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We present the significant spin-driven dielectric anomaly (∼40% drop) and magnetoelectric coupling near
the magnetic ordering temperature in single crystal Fe4Nb2O9. By combining neutron and x-ray single crystal
diffraction techniques, we unambiguously determined its magnetic symmetry and studied the structural phase
transition at TS = 70 K. The temperature-dependent static dielectric constant is strongly anisotropic, rendering
two dielectric anomalies along the a axis in the hexagonal lattice with the first one coupled to the magnetic
ordering around TN = 97 K and the second one accompanying with a first-order structural transition around
TS = 70 K. Below TN , we found that the anomalous dielectric constant is practically proportional to the
square of the magnetic moment from neutron diffraction data, indicating that the exchange striction is likely
responsible for the strong spin-lattice coupling. Magnetic-field-induced magnetoelectric coupling was observed
and is compatible with the determined magnetic structure that is characteristic of antiferromagnetically arranged
ferromagnetic chains in the honeycomb plane. We propose that such magnetic symmetry should be immune to
external magnetic fields to some extent favored by the freedom of rotation of moments in the honeycomb plane,
laying out a promising system to control the magnetoelectric properties by magnetic fields.
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I. INTRODUCTION

The linear magnetoelectric (ME) effect, which defines the
control of electric polarization by an external magnetic field or
the magnetization by an electric field [1,2], has attracted con-
siderable interest because of its importance in understanding
the novel types of ferroic order [3–6] in solids and potential
applications in spintronics [4,7–10]. For the presence of the
linear ME effect in a specific material, the symmetry requires
the breaking of both spatial inversion and time reversal [3].
In this regards, the linear ME effect can be predicted by
symmetry considerations given the magnetic symmetry of
a system is clearly known [1,11]. A family of materials
A4Nb2O9 (A = Mn, Co) belonging to the corundum-type
structure has been found in their powder forms to show the
magnetoelectric effect for several decades [12]. They crystal-
lize with the α-Al2O3-type trigonal crystal structure with the
space group P3̄c1 [13,14] [see Figs. 1(a) and 1(b)] and can be
regarded as a derivative of Cr2O3, one of the first predicted
and discovered room temperature ME materials [15–19]. The
magnetic structures of both Mn and Co cases were first
determined by Bertaut et al. in Ref. [14] where both of them
can be simply described by an antiferromagnetically coupled
collinear ferromagnetic Co2+ chains with the moments along
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the c-axis. Originally, this symmetry allows a linear ME effect
and seems to be consistent with the observed linear ME
response in the powder samples [12,20,21].

Recently, this family has attracted some renewed interest
because of the successful growth of Co4Nb2O9 single crystals
and the finding of manipulations of its ME effect via external
magnetic fields [22]. Single crystal neutron diffraction exper-
iments have revealed a different magnetic structure with all
moments in the ab plane [23]. This allows different magne-
toelectric effect terms as observed in the electric polarization
measurement on a single crystal [13,23,24]. Fe4Nb2O9 emerg-
ing as a new member in this family was recently reported to
show the magnetoelectric coupling accompanied by a long-
range antiferromagnetic ordering below 90 K and an anomaly
at 77 K in the dielectric permittivity curve on a powder sample
[25]. It was later shown in Ref. [26] that the magnetic structure
is described by collinearly arranged moments in the ab plane
which can be assigned in either C2/c′ or C2′/c magnetic
symmetry through a powder neutron diffraction experiment.
To elucidate the exact magnetic symmetry that is vital in ex-
plaining the magnetoelectric coupling, single crystal neutron
diffraction is required.

In contrast to the previous works on a powder Fe4Nb2O9

sample, in this work, the availability of the sizable single
crystal allows us to study the magnetoelectric coupling in
different crystal directions and elucidate the magnetic ground
state using the single crystal neutron diffraction technique.
We show the large spin-driven dielectric anomaly in the
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FIG. 1. (a) Schematic drawing of the crystal structure of
Fe4Nb2O9 at room temperature viewing along the [110] direction.
(b) The slightly buckled honeycomb layer is formed by Fe1 atoms.
(c) Observed and calculated single crystal x-ray diffraction data at
room temperature with the goodness-of-fit χ 2 = 0.94 and R factor
RF 2 = 3.15%.

dielectric constant curves that exhibit the obvious anisotropy,
and the observation of electric polarization under the applied
magnetic field around the Néel temperature in Fe4Nb2O9.
The observed magnetoelectric coupling is in good agreement
with the determined magnetic symmetry C2/c′ that allows
the presence of linear ME effect with both diagonal and off-
diagonal components.

