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Fe2Co2Nb2O9: a magnetoelectric honeycomb
antiferromagnet†

Antoine Maignan, *a Christine Martin,a Elodie Tailleur,b Françoise Damay,b

Maxim Mostovoy,c Xiao Wang,d Zhiwei Hu,d Hong-Ji Lin,e Chien-Te Chen,e

Liu Hao Tjeng, d Emmanuelle Suardf and François Fauth g

Fe4Nb2O9 and Co4Nb2O9 are antiferromagnetic compounds belonging to the M4M02O9 series (M = Mn,

Fe, Co; M0 = Nb, Ta), whose structure (P %3c1) derives from the Cr2O3 corundum one. By mixing cobalt

and iron in a 1 : 1 ratio, an Fe2Co2Nb2O9 oxide has been synthesized. Its structural, magnetic and electric

characterization studies confirm that its unit cell volume (V = 331.19(1) Å3), Néel temperature (TN = 58 K)

and dielectric permittivity are intermediate between those of the Fe4Nb2O9 and Co4Nb2O9 end

members. The neutron diffraction study evidences an Fe:Co random occupation of the (4d) Wyckoff

sites. Its antiferromagnetic structure, refined in the C2/c0 magnetic space group, shows magnetic

moments in the planes of the honeycomb (HC) layers of the M4M02O9 structure, and stacked along c, as

for Fe4Nb2O9 and Co4Nb2O9. However, the magnetic field induced magnetization M(H) of Fe2Co2Nb2O9

below TN differs strongly from both end members, exhibiting a sublinear dependence. A similar rounded

shape of the electric polarization P(H) curve is evidenced, in marked contrast to the linear M(H) and P(H)

behaviours observed below the spin-flop magnetic field for this class of linear magnetoelectric materials.

As a result, Fe2Co2Nb2O9 exhibits larger P values and steeper P responses to H at low H than both

Fe4Nb2O9 and Co4Nb2O9 end members. This result is explained by a microscopic model based on the

Fe and Co mixed occupation. Substitutional disorder locally allows for stronger magnetoelectric

couplings and its effect does not cancel on average. This chemical substitution effect opens a new

route to enhance the magnetoelectric response of honeycomb antiferromagnets.

1 Introduction

Honeycomb antiferromagnets (AF) M4M0
2O9 (with M = Mn, Fe,

Co and M0 = Nb, Ta) form a large class of magnetoelectrics
(ME).1–16 They crystallize at room temperature (RT) in the P%3c1
centrosymmetric space-group1 (Fig. 1a): the M magnetic cations
lie in planar honeycomb layers (A) of edge-sharing MAO6

octahedra (in blue) alternating with buckled honeycomb layers
(B) of corner-sharing MBO6 octahedra (in green). These MBO6

octahedra are intertwined with M0O6 ones (in pink, M0 = Nb) in

the B layer. A and B layers are connected through face-sharing
MAO6 and MBO6 octahedra. This structure derives from the
corundum one, which is also that of the Cr2O3 linear ME (LME)
prototype.17,18

Fe4Nb2O9 exhibits an antiferromagnetically ordered state
below TN = 90 K, which undergoes a spin-flop (sf) transition
at m0Hsf E 6.5 T.4 An applied magnetic field H 4 Hsf induces an
electric polarization P which increases as the applied magnetic
field increases, reflecting the ME nature of Fe4Nb2O9, although
the P(H) dependence is non-linear. The Fe4Nb2O9 magnetic
structure has been recently described in C2/c0 as a ferromag-
netic chains along the c-axis coupled antiferromagnetically,
with all spins confined to the ab plane.5,6 The dielectric con-
stant shows anomalies at TN and TS = 70 K, the latter being
attributed to a transition from a trigonal (P%3c1) to monoclinic
(C2/c) crystal structure.5,6 This structural transition occurring
below the magnetic order temperature does not affect the
magnetic structure. In contrast, no such structural transition
is reported in Co4Nb2O9, which is characterized by TN = 27 K7,8

and a similar C2/c0 magnetic space group, even though such a
‘‘hidden’’ transition was suspected in ref. 19. The C2/c0 mag-
netic space group is used likewise to describe the magnetic
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order of Co4Ta2O9, for which magnetic moments also lie in the
ab plane, but with an additional tilt angle in the buckled layer
which is not seen in the flat one.20 In Co4Nb2O9 polycrystalline
samples, above m0Hsf E 1.2 T, i.e. above the spin-flop
transition,3,10 a linear P(H) curve characteristic of a LME

material is observed consistent with the spin-current model
applied to the magnetic structure modified by an external
magnetic field.9

However, some controversies concerning the magnetic order
in Fe4Nb2O9 still remain, as magnetic structure models based

