesNb,Oy. Since the Fe** ions are in
nonequivalent environment with different rigidities, and the
charges of Fel and Fe2 ions may be slightly different, the
(Fel)Og/(Fe2)Og dimer may give different dipole moments.
Therefore, the local electric dipole is modified by the scalar
product of neighboring magnetic moments, namely exchange
striction mechanism as the magnetic structure changes in re-
sponse to an applied magnetic field. In the ground state of
P-3c1 phase, the variation of the dipoles in (Fel)O¢/(Fe2)Oq
dimer will be canceled out due to the same angle between
the moments of Fel and Fe2 ions. However, applying H
along the [110] and a finite H < H, along [1-10] direction
will cause the different angles between the moments of Fel
and Fe2 ions, as shown in Figs. 8(a) and 8(b), giving rise
to a net electric polarization Pr,,. When a large H > H, is
applied along the [1-10] direction, the magnetic structures of
Fel and Fe2 layers are realigned to be identical, as shown
in Fig. 8(c). However, the magnetic moments on the §; and
S, sites in the other two magnetic domains will form differ-
ent angles with respect to the x axis, and thus nonzero net
electric polarization can be generated from exchange stric-
tion mechanism. In the C2/c phase, the z components of
electric polarization can be expected by the spin-dependent
p-d mechanism while the exchange striction mechanism may
also work, and under the different magnitudes of magnetic
field the electric polarization Pry,,, induced by more than one
mechanism may be possible at different points, especially
for H//[1-10] direction. Further investigation is motivated to
elucidate the microscopic origin of electric polarization Pr,,
in FesNb,Og, while a tentative discussion is given based
on the aforementioned two mechanisms and experimental
results.

Finally, we would like to explain the ME response to H
rotating along the z axis. In the AFM phase, the magneti-
cally induced polarization APy can be expressed as APy
oH cos 6, where 6 denotes the angle measured from x- or
[1-10] direction. Indeed, APy changes synchronously in re-
sponse to H rotating around the z axis, shown in Fig. 6. When
H > H, is applied along the [1-10] direction, as shown in
Fig. 9, accompanied with the reoriented spins and realigned
three types of magnetic domains, the moments are mainly

2
I H
Fel layer |

FIG. 9. Correlation among the magnetic field direction, the mag-
netic structure, and the induced polarization of Fel and Fe2 layer
under a magnetic field applied in the ab plane rotation at 85 K. ¢; (¢>)
is the canting angle of the magnetic moments for Fel(Fe2) layer
under H//[1-10]. 0 is the angle of H measured from [1-10] direction.
Blue dashed lines denote the x direction and the black solid lines
denote the original location of moments for H//[1-10].

Fe2 layer

perpendicular to H. When H is rotated by an angle 6 around
the z axis, all the moments will be rotated by angle 6 to be
aligned perpendicular to H, and thus the APy in the P-3c1 and
C2/c phase can be expressed in the following Eqgs. (13) and
Eq. (14), respectively, where 1] = ajp = 90°, B = —90° +
¢1+ 0, Bio =90° — ¢; + 0 in the Fel layer, while oy =
axn =90° B = —90° + @2 + 0, Bra = 90° — @, + 6:

APy o —6[Asin2¢; + A’ sin 2¢,] cos(—20), (13)

APy o 6(A; sin2¢; + A'5 sin 2¢,) cos(—26). (14)

It is clearly seen that in both the P-3cl phase and
C2/c phase the electric polarization APy indeed varies
with cos(—26), well consistent with our experimental re-
sults. Similarly, due to the opposite sign of the coefficients
of cos(—26) terms in the P-3cl and C2/c phase, a 90°
phase shift for APy measured at 85 and 10 K can be
observed.

V. CONCLUSION

In summary, we have systematically investigated the ME
coupling effect in single-crystalline Fe4sNb,Oy. Using the
metal-ligand p-d hybridization mechanism, the magnetically
induced ferroelectric polarization, the electric polarization re-
versal upon the structural phase transition from high-7 P-3c1
phase to the low-7 C2/c phase, as well as the dependence of
polarization on the direction of magnetic field, can be well
explained. Based on the coupling constants obtained from the
structure parameters of P-3c1 phase at 150 K and C2/c phase
at 10 K, it is revealed that the magnetically induced electric
polarization mainly originates from Fe2 layers. While the
polarization induced by magnetic field along the [110] and [1-
10] directions mainly originate from the spin-dependent p-d
hybridization mechanism, the polarization induced by mag-
netic field along the z direction is believed to originate from
other mechanisms, and thus different 7-dependent behaviors
for magnetic field-induced polarization can be observed. In
addition, as the symmetry of crystal structure changes from
trigonal P-3¢1 to monoclinic C2/c, the changes of parameters
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of FeOg octahedral cluster modulate the strength of magnitude
of polarization of Fel and Fe2 sublattices, thereby interpreting
the electric polarization changes and concomitant ME cou-
pling effect. Our work may pave the way for understanding
the magnetoelectric mechanism in the presence of rich phase
diagram in this A4M,0g family.
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