II. EXPERIMENTAL METHODS

Single crystals of Fe4Nb2O9 were grown by the traveling-
solvent floating-zone (TSFZ) technique. The feed and seed
rods for the crystal growth were prepared by solid state
reaction. Appropriate mixtures of Fe2O3, Fe, and Nb2O5 were
ground together and pressed into 6-mm diameter × 60 mm
rods under 400-atm hydrostatic pressure and then calcined in
argon at 1100 C for 24 h. The crystal growth was carried out
in argon in an IR-heated image furnace (NEC) equipped with
two halogen lamps and double ellipsoidal mirrors with feed
and seed rods rotating in opposite directions at 25 rpm during
crystal growth at a rate of 4 mm/h.

Single-crystal x-ray diffraction data were collected down
to 40 K using a Rigaku XtaLAB PRO diffractometer with
the graphite monochromated Mo Kα radiation (λ = 0.71073
Å) equipped with a HyPix-6000HE detector and an Oxford
N-HeliX cryocooler. Peak indexing and integration were done
using the RIGAKU OXFORD DIFFRACTION CRYSALISPRO soft-
ware [27]. An empirical absorption correction was applied
using the SCALE3 ABSPACK algorithm as implemented in
CRYSALISPRO. [28]. Structure refinement was done using
FULLPROF Suite [29].

The dc magnetization curves were obtained using
the magnetic property measurement system (MPMS)
superconducting quantum interference device (SQUID) mag-
netometer from Quantum Design. For the dielectric constant

measurements, single crystals were used whose orientations
were determined by Laue diffraction. Two single crystalline
samples were polished to achieve two parallel flat surfaces
perpendicular to the a and c axes, respectively. An
Andeen-Hagerling AH-2700A commercial capacitance
bridge was used to measure the capacitance, which was
converted to dielectric constant. This measurement employed
electric fields of 21 and 14.6 kV/m for E‖a and E‖c
configuration, respectively.

The temperature dependence of electric polarization was
measured under various magnetic fields. Prior to the pyroelec-
tric current measurements, the crystal was subjected to a mag-
netoelectric annealing procedure to obtain a single magnetic
domain. This procedure was performed by cooling the sample
from 99 to 77 K with the simultaneously applied magnetic
field H‖a and electric field E‖c (E = ± 183 kV/m). For
the measurement of reverse magnetic field, a magnetic field
sweeping from 9 to −9 T at 77 K was employed. Then, the
electric field E was turned off at 77 K, and the electrodes were
shorted. The pyroelectric current was recorded on warming
at a rate of 1 K/min from 77 to 99 K using a Keithley
6517B electrometer. The electric polarization was calculated
by integrating the measured pyroelectric current as a function
of time.

Single-crystal neutron diffraction was performed at the
HB-3A Four-Circle Diffractometer (FCD) equipped with a
two-dimensional (2D) detector at the High Flux Isotope Re-
actor (HFIR) at Oak Ridge National Laboratory (ORNL).
Neutron wavelength of 1.003 Å (neutron energy 81 meV) was
used with a bent perfect Si-331 monochromator [30]. The
nuclear and magnetic structure refinements were performed
using the FULLPROF suite package [29].

III. RESULTS

A. Crystal structure at room temperature

The availability of single crystal Fe4Nb2O9 enabled us to
carefully examine its crystal structure using both single crystal
neutron and x-ray diffraction techniques, hence providing
more precise crystal structural parameters. Room temperature
x-ray single crystal diffraction data show that Fe4Nb2O9

crystallizes with the space group P3̄c1, in good agreement
with the previous reports [25,26]. The refinement result based
on the x-ray diffraction data with a comparison between
the observed and the calculated squared structure factor is
shown in Fig. 1(c). Single crystal neutron diffraction at 120 K
confirms the space group P3̄c1 and indicates a good quality of
the single crystal. The refined structural parameters were sum-
marized in Table I. As shown in Fig. 1, the crystal structure
is characterized by an alternate stacking of slightly buckled
Fe1O6 honeycomb and strongly buckled Fe2O6 honeycomb
layers along the c axis. The nearest-neighbor interactions
(J1) between Fe cations are along the c axis with the Fe1-
Fe2 distance d1 = 2.979(1) Å through a superexchange path
Fe1-O1-Fe2 [91.8(2)o] between the two edge-sharing FeO6 as
shown in Fig. 8(c).