Fig. 1 (a - left) Schematic structure of the M4M02O9 compounds crystallizing in the a-Al2O3 structure (P %3c1). All the cations are in octahedral
coordination and for Fe2Co2Nb2O9 (FCNO) the M2+ cations are Fe2+/Co2+ randomly distributed to build honeycomb layers [blue and green octahedra are
for the cations in the A and B layers, respectively, and the pink ones for Nb5+]. (a - right) Schematic magnetic structure of FCNO (C2/c0 magnetic space
group) showing the magnetic moments, in blue along the a-axis in the planar honeycomb layers A (top), and in green for the buckled honeycomb layers B
(bottom) formed by the (Fe2+/Co2+)O6 octahedra. In-plane coupling is antiferromagnetic in both HC sub-lattices but ferromagnetic in between them.
(b) Rietveld refinement using the RT synchrotron X-ray diffraction (left panel) and 150 K neutron diffraction (right panel) data of FCNO (experimental data:
red open circles, calculated profile: black continuous line, and allowed Bragg reflections: vertical green marks; the difference between the experimental
and calculated profiles is displayed in blue at the bottom of the graphs).
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on collinear magnetic moments in the ab plane but with an out-
of-plane canting,7,8 or based on moments lying strictly in-plane
but non-collinear9 have been proposed. Furthermore, by study-
ing the anisotropy of the magnetodielectric and ME properties
of an Fe4Nb2O9 crystal just below TN, and the angular depen-
dence of its polarization, it was found that the ME tensor is only
compatible with a �10 magnetic point group, thus being lower
than the one expected for the C2/c0 antiferromagnetic
configuration.21

The smaller spin-flop magnetic field of Co4Nb2O9 (labelled
CNO) and the higher TN of Fe4Nb2O9 (FNO) motivated the
detailed study of the intermediate Fe2Co2Nb2O9 (FCNO) com-
pound, whose crystal and magnetic structures as well as
magnetic and magnetoelectric properties are reported below.

2 Experimental
2.1 Sample preparation

The Fe2Co2Nb2O9 polycrystalline sample was synthesized by a
solid-state reaction using the same process as that for
Fe4Nb2O9

4 using Fe, Fe2O3, CoO1.34 and Nb2O5 as starting
materials, which were weighed to respect the 2 : 2 : 2 : 9 stoichio-
metry. The oxygen content of the Co oxide was determined
using thermo-gravimetric analysis. After being ground in an
agate mortar, 1 g of powder was shaped into bars of 2 � 2 �
10 mm3 dimension, which were sealed under primary vacuum
in a closed ampoule, to be heated at 1100 1C for 6 h. Using this
technique, the synthesis and sintering are made in a single
step. For the sake of comparison, the two end members were
also prepared. A Fe4Nb2O9 sample was synthesized according to
the method used for Fe2Co2Nb2O9, starting from Fe, Fe2O3, and
Nb2O5, weighed to be in 4 : 2 : 9 stoichiometry.4 As Co2+ is
stable in air at high temperature, the Co4Nb2O9 sample was
prepared in air at 900 1C. According to the synthetic technique
described in ref. 3, a 4 : 1 mixture of CoO1.34 and Nb2O5 was
prepared. After being ground in an agate mortar, 1 g of powder
was pressed to form bars of 2 � 2 � 10 mm3 dimension, and
subsequently heated at 900 1C for 12 h.

2.2 Structural and XAS characterization

The temperature dependence of the crystal structure was
studied by synchrotron X-ray powder diffraction (SXRPD) per-
formed on the BL04-MSPD beamline of the ALBA
synchrotron.22 Data were collected at wavelength l = 0.4131 Å,
at room temperature (RT) using the position sensitive detector
MYTHEN and, between 12 K and 70 K, using a scanning mode
multi-analyzer detection (MAD) setup offering the highest
angular resolution. The sample was enclosed in a glass capillary
(0.5 mm inner diameter, spun to improve powder averaging)
within a Dynaflow He flow cryostat. Neutron powder diffraction
(NPD) experiments were carried out on the D2B diffractometer
(l = 1.5946 Å) at Institut Laue–Langevin, at 12 K, 60 K and 150 K
and on the G4.1 diffractometer (l = 2.426 Å) at LLB-Orphée,
from 1.5 K to 300 K. Rietveld refinements were performed with
the Fullprof program23 for all SXRPD and NPD data.

X-Ray absorption spectroscopy (XAS) at the Fe-L2,3 and Co-
L2,3 edges of Fe2Co2Nb2O9 was performed at 300 K in the total
electron yield (TEY) mode on beamline TLS11A of the National
Synchrotron Radiation Research Center. Fe2O3 and CoO single
crystals were measured as references at the Fe-L2,3 and Co-L2,3

edges, respectively.

2.3 Magnetic and electric properties

For electric measurement purposes, thin platelets (2 � 2 �
0.5 mm) were obtained by cutting the bars perpendicularly to
their long axis. Silver paste was deposited on the two 2 � 2 mm
larger surfaces to attach copper wires for dielectric and pyro-
electric measurements. The sample was soldered to a home-
made probe which was inserted into a 9 T-physical property
measurement system (Quantum Design). Data were collected
using either an electrometer (Keithley 6514A) for pyroelectric
current measurements or a LCR meter (Agilent 4284A) for
dielectric characterization. A SQUID (Superconducting QUan-
tum Interference Device) magnetometer or a PPMS (physical
property magnetic measurement) equipped with the ACMS (AC
measurement system) option were used for magnetic
measurements.

3 Results
3.1 Trigonal crystal structure and Fe/Co oxidation states

From SXRPD and NPD data, the Rietveld refinements show that
FCNO crystallizes at RT in the P%3c1 space group [#165,
a = 5.1950(1) Å, and c = 14.1696(1) Å; V = 331.19(1) Å3] with
iron and cobalt distributed over both (4d) Wyckoff sites: MA (1

3
2
3

z = �0.0139(2)) and MB (1
3

2
3 z = 0.1927(2)). The unit cell

parameters lie in between those of CNO [a = 5.169(4) Å,
c = 14.127(9) Å and V = 326.884 Å3] (ref. 3) and FNO
[a = 5.2253(1) Å, c = 14.2058(2) Å and V = 335.912 Å3] (ref. 4)
leading to a cell volume very close to the averaged one,
hVi = 331.4 Å3, which supports a priori the 50 : 50 Fe : Co
composition.