B. Magnetic, dielectric properties, and magnetoelectric coupling

The magnetic susceptibility of a Fe4Nb2O9 single crystal
was measured with both zero field cooling (ZFC) and field
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TABLE I. The refined structural parameters of Fe4Nb2O9 based
on both single-crystal x-ray diffraction (XRD) at room tem-
perature and neutron diffraction (ND) data at 120 K. [Space
group: P3̄c1, a = b = 5.2118(3)Å, c = 14.2037(8) Å, RF2 (x-ray) =
3.15%, RF2 (neutron) = 6.76%, Biso in 1/(8π 2) Å2].

Atom methods x y z Biso

Nb1 XRD 0 0 0.14251(6) 0.56(1)
ND 0.14266(2) 0.67(8)

Fe2 XRD 1/3 2/3 0.19325(6) 0.77(2)
ND 0.1933(2) 0.82(8)

Fe1 XRD 1/3 2/3 0.98522(6) 0.72(2)
ND 0.9860(1) 0.61(7)

O1 XRD 0.6625(6) 0.9767(7) 0.0847(2) 0.85(5)
ND 0.6609(3) 0.9763(5) 0.0852(1) 0.72(7)

O2 XRD 0.2837(9) 0 1/4 0.75(6)
ND 0.2853(6) 0.64(8)

cooling (FC) protocols on heating along the a and c axes.
The evident difference between the magnetic susceptibility
curves along the two directions indicates a strong easy-plane
anisotropy. This suggests that the magnetic moments are
largely constrained in the ab plane. Upon cooling, a single
anomaly around 93 K featured by a bifurcation between ZFC
and FC curves was observed for both directions (Fig. 2),
which is indicative of a long-range antiferromagnetic tran-
sition around TN = 97 K shown in the neutron diffraction
section, in accordance with the results previously reported on
powder samples [25,26]. A rather small upturn below 5 K is
probably due to the presence of the impurity FeNb2O6 [31]
that is too small to be detected by the x-ray and neutron
diffraction techniques.

To study the dielectric properties of Fe4Nb2O9, the
frequency-dependent dielectric constants (ε′) were measured
on the single crystal with an electric field along the a or c
axis. As shown in Fig. 3, the dielectric constant ε′(T) along
the a axis is much larger than that along the c axis, reflecting

FIG. 2. Temperature dependence of the magnetic susceptibility
of Fe4Nb2O9 with a magnetic field μ0H = 0.2 T parallel to the a and
c axes under both ZFC and FC protocols.

FIG. 3. The temperature-dependent dielectric constant at various
frequencies with the electric field E parallel to the a and c axes,
respectively.

the presence of strong anisotropy of dielectric properties
in Fe4Nb2O9. This is in fact consistent with the magnetic
easy-plane anisotropy observed in the magnetic susceptibility
curves. An anomalous change in the slope of dielectric con-
stant is clearly discerned occurring at the Néel temperature for
E‖a, but is invisible for E‖c. The in-plane dielectric constant
signals a much more sensitive response to the spin ordering
than the magnetic susceptibility. On further cooling, both
ε′

a(T) and ε′
c(T) curves decrease. However, only ε′

a(T) shows
an obvious bump around TS = 70 K, which is accompanied
by a considerable thermal hysteresis behavior. This suggests
the first-order nature of the crystal structural transition also
observed in the previous work [26]. Below TN the dielec-
tric constant reduces greatly and yields a significant drop
(∼ 40%) as the temperature is lowered to 4.2 K. This dielectric
response to the spin ordering, as will be discussed later,
is substantially larger than that in antiferromagnets reported
hitherto, indicating a strong correlation between magnetism
and the dielectric properties in Fe4Nb2O9.
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TABLE II. The refined structural parameters of Fe4Nb2O9 with
single crystal x-ray diffraction data at 40 K. Space group: C2/c,
lattice parameters a = 9.0861(6)Å, b = 5.1970(4) Å, c = 14.234(1)
Å, β = 91.294(3)o. χ 2 = 1.45. Biso has unit of 1/(8π 2) Å2.