The quality of the refinement is shown in Fig. 1b by the RT
SXRPD patterns and the crystallographic parameters are sum-
marized in Table 1, with the corresponding main inter-atomic
distances in Table 3. The distribution of iron and cobalt on
both (4d) Wyckoff sites was determined from neutron diffrac-
tion data, because of their different scattering length, i.e.
0.954 10�12 cm and 0.253 10�12 cm, respectively. As no RT
high resolution NPD was available, the 150 K-one was used. The
refinement leads to a distribution very close to the random one.
A slight deviation is calculated for (1.1Fe + 0.9Co) and (0.9Fe +
1.1Co) in the A and B layers, respectively, but this deviation in
the limit of the accuracy (occupations calculated to 0.47(2) and
0.53(2)) does not induce a significant decrease of the refine-
ment agreement factors. Consequently, in the following, the
Fe : Co ratio is fixed at 50% for each site. Nevertheless, it is in
line with the MAO6 polyhedral volume, which is slightly larger
than the MBO6 one (Table 3), in agreement with the larger size
of Fe2+ compared to Co2+ (0.78 Å and 0.745 Å, respectively, in
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the HS state24). In any case, as will be discussed below, the
cationic occupation is not the parameter that solely monitors
the size of the two types of octahedra. Rietveld calculations do
not evidence any oxygen non stoichiometry.

The transition metal oxidation and spin states were probed
by XAS at the Fe-L2,3 and Co-L2,3 edges. Fig. 2a displays the
Fe-L2,3 XAS spectrum of FCNO together with those of Fe2O3 and
Mg0.96Fe0.04O as Fe3+ 25 and Fe2+ 26 references, respectively, the
transition-metal (TM) L2,3 edges being highly sensitive to the
valence state.27–29 One observes that the Fe-L2,3 XAS threshold
of FCNO is located at 1.5 eV lower in energy than that of Fe2O3,
but at the same energy as that of Mg0.96Fe0.04O, demonstrating
the Fe2+ oxidation state. The very similar spectral features of
FCNO and Mg0.96Fe0.04O indicate similar local coordination of
iron as well as the same S = 2 high-spin state.25 Fig. 2b displays

the Co-L2,3 XAS spectrum of FCNO together with those of CoO
and EuCoO3

27 as Co2+ and Co3+ references, respectively. The
energy position and spectral features of the Co-L2,3 spectrum
for FCNO are very similar to those of CoO, but the spectral
weight center is shifted by about 1.5 eV to lower energy relative
to that of EuCoO3. This confirms the Co2+ valence state and the
S = 3/2 high-spin state.

3.2 Temperature dependence of the crystal and magnetic
structures

The temperature dependence of the structure was studied by
SXRPD below 70 K. The refinement of the 70 K Fe2Co2Nb2O9

structure was performed using the P%3c1 space group, like at RT,
and it is substantially improved by using a model of anisotropic
microstructural strains. Upon further lowering the tempera-
ture, a structural transition is observed below TN with a subtle
monoclinic splitting of a few Bragg reflections that become
actually visible between 50 K and 25 K (Fig. 3a). At 12 K
(Fig. 3b), refinements in a monoclinic cell (subgroup C2/c,
derived from the trigonal one by (2a + b, b, c; 000) as used for
FNO5,6) model the data very well with a = 8.9954(1) Å,
b = 5.1940(1) Å, c = 14.1446(2) Å and b = 90.001(1)1. As the
monoclinic distortion is very small, the b angle was subse-
quently fixed at 901. The results are given in Table 2 for 12 K.
Main interatomic distances and octahedral volumes at RT and
12 K are presented in Table 3 and in the ESI† (Tables SI–SIV) for
several other temperatures, up to 70 K.

Whatever the temperature, the structure is described by
Nb2O9 units (NbO6 octahedra sharing a face), and similar
MAMBO9 units oriented along the c-axis (Fig. 1a). In the high
temperature form, there are two types of cation–oxygen dis-
tances in each octahedron (three long toward the common O3

plane and three short toward the external O3 plane) and all
cations are off-centred in the polyhedron (Fig. 4). The NbO6

octahedron is smaller than the MBO6 and MAO6 ones (Table 3)
and MBO6 is more distorted than MAO6, as the NbO6 polyhedra
share apexes and edges with MAO6 and MBO6, respectively.

Lowering the symmetry to monoclinic lifts the degeneracy of
the M(M0)–O distances and six cation–oxygen distances are
observed for all the octahedra. Surprisingly, the size of the
NbO6 octahedra increases, whereas the Nb–Nb distance
decreases slightly. In contrast, the volume of the MAMBO9 unit
decreases, whereas the MA–MB distance remains roughly con-
stant. The impact of the loss of the three-fold symmetry is
difficult to assess because the changes are small, but a scenario
may be proposed (illustrated in Fig. 4a–c): the evolution is
conventional for the MAO6 octahedra, Nb2O9 appears as a rigid
unit (difficult to distort due to the competition between short
Nb–O distances and strong Nb–Nb repulsion) and the MBO6

octahedra accommodate both NbO and MAO sub-lattices with a
larger distortion (compared to MAO6) but smaller volume
change versus temperature. This corresponds to the higher
degree of freedom in the cations and oxygen positions in the
ab plane of the monoclinic cell. Another way to describe
the impact of the loss of the three-fold symmetry relies on
the distortion of the HC substructures (Fig. 4d and e). In the

Table 1 RT crystallographic parameters of FCNO obtained from Rietveld
refinement (SPXRD data)

Space group: P%3c1

Lattice parameters (in Å)

a = 5.1950(1) c = 14.1696(1) Volume = 331.19(1) (Å3)

Wyckoff x y z B (Å2)

MA 4d 1/3 2/3 �0.0139(2) 0.63(6)
MB 4d 1/3 2/3 0.1927(2) 0.36(7)
Nb 4c 0 0 0.1421(1) 0.27(3)
O1 6f 0.280(2) 0 1/4 0.17(7)
O2 12g 0.321(3) 0.337(1) 0.0868(5) 0.17(7)

Agreement factors (%)

Rp Rwp RBragg RF Chi2

16.0 14.9 4.166 6.337 17.9

Table 2 12 K crystallographic parameters of FCNO obtained from Riet-
veld refinement (SPXRD data)

Space group: C2/c

Lattice parameters (in Å)

a = 8.9954(1) b = 5.1940(1) c = 14.1446(2) b E 901 a
Volume =
660.88(1) (Å3)

Wyckoff x y z B (Å2)

MA 8f 0.165(1) 0.505(2) 0.9864(2) 0.35(7)
MB 8f 0.161(1) 0.510(2) 0.1935(2) 0.16(8)
Nb 8f �0.0008(9) 0.0067(9) 0.1423(1) 0.12(4)
O1 8f 0.142(3) 0.875(4) 0.249(4) 0.4b

O2 4e 0.5 0.800(8) 0.25 0.4b

O3 8f 0.159(3) 0.179(5) 0.083(3) 0.4b

O4 8f 0.828(3) 0.138(6) 0.086(3) 0.4b

O5 8f �0.002(4) 0.661(4) 0.088(2) 0.4b

Agreement factors (%)

Rp Rwp RBragg RF Chi2

9.43 12.9 40.1 16.6 4.29

a As the monoclinic distortion is very small (b = 90.001(1)1), the b angle
was subsequently fixed at 901. b B parameters of oxygen sites were set at
a value determined from the structure refinement using the 12 K NPD
data.
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trigonal phase, the A-HC is regular (with only one MA–MA

distance), whereas three MA–MA distances are observed in the
monoclinic phase. This distortion is characterized by the short-
ening of the MA–MA distance along the a-axis. The behaviour of
the B-HC versus temperature is similar, with, in the monoclinic
structure, the shortest MB–MB distances below/above the

shortest edges of the A-HC. In contrast, in the mixed (Nb/MB)-
HC sheet, the longest Nb–MB distance is along the a-axis.

The structural distortion in FCNO is too small to be
observed in the longer wavelength NPD data. Nevertheless,
the data from 1.5 to 300 K allow one to follow the cell parameter
evolution (keeping the P%3c1 space group): the cell parameters
decrease regularly as the temperature decreases, but a change
of slope is observed at 58 K, temperature below which magnetic
Bragg peaks appear on the NPD data. The change in the lattice
volume vs. temperature (reported in Fig. 3d) corresponds
mainly to a decrease of the c-parameter (�0.24% compared to
�0.1% for the a-parameter), signature of a magnetoelastic
coupling at TN which does not correspond to the monoclinic
distortion observed between 50 and 25 K by SXRPD data.

Below TN = 58 K, the new Bragg reflections of magnetic origin
(Fig. 3c), which can be seen in the NPD data can all be indexed
with the propagation vector k = (0 0 0). Rietveld refinements,
based on symmetry analysis, indicate that the symmetry of the
magnetic ordering is either C2/c0 or C20/c, corresponding to
the magnetic irreducible representation G3 or G4, respectively.30

The C2/c0 magnetic structure (Fig. 1a) was chosen as it fits to the
model reported for FNO single crystals.6 At 1.5 K, two different
magnetic moment values are refined on the MA (2.6(2) mB) and
MB (3.4(1) mB) sites (inset of Fig. 3d), the moments being aligned
along a, that is, the [210] direction in the trigonal cell. The
corresponding refined average magnetic moment of E3.4 mB for
0.5Fe2+:0.5Co2+ on the MB site is close to the average value of
3.5 mB for spin-only high spin states of both cations (S = 2 and
S = 3/2 for Fe2+ and Co2+, respectively). In contrast, E2.6 mB at
the MA site, much smaller than the expected value, is identical
to the value reported for this crystallographic site in CNO.7 The
lower magnetic moment is found in the less distorted octahe-
dra, i.e. in the flat A-HC layer. Indeed, the obtained 3.4 mB and
2.6 mB values are very similar to the CNO ones,7 but differ from
those of FNO with a unique value for both sites of E3.8 mB

5 or
E3.5 mB.6 For FCNO, this model with similar moment values on
MA and MB sites gives a much poorer fit, thus confirming that
the ordered moment in the planar honeycomb A layer is smaller
than in the buckled B one, similar to CNO.