Atom x y z Biso

Nb1 0.0010(3) −0.0004(3) 0.64284(6) 0.87(2)
Fe2 0.8325(4) 0.4994(4) 0.6926(1) 0.85(3)
Fe1 0.8337(4) 0.5001(4) 0.4855(1) 0.86(3)
O1 0.845(3) 0.821(2) 0.0863(9) 0.7(2)
O2 0.672(3) 0.355(2) 0.0858(8) 1.5(2)
O3 0.986(3) 0.328(2) 0.0833(8) 0.7(1)
O4 0 0.722(2) 1/4 0.7(2)
O5 0.141(3) 0.145(2) 0.250(1) 0.9(2)

Magnetodielectric response was considered to be a defini-
tive and experimentally accessible method to recognize linear
magnetoelectric materials [32]. This method can circumvent
the experimental difficulties typically in the pyroelectric cur-
rent measurements. We thus evaluated the magnetoelectric
coupling in Fe4Nb2O9 single crystal by measuring the mag-
netodielectric response. Figure 4 shows the dielectric con-
stant as a function of magnetic field with a fixed frequency
f =20 kHz. Three configurations E‖H‖a, E‖H‖c, and E‖c,
H‖a were used to measure the magnetodielectric response.
For the configuration E‖c, H‖a, a peak in the ε′(T) curve was
observed around TN , which becomes stronger with increas-
ing magnetic field. A small magnetic-field-induced change
at TN in the ε′(T) was observed for E‖H‖a configuration.
The applied magnetic field up to 7 T does not affect the
thermal hysteresis around TS . No anomaly was observed up
to 7 T for E‖H‖c configuration. These observations indicate
a considerable magnetoelectric coupling in Fe4Nb2O9. Note
that the dielectric constant decreases at high temperatures
when applying the magnetic field. This discrepancy seems
considerable at high temperatures and can be attributed to
the existence of the conductivity from impurity or thermally
excited carriers.

To study the ME coupling, we measured the electric polar-
ization of Fe4Nb2O9. Figure 5 shows the temperature depen-
dence of the pyroelectric current and polarization at different
magnetic fields with E‖c, H‖a. For the measured current
in the absence of the magnetic field, we observed a broad
bump across the magnetic transition that we considered as a
background signal. No peak in the pyroelectric current curve
was observed in the absence of an external magnetic field,
suggesting that Fe4Nb2O9 is not polar around the magnetic
phase transition. However, when a magnetic field of 4 T is
applied, the induced current appears in the vicinity of the mag-
netic phase transition. The induced current becomes stronger
with increasing magnetic field. By reversing the annealing
electric field, we were able to change the sign of the induced
current. The temperature dependence of electric polarization
was then obtained by integrating the pyroelectric current with
respect to the time. As shown in the lower panel in Fig. 5, the
electric polarization monotonically increases with the increase
of the magnetic field. The observed maximum polarization
value is about 32 μC/m2 under 9 T, comparable to that

FIG. 4. Magnetic field dependence of the dielectric constant of
Fe4Nb2O9 with magnetic and electric fields applied to different
configurations. Inset shows the magnified view of the the magne-
toelectric coupling.

in the counterpart magnetoelectric Co4Nb2O9 [13,23] in the
same magnetic and electric configuration. A magnetic-field-
dependent polarization curve apparently reveals the linear
feature, reflecting that the linear ME effect is dominant in
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FIG. 5. Temperature dependence of the pyroelectric current (top
panel) and the corresponding polarization (bottom panel) under
various magnetic fields. The observable magnetoelectric coupling
occurs below 96 K, close to the magnetic transition temperature of
97 K. Inset shows the linear behavior of the polarization as a function
of magnetic field.