No meaningful canting, either along the c or from the a
direction, could be evidenced even if the C2/c0 magnetic space

Table 3 Main interatomic distances and octahedral volumes in FCNO from Rietveld refinements (SXRPD data)

Site A RT 12 K Site B RT 12 K Niobium RT 12 K

hMA–Oi (Å) 2.1430 2.1216 hMB–Oi (Å) 2.1536 2.1534 hNb–Oi (Å) 1.9960 2.0138

Polyhedral volume (Å3) 12.9560 12.5292 Polyhedral volume (Å3) 12.6681 12.6093 Polyhedral volume (Å3) 10.0312 10.3650

MA–O2 2.08(1) 2.18(3) MB–O1 2.052(6) 2.04(3) Nb–O1 2.112(7) 2.07(4)
MA–O2 2.08(1) 2.12(3) MB–O1 2.052(6) 1.96(2) Nb–O1 2.112(7) 2.12(4)
MA–O2 2.08(1) 2.22(3) MB–O1 2.052(6) 2.11(3) Nb–O1 2.112(7) 2.19(3)
MA–O2 2.207(8) 2.09(3) MB–O2 2.255(8) 2.34(3) Nb–O2 1.880(6) 1.92(3)
MA–O2 2.207(8) 2.08(3) MB–O2 2.255(8) 2.20(3) Nb–O2 1.880(6) 1.87(3)
MA–O2 2.207(8) 2.05(3) MB–O2 2.255(8) 2.27(3) Nb–O2 1.880(6) 1.92(2)
MA–MA 3.0249(4) 3.00(1) MB–MB 3.411(2) 3.30(1) Nb–Nb 3.059(2) 3.047(2)
MA–MA 3.08(1) MB–MB 3.45(1)
MA–MA 3.00(1) MB–MB 3.45(1)
MA–MB 2.927(4) 2.93(4)

Fig. 2 (a) Fe-L2,3 and (b) Co-L2,3 XAS spectra of FCNO together with
Fe2O3 as an Fe3+ reference,25 Mg0.96Fe0.04O as an Fe2+ reference,26

EuCoO3 as a Co3+ reference,27 and CoO as a Co2+ reference.
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group allows an additional degree of freedom (along c in this
case), with respect to the irrep G3 (which allows moments in the
ab plane only) (MAGNDATA #0.19631). This is because C2/c0 is
an epikernel of P%3c1, but is not k-maximal for the propagation
vector (0 0 0). This additional degree of freedom is not asso-
ciated with the primary order parameter, but rather, to a
secondary order irrep, which is not a magnetic distortion, but
corresponds to a possible monoclinic distortion from the
paramagnetic group P%3c110 to C2/c10. A canting along c could
thus derive from the monoclinic distortion evidenced by
SXRPD, even if it is likely too small to be refined using NPD

data. However, no change in the antiferromagnetic structure is
associated with this structural transition, consistent with the
reports for FNO.5

3.3 Temperature dependence of the dielectric permittivity
and magnetic susceptibility

In agreement with the unit cell parameters being intermediate
between those of CNO and FNO, the T-dependent dielectric
permittivity (e0) curve of FCNO lies in between those of the end
members (Fig. 5a, top panel). The transitions observed in FNO
at TN1 = 90 K and TS = 77 K are suppressed in FCNO, showing

Fig. 3 (a) SXRPD patterns vs. T (values given in the figure), the Q range selected to show the subtle monoclinic distortion: the peak centered at 6.342 Å�1

results from two equivalent Bragg reflections in the trigonal symmetry. These reflections split into three reflections (and their equivalents not indicated in
the figure) in the monoclinic symmetry. The peak at higher angle is only shifted due to the thermal contraction of the c-axis. Rietveld refinements of the
synchrotron X-ray (b) and neutron (c) diffraction patterns of FCNO at 12 K. The open circles and lines are for the experimental and calculated patterns,
respectively. The fit in (c) is made with Irrep G3 corresponding to the C20/c magnetic space group, which corresponds to the k = (0 0 0) antiferromagnetic
spin ordering given in Fig. 1b, the top and bottom rows of ticks are for crystal Bragg reflections and magnetic reflections, respectively. The blue stars
highlight the main magnetic contributions. Temperature evolution of the cell volume (d) and magnetic moments (in the inset) from the NPD data analysis
(l = 2.426 Å); the vertical arrow of the main panel and vertical line in the inset indicate TN.
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the strong impact of the Co for Fe substitution. When applying
a magnetic field (Fig. 5a, bottom panel), the e0(T) curve of FCNO
exhibits a peak at 58 K, whose magnitude becomes more
pronounced with increasing H. This type of behaviour is
expected in LME compounds such as CNO (at TN = 27 K),3 this
H-induced dielectric peak being the signature of a transition
from a paraelectric to a ferroelectric state.32

The magnetic susceptibility curves [w(T)] of FCNO (Fig. 5b)
show also a small kink at 58 K, i.e. at TN, below which the zfc
and fc curves diverge. Above TN, the inverse magnetic

susceptibility curve [w�1(T), Fig. 5b] is characteristic of a
Curie–Weiss paramagnetic regime as highlighted by the super-

imposed fitted curve w1ðTÞ ¼ T � yp
C

� �
: The yp = �38 K value

indicates dominant AF interactions. From the refined Curie
constant, C = 14.22 cm3 K mol�1, a value, meff = 5.3 mB per ion, is
calculated, very close to those reported for CNO (meff = 5.5 mB per
ion3) and FNO (meff = 4.90 mB per ion4) polycrystalline samples.
However, these values, larger than the spin only values
(meff = 4.90 mB per ion and meff = 3.87 mB per ion for S = 2 and