Fe4Nb2O9. We also examined the influence of the reverse
magnetic field on the electric polarization. As shown in Fig. 5,
a reverse magnetic field of 9 T can make the polarization
reverse. Note that the bump feature in the absence of magnetic
field is not reversed, indicating the background nature of the
μ0H = 0 T data.

C. Low temperature crystal and magnetic
structures determination

To check the crystal structure at low temperatures, we
performed single crystal x-ray (down to 40 K) and neutron
diffraction (down to 5 K) experiments at various temperatures.
For the neutron diffraction data, rocking curve scans around
Bragg peaks (0 1 0), (0 2 0), (0 3 0), and (1 1 3) at 5 K reveal
obvious peak splittings, indicating a monoclinic structural
transition [26]. Two representative reflections (0 1 0) and (0
2 0) as a function of temperature are shown in Figs. 7(a)
and 7(b). To solve the crystal structure at low temperatures,
we performed the group-subgroup analysis using tools at the
Bilbao Crystallographic Server. In a sort of symmetry-related
maximal subgroups of P3̄c1, only subgroup C2/c with the
index of 3 is monoclinic. The structure was then refined in
this space group using the single crystal x-ray diffraction
data at 40 K (Table II). Figure 6 shows the result of the
refinement (χ2 = 1.45) as well as the schematic drawings of
the corresponding crystal structure at 40 K. It appears that the
crystal structure at 40 K is just slightly distorted from the high

FIG. 6. (a, b) Crystal structure of Fe4Nb2O9 projected along the
b and c directions. (c) Observed structure factor squared values of
diffraction peaks compared to those calculated by fitting the C2/c
monoclinic structural model at 40 K with the goodness-of-fit χ2

= 1.45 and R factor RF2 = 5.86%. (d) Visualization of the atomic
displacements of the primary GM3+ irrep (amplitude: 0.1124 Å)
from the symmetry adapted mode analysis projected into the ab
plane, accounting for the P3̄c1 to C2/c transition. Arrows denote
the polarization vectors of the symmetry modes of the O atomic
displacements with moduli proportional to the amplitude.

temperature phase. Atoms O1 and O2 in the P3̄c1 structure
were split into five atomic positions in the low temperature
phase, demonstrating the largest atomic displacements. To
illustrate the O atomic displacements compared to the parent
structure (P3̄c1) we conducted the symmetry mode analysis

FIG. 7. (a)–(c) Contour plots of the neutron diffraction reflec-
tions (0 1 0), (0 2 0), and (0 0 4) as a function of temperature.
(d) Temperature dependence of the (0 0 4) peak intensity. The solid
lines stand for the power-law fits in different temperature regimes.
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by considering the two space groups using AMPLIMODES [33].
The decomposition of the low temperature structure in respect
of the symmetrized displacive modes of the parent P3̄c1
structure yields a set of symmetry-adapted distorted modes
that are associated with two irreducible representation(irreps)
GM1+ (order parameter direction: a, amplitude: 0.0649 Å)
and GM3+ (order parameter direction: (−0.5a, 0.866a), am-
plitude: 0.1124 Å). Through the analysis, we found that
GM3+ transforms all the primary modes. We drew the dis-
placements corresponding to each symmetry mode of all O
atoms (which form the distorted octahedra FeO6) in Fig. 6(d)
which shows that the largest distortions/displacements occur
mainly in the ab plane.

Although the magnetic structure of Fe4Nb2O9 was previ-
ously reported by studying a powder sample using neutron
diffraction, the exact magnetic symmetry is still unclear as
powder neutron diffraction can not distinguish the magnetic
space groups C2′/c and C2/c′ [26]. We carried out single
crystal neutron diffraction on Fe4Nb2O9 to clearly sort out this
problem. Even though Fe4Nb2O9 undergoes a crystal structure
phase transition at 70 K with splittings of some specific Bragg
peaks, no anomaly was observed in the magnetic reflections,
indicating that the magnetic symmetry is preserved upon
cooling. Therefore, hereafter, we will describe the magnetic
structure in the parent structure. As shown in Figs. 7(a)
and 7(c), below 97 K, the peak intensities of (0 1 0) and
(0 0 4) increase with decreasing temperature, signaling the
onset of the magnetic transition. Since reflection (0 0 4) is
not contaminated by the crystal structural transition, it was
chosen to track the order parameter of the magnetic transition.
The reflection (0 0 4) can be fitted by an empirical power-