Fig. 4 Drawing of the Nb2O9 and MAMBO9 units, from SXRPD data of FCNO recorded at 70 K (a); in the right (b) and left (c) panels the arrows symbolize
the tendency of the distortion of these units, Nb2O9 and MAMBO9, respectively, with the decrease of temperature. The cationic network at 70 K is shown
in (d) with the projection along c of the three types of HC layers at 12 K (e) to evidence their distortion in the monoclinic structure (+ and � symbols are
for increase and decrease of the corresponding distances, respectively, compared to the 70 K trigonal structure).
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S = 3/2 cations, respectively), indicating non zero orbital
moments, must be interpreted with caution. Although the
w(T) paramagnetic regime of FCNO is compatible with that of
CNO or FNO, a major difference lies in the shape of the w(T)
curves below TN (Fig. 5b). Instead of a moderate w increase and
subsequent decrease with decreasing T, observed in both FNO
and CNO, the zfc and fc curves of FCNO exhibit a rapid increase
below E58 K and reach values three times greater than those of
the FNO or CNO at 5 K. This difference is consistent with the
magnetization hysteresis loops described next.

3.4 Magnetic field dependence of the electric polarization and
magnetization

Below TN, the H-dependence of the magnetization (M) of FCNO
shows rounded curves with a maximum at 10 K and 7 T (Fig. 6a)

reaching 3.25 mB f.u.�1 instead of 1.8 mB f.u.�1 for CNO3 and
FNO.4 Although the H-induced M values for FCNO are the
highest, consistent with its larger magnetic susceptibility
(Fig. 5b), they are much below the saturation magnetization
of 14 mB f.u.�1 in the ferromagnetic state. This suggests FCNO
to be the weakest AF, though its magnetization is far from
reaching the field-polarized state at 9 T (Fig. 6a). Even if the
FCNO w(T) below TN and its M(H) at T = 10 K could suggest the
existence of ferrimagnetism, the C2/c0 magnetic symmetry does
not allow a finite magnetic moment in the structure. This
modelled magnetic structure is an approximation, within the
experimental precision of the NPD refinements, which relies on
a random distribution between Co and Fe in each layer, and
thus does not take into account the possibility of local disorder.
Ferrimagnetism could occur for instance if the distribution of
Fe and Co (with different magnetic moments) in each layer is
not exactly 1 : 1, as this would locally lower the magnetic
symmetry. The enlargement of the M(H)T=10K curves of FCNO
(Fig. 6b) reveals a spin-flop transition with a characteristic
magnetic field m0Hsf of about 1 T, which is very close to the
value reported for polycrystalline CNO, m0Hsf E 1.2 T,3 but
much smaller than m0Hsf = 6.5 T for FNO (Fig. 6a).

As the electric polarization P is induced by H in LME
compounds, isothermal DP(H)T curves were collected. After a
ME poling from 150 K to T (E = 137 kV m�1; m0H = 14 T), P was
measured by decreasing m0H from +14 T down to �14 T and
then up again to +14 T and finally down to 0 T (Fig. 6c). At 10 K,
a large DP change is observed from +170 mC m�2 to
�170 mC m�2 as m0H is swept from +14 T to �14 T. However,
the H dependence is not linear but shows a rounded shape
(1 T r m0 H r 10 T), with a DP saturation for higher H(m0H 4
10 T), and a change of the slope below m0Hsf = �1.0 T. At 10 K,
the value of DP(14 T - 0 T) = 170 mC m�2 is larger than the one
measured under similar conditions on polycrystalline CNO, for
which DP(14 T - 0 T) = 90 mC m�2, showing linear DP(H)
dependence, and also larger than the DP of FNO (Fig. 6c).
Moreover, for FNO, an even major difference comes from its
DP(H) shape showing DP E 0 for �Hsf r H r +Hsf with
m0Hsf = 6.5 T. For any value of the applied magnetic field, the
electric polarization of FCNO is larger than those of FNO
and CNO.

3.5 Microscopic model

In order to explain the similarity of the DP(H) and M(H) curves
of FCNO, a microscopic approach is proposed. Indeed, a
conventional symmetry analysis of the LME effect yields the P
vector proportional to H,

Px = l(LxHx � LyHy), Py = l(LxHy � LyHx), (1)

where L is the Néel vector describing the antiferromagnetic
state with C2/c0 symmetry, l is the magnetoelectric coupling
constant, and (x,y) are the Cartesian coordinates in the ab
plane, the y axis being the two-fold symmetry axis (all vectors
are assumed to be parallel to the ab plane). Eqn (1) explains the
unusual rotation of P induced by the rotation of the H vector in
the ab plane, (Hx, Hy) = H(cosj, sinj).8 Above the spin-flop

Fig. 5 (a) Top: T-dependence of the dielectric permittivity e0(T)H=0 for
FCNO, FNO and CNO. Bottom: e0(T)H curves of FCNO. The curves are
collected upon warming after a zfc process. H values are labelled in the
graph. A small peak is observed at TN = 58 K as H increases.
(b) T-Dependence of the magnetic susceptibility (w = M/H) for FCNO,
FNO and CNO samples (in 10�2 T in zero-field-cooling (zfc) and field-
cooling (fc) modes) [left y-axis]. Inverse magnetic susceptibility [w�1(T)] of
FCNO and the corresponding Curie–Weiss fit (solid line) [right y-axis].

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
7 

Se
pt

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
G

ro
ni

ng
en

 o
n 

11
/1

2/
20

21
 1

2:
14

:3
5 

PM
. 