law equation I = A(
TN − T

TN
)
2β

+ B [34,35] where TN is the

Néel temperature, A is a proportionality constant, β is the
order parameter critical exponent, and B is the background.
We fitted the intensity in two temperature regimes. In the
temperature range of 10–115 K, the fit yields TN = 96.7(5)
K and a critical exponent 0.216(9), as shown in Fig. 7(d)
(power-law fit 1). Fitting the data in the temperature range
of 65–115 K [power-law fit 2 in Fig. 7(d)] gives a similar
critical exponent 0.23(3). This value is close to the charac-
teristic critical exponent β = 0.231 for a two-dimensional
XY model [34–36], reflecting that the anisotropy is planar,
in good agreement with the spin configuration from the
neutron diffraction analysis in the following paragraph. At
5 K, all observed magnetic reflections were well indexed
by a vector k = 0, consistent with that found in the powder
sample [26].

A set of magnetic subgroups that are compatible with the
given space group and the propagation vector was obtained
through the symmetry analysis using BILBAO CRYSTALLO-
GRAPHIC SERVER (MAGNETIC SYMMETRY AND APPLICATIONS

[33]) software. The magnetic structures containing trigonal
symmetry imply a magnetic configuration with the moments
along the c-axis, inconsistent with our experimentally mea-
sured magnetic reflections such as (0 0 4) and thermodynamic
measurements. Thus, we have to lower the symmetry in the
magnetic subgroup hierarchy. This gives four monoclinic
magnetic subgroups C2′/c′, C2/c′, C2′/c, and C2/c. Without
refining our neutron data, one can rule out the subgroups

FIG. 8. (a) Observed intensity of all magnetic peaks at 5 K
compared to those calculated by fitting the magnetic structural
model. (b,c) The ground-state magnetic structure of Fe4Nb2O9 in the
hexagonal lattice setting. The solid yellow line marks the nearest-
neighboring exchange interaction while the solid blue line represents
the next-nearest-neighboring exchange interaction J2.

C2′/c′ and C2/c by applying Neumann’s principle to the
magnetoelectric effect. Basically, both of them do not allow
the linear magneoelectric effect. We tested the remaining
magnetic models using the single crystal neutron diffraction
data. The model corresponding to the subgroup C2/c′ yields
a satisfactory fit to our data (RF = 4.43% and χ2 = 5.13), as
shown in Fig. 8(a). In fact, another reason of precluding the
other candidate C2′/c is based on the magnetoelectric cou-
pling experimentally observed in Fe4Nb2O9 since the C2′/c
subgroup allows only four off-diagonal terms. Therefore, we
can conclude that the magnetic structure of Fe4Nb2O9 is
described by the magnetic space group C2/c′. Figures 8(b)
and 8(c) show the magnetic structure of Fe4Nb2O9, which
is manifested as antiferromagnetically coupled ferromagnetic
chains along the c axis with all spins confined into the ab
plane. In particular, the nearest-neighboring Fe atoms, i.e.,
Fe1 and Fe2 order ferromagnetically. This pair forms a small
canting angle 5.81◦ with its adjacent Fe1-Fe2 pair in the
chain. This canting angle is roughly two times smaller than
that in Co4Nb2O9 [23]. The refined magnetic moment at 5 K
is 3.52(4) μB for both the Fe1 and Fe2 sites. This value is
slightly smaller than the theoretical ordered spin-only value
4 μB for Fe2+ with a high spin state. Due to the existence of
the trigonal lattice symmetry, three magnetic domains were
considered and their populations were set to be equal during
the refinement.

IV. DISCUSSION

We established that Fe4Nb2O9 undergoes an antiferromag-
netic phase transition around 97 K, followed by a structural
transition at 70 K. By combining x-ray and neutron diffrac-
tion, we solved the crystal structure and magnetic symme-
try at low temperatures. The magnetic structure is featured
by the ferromagnetic chain with a small canting between
each adjacent Fe1-Fe2 pair. This indicates that the dominant

084403-6



LARGE SPIN-DRIVEN DIELECTRIC RESPONSE AND … PHYSICAL REVIEW MATERIALS 4, 084403 (2020)

exchange interaction J1 is ferromagnetic. Owing to the pres-
ence of the antiferromagnetic exchange interactions (J2) be-
tween Fe1 atoms in the slightly buckled honeycomb, the ferro-
magnetic chains are coupled antiferromagnetically. The strong
competition between the two sorts of exchange interactions is
likely responsible for the small canting angle between each
ferromagnetic Fe1-Fe2 pair. The magnetoelectric coupling of
Fe4Nb2O9 can be appreciated by symmetry analysis in light
of the determined magnetic structure. Imposed by the mag-
netic symmetry C2/c′, the magnetoelectric coupling tensor
has in principle five nonzero terms: αxx, αxz, αyy, αzx, αzz.
Our magnetodielectric and electric polarization measurements
along the different directions of the crystal have shown that the
strongest term is αzx and the term αxx is small while the term
αzz is null. The off-diagonal component αzx with a large value
in principle allows the occurrence of the ferrotoroidal order
in Fe4Nb2O9. The experimental observation of the relevant
ferrotoroidal domains through an essential magnetoelectric
annealing process is greatly desired.

Let us discuss the dielectric anomalies in ε′(T ) curves
without the magnetic field. In the vicinity of the magnetic
phase transition, the dielectric anomaly was observed in
ε′

a(T ), indicating a strong correlation between the spin or-
dering and the dielectric properties in Fe4Nb2O9. Its absence
in ε′

c(T ) further reflects that it is governed by exchange
interactions in the ab plane. This is associated with the fact
that all magnetic moments are confined in the ab plane. A
dielectric anomaly near the magnetic phase transition has also
been previously found in the isostructural Co4Nb2O9 [37] in
which the dielectric constant monotonically increases from
the magnetic ordering temperature to 10 K (the lowest mea-
sured temperature) with about 0.2% increment. Different from
Fe4Nb2O9, this small dielectric response is field-dependent,
suggesting different origins. Similar dielectric anomalies to
Fe4Nb2O9 were found in a diversity of antiferromagnets in-
cluding classical antiferromagnetic MnO [38] and MnF2 [39],
linear magnetoelectric BaMnF4 [40] and NdCrTiO5 [41], mul-
tiferroic TbFe3(BO3)4 [42], YMnO3 and LuMnO3 [43,44],
magnetoelectric Pb2MnO4 [45], and quantum paraelectric
EuTiO3 [46]. As shown in Fig. 9, ferroelectric TbFe3(BO3)4

[42], YMnO3 and LuMnO3[43,44] show a dielectric drop in
the range of 3–5% near their spin ordering temperatures. This
was believed to arise from the coupling between the polar
modes and the magnetic ordering. A comparable dielectric
drop ∼ 3.75% near the magnetic ordering temperature has
been reported in the incipient ferroelectric EuTiO3 [46]. The
low-temperature dielectric constant of EuTiO3 significantly
increases with the decrease of temperature and saturates
with a large dielectric constant > 400 below approximately
30 K due to a soft mode type incipient ferroelectric behavior
[46]. Its dielectric drop below 5.5 K was attributed to the
coupling between the soft polar phonon mode and the lo-
calized Eu spins which allows a third-order magnetoelectric
effect as confirmed experimentally [47]. In contrast to these
ferroelectric materials, the dielectric constant ε′

a and ε′
c of

Fe4Nb2O9 monotonically decrease with decreasing temper-
ature and show a rather smaller dielectric constant (ε′

a ∼
40) around TN . Fe4Nb2O9 has a significantly larger dielectric
response (∼ 40% drop) and stands out as a unique case.
This makes Fe4Nb2O9 evidently different from the incipient

FIG. 9. The dielectric change below TN due to spin ordering in
representative antiferromagnetic materials. Note that the dielectric
change was evaluated using (ε′

TN
-ε′

L)/ε′
TN

where ε′
L is the static

dielectric constant at the lowest measured temperature for each case.