View Article Online

https://doi.org/10.1039/d1tc02950a


14244 |  J. Mater. Chem. C, 2021, 9, 14236–14246 This journal is © The Royal Society of Chemistry 2021

transition, the Néel vector is orthogonal to H, (Lx, Ly) = L(sinj,
�cosj), so that P rotates twice as fast, (Px, Py) = lLH(sin 2j,
cos 2j).

To describe the magnetoelectric properties of FCNO, one
has to go beyond the linear magnetoelectric response, since the
random occupation of magnetic sites by Fe and Co ions locally
frustrates the antiferromagnetic order, as is clear from the
enhanced magnetization and its non-linear field dependence.
The mixed occupation lowers symmetry of the bonds connect-
ing magnetic cations and allows for additional spin–spin and
ME interactions.

For simplicity, we ignore the structural transition and
assume that the FCNO crystal lattice has P%3c1 symmetry. This
symmetry is locally broken by the random occupation of
magnetic sites, but is preserved on average, which imposes
constraints on the ME coupling in FCNO. Consider, for exam-
ple, a bond orthogonal to the two-fold symmetry axis between
the nearest-neighbour Co and Fe ions in an HC-A layer and
a (randomly chosen) coupling of spins to the electric field, Sx

Co,1

Sx
Fe,2Ex, where the subscripts indicate that these nearest-

neighbour Co and Fe ions in the HC-A layer occupy AF positions
1 and 2, respectively. The average crystal symmetry under
inversion implies the existence of a bond with the Co ion
occupying position 2 and the Fe ion occupying position 1 with
the opposite orientation of the magnetically induced electric
dipole moment. The ME coupling invariant under inversion
and 2y is then (Sx

Co,1Sx
Fe,2 � Sx

Co,2Sx
Fe,1)Ex. Symmetrisation of the

coupling under 3z gives the ME coupling:

f ð1Þme ¼ �
l1
2

Sx
Co;1S

x
Fe;2 � Sx

Co;2S
x
Fe;1 � S

y
Co;1S

y
Fe;2

�h

þ S
y
Co;2S

y
Fe;1

�
Ex � Sx

Co;1S
y
Fe;2 � Sx

Co;2S
y
Fe;1

�

þ S
y
Co;1S

x
Fe;2 � S

y
Co;2S

x
Fe;1

�
Ey
i

(2)

Here, SCo = �LCo + MCo, where +(�) is for position 1(2) and
MCo is proportional to the magnetic moment of Co ions (and
similar for Fe ions).

f (1)
me = �l1[(Lx

CoMx
Fe �Mx

CoLx
Fe � Ly

CoMy
Fe + My

CoLy
Fe,1)Ex � (Lx

CoMy
Fe �

Mx
CoLy

Fe + Ly
CoMx

Fe � My
CoLx

Fe)Ey]. (3)

The electric polarization, ¼ �@f
ð1Þ
me

@E
; has then the form similar to

eqn (1), except that H is replaced by magnetization. In the same
way one can obtain four other symmetry-allowed ME couplings,
f (2)

me = �l2[(L>
co�E>)Mz

Fe � (M>
co�E>)Lz

Fe], f (3)
me = �l3[(L>

Fe�E>)Mz
Co �

(M>
Fe�E>)Lz

Co], f (4)
me = �l4[(L>

co�M>
Fe) � (M>

co�L>
Fe)]Ez and f (5)

me =
�l5(Lz

co�Mz
Fe � Mz

co�Lz
Fe)Ez, where (A>�B>) � AxBx + AyBy. Impor-

tantly, these additional ME coupling terms are nonzero due to
the fact that LCo a LFe and MCo a MFe and the M to L ratio is, in
general, different for Co and Fe ions. Therefore, this micro-
scopic mechanism only works for the FCNO compound and
gives no ME effect in 429 compounds. All these terms are linear
functions of the magnetization explaining similar field-
dependence of P and M.

Fig. 6 (a) Comparison of the isothermal (10 K) H-dependence of the
magnetization of FCNO, CNO and FNO. (b) Enlargement of the M(H)10K

curve of FCNO; intersection of the straight lines (blue and red correspond
to the M(H) behaviours at low and high H, respectively) indicates the spin-
flop magnetic field at about 1 T (indicated with a vertical arrow).
(c) H-Dependence of the electrical polarization (DP) collected at
10 K after a ME poling with m0H = 14 T and Ep = 137 kV m�1 for FCNO,
Ep = 118 kV m�1 for CNO and Ep = 154 kV m�1 for FNO.
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4 Discussions and concluding remarks

Below we summarize the Fe2Co2Nb2O9 positioning in between
the Co4Nb2O9 (CNO) and the Fe4Nb2O9 (FNO) end members:

(i) its RT unit cell volume (P%3c1 space group), V = 331.187(2) Å3, is
very near the average value between CNO and FNO,
hV i = 331.40 Å3, supporting the 50 : 50 Fe : Co chemical composi-
tion. Moreover, the crystal structural refinements from neutron
diffraction data evidence a homogeneous distribution of these
divalent cations on both MA and MB sites.

(ii) its TN value of 58 K, determined from T-dependent
magnetic susceptibility and NPD, is very close to the average
(hTNi = 58.5 K) between those of FNO and CNO, and, further-
more, the dielectric permittivity shows a magnetic field induced
peak at TN, as expected for linear magnetoelectric materials,

(iii) its low temperature structure is monoclinic (C2/c), as in the
case of FNO, but with a smaller monoclinic distortion (b E 901)
moving thus closer to the trigonal structure of CNO, which calls for
additional local measurements to be performed such as tempera-
ture dependent Raman spectroscopy, for instance,33

(iv) its antiferromagnetic structure (C2/c0) is similar to that
of FNO,6 but with different moments on A and B magnetic sub-
lattices as in CNO.7 Single crystals are required to go further in
the analysis as in ref. 21.