ferroelectric EuTiO3. Note that due to the lack of a coupled
soft phonon mode, the third-order ME effect is unlikely to
occur in Fe4Nb2O9. However, Fe4Nb2O9 shares considerable
similarities in dielectric properties with MnO which shows a
decrease of the dielectric permittivity with ∼ 12% below TN

and was explained by the presence of exchange striction due
to the structural distortions driven by nearest-neighbor and
next-nearest-neighbor antiferromagnetic interactions [38]. We
found that the slope change in the dielectric constant curve in
Fe4Nb2O9 is analogous to that observed in MnO where the
anomalous dielectric contribution below the Néel temperature
is proportional to M2 (M is the sublattice magnetization) [38].
We evaluated this proportionality. In Fe4Nb2O9, the anoma-
lous dielectric contribution can not be quantitatively evaluated
since modeling the high temperature dielectric constant needs
a comprehensive knowledge of the lattice polarizability [38].
However, because the lattice contribution at low temperatures
is practically temperature-independent, it is not unreasonable
to directly compare the dielectric constant and the magnetiza-
tion below TN . Figure 10 shows the comparison between the
dielectric constant and the intensity of the magnetic reflection
(0 0 4). It is obvious that both curves are approximately
proportional. This reflects that the occurrence of the dielectric
anomaly exclusively in the ε′

a below TN is likely due to the
exchange striction. Another anomaly in the dielectric constant
curve around TS = 70 K featured by the thermal hysteresis is
associated with the first-order crystal structure transition. As
shown in Fig. 6(d), the symmetry mode analysis of the lower
temperature phase with respect to the high-temperature phase
gives significant O atomic displacements in the ab plane.
Such a structural distortion unsurprisingly varies the dielectric
constants. However, as we shown in Fig. 10, it is the magnetic
ordering that dominates the formation of the giant dielectric
response.

The nature of the exchange striction in Fe4Nb2O9 is un-
clear. Usually, it is accompanied by structural distortions
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FIG. 10. Comparison between the dielectric constant εa
′(T) and

the magnetic reflection (0 0 4) as a function of temperature. Note the
peak intensity is proportional to the square of the magnetic moment
in Fe4Nb2O9.

or changes of the lattice dimension. However, such distor-
tions may be small and local and cannot be observed by
conventional diffraction methods. The total neutron scatter-
ing technique as a complementary tool has been used to
successfully resolve the distorted crystal structure associated
with the magnetic ordering in MnO using the reverse Monte
Carlo method [48]. In this sense, high-resolution total neutron
scattering experiments are needed to understand the dielectric
anomaly in Fe4Nb2O9. In addition, the origin of the structural
phase transition appears to be associated with the magnetic
ordering. The magnetic space group of Fe4Nb2O9 is C2/c′
which is identical, irrespective of the time reversal operator,
to the lower temperature crystal structure C2/c. This poses
a speculation that an “incipient” structural phase transition
occurs at TN , that may be related to the change of the fre-
quency of some specific modes or phonon splittings due to the
magnetic ordering [49]. Further inelastic neutron scattering
by mapping out the phonon dispersion across the magnetic
and structural phase transitions will be helpful to address this
point.

V. CONCLUSION

In summary, we studied the dielectric properties, the
magnetoelectric coupling, and the magnetic structure of
Fe4Nb2O9. The magnetic susceptibility and single crystal
neutron diffraction showed an antiferromagnetic transition
around 97 K described by the C2/c′ magnetic space group
with two antiparallel ferromagnetic chains totally confined
in the ab plane. Along the c axis, a small but pivotal
canting angle between each adjoining Fe1-Fe2 atoms was
found. This magnetic symmetry probably triggers the occur-
rence of exchange striction that explains the large anomaly
(∼ 40% drop) in the dielectric constant curve in the a di-
rection, and allows the linear ME effect as observed ex-
perimentally by the magnetodielectric response and electric
polarization measurements. A hexagonal to monoclinic struc-
tural transition at TS = 70 K has been revealed by combining
neutron and x-ray single crystal diffraction and symmetry-
adapted mode analysis. Our work suggests that manipulation
of the magnetoelectric coupling through an external mag-
netic field is practicable since the magnetic configuration in
honeycomb Fe4Nb2O9 makes the continuous rotation of the
moments via a magnetic field robust.
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