In marked contrast, below TN, the FCNO magnetic field
dependence of both magnetization and electric polarization
differs from an average behaviour between CNO and FNO:

(i) the FCNO spin-flop characteristic magnetic field of
m0Hsf E 1.0 T is similar to that of CNO and much smaller than
that of FNO (m0Hsf E 6.5 T),

(ii) above m0Hsf, the field-dependence of the FCNO magne-
tization is not linear but rounded leading to a ferromagnet-like
M(H), resulting from frustration of the antiferromagnetic order-
ing by mixed occupation of magnetic sites by Fe and Co ions,
which induces local magnetic moments,

(iii) our microscopic model explains the non-linear H-
dependence of the electric polarization and the experimentally
observed similarity of the DP(H) and M(H) curves, and

(iv) FCNO exhibits larger DP than FNO and CNO, with a
steeper H-dependence of P at low H.

Thus, this study demonstrates that the antiferromagnetic
spin ordering in FCNO gives rise to non-linear M(H) and P(H)
curves. This is explained by a microscopic model that takes into
account additional magnetoelectric interactions allowed by the
random occupation of (4d) Wyckoff sites by cobalt and iron.
Different contributions of both cations to the antiferromag-
netic order parameter and local magnetic moments prevent the
cancellation of the stronger local magnetoelectric response due
to the occupancy disorder. Finally, similar chemical substitu-
tions should be attempted now in other linear magnetoelectric
compounds, and first in those belonging to the M4M0

2O9

family, to generate new magnetoelectric behaviours.
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Z. Liu, L. Zhao, N. Su, S. Jin, X. Ma, K. Sun, D. Chen, S. Dong,
Y. Chai, S. Li and J. Cheng, Phys. Rev. B, 2019, 100
094109.

6 L. Ding, M. Lee, E. Sang Choi, J. Zhang, Y. Wu, R. Sinclair,
B. C. Chakoumakos, Y. Chai, H. Zhou and H. Cao, Phys. Rev.
Mater., 2020, 4, 084403.

7 N. D. Khanh, N. Abe, H. Sagayama, A. Nakao, T. Hanashima,
R. Kiyanagi, Y. Tokunaga and T. Arima, Phys. Rev. B, 2016,
93, 075117.

8 N. D. Khanh, N. Abe, S. Kimura, Y. Tokunaga and T. Arima,
Phys. Rev. B, 2017, 96, 094434.

9 G. Deng, Y. Cao, W. Ren, S. Cao, A. J. Studer, N. Gauthier,
M. Kenzelmann, G. Davidson, K. C. Rule, J. S. Gardner,
P. Imperia, C. Ulrich and G. J. McIntyre, Phys. Rev. B, 2018,
97, 085154.

10 Y. Fang, Y. Q. Song, W. P. Zhou, R. Zhao, R. Zhao, R. J. Tang,
H. Yang, L. Y. Lv, S. G. Yang, D. H. Wang and Y. W. Du, Sci.
Rep., 2014, 4, 3860.

11 Y. Fang, S. Yan, L. Zhang, Z. Han, B. Qian, D. Wang and
Y. Du, J. Am. Ceram. Soc., 2015, 98, 2005.

12 Y. Fang, W. P. Zhou, S. M. Yan, R. Bai, Z. H. Qian, Q. Y. Xu,
D. H. Wang and Y. W. Du, J. Appl. Phys., 2015, 117, 17B712.

13 G. Deng, Y. Yu, Y. Cao, Z. Feng, W. Ren, S. Cao, A. J. Studer,
J. R. Hester, Y. Kareri, C. Ulrich and G. J. McIntyre, J. Phys.:
Condens. Matter, 2019, 31, 235801.

14 Y. Cao, M. Xiang, Z. Feng, B. Kang, J. Zhang, N. Guiblin,
W. Rev, B. Dkhil and S. Cao, RSC Adv., 2017, 7, 13846.

15 B. B. Liu, Y. Fang, Z. D. Han, S. M. Yn, W. P. Zhow, B. Qian,
D. H. Wang and Y. W. Du, Mater. Lett., 2016, 164, 425.

16 N. Narayana, A. Senyshin, D. Mikhailova, T. Faske, T. Lu, Z. Liu,
B. Weise, H. Ehrenberg, R. A. Mole, W. D. Hutchinson, H. Fuess,
G. J. McIntyre, Y. Liu and D. Yu, Phys. Rev. B, 2018, 98, 134438.

17 I. E. Dzyaloshinskii, Zh. Eksp. Teor. Fiz., 1959, 37, 881 (Sov.
Phys. JETP, 1959, 10, 628).

18 D. N. Astrov, Zh. Eksp. Teor. Fiz., 1960, 38, 984 (Sov. Phys.
JETP, 1960, 11, 11708).

19 I. V. Solovyev, Phys. Rev. B, 2016, 94, 094427.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
7 

Se
pt

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
G

ro
ni

ng
en

 o
n 

11
/1

2/
20

21
 1

2:
14

:3
5 

PM
. 

View Article Online

https://doi.org/10.1039/d1tc02950a


14246 |  J. Mater. Chem. C, 2021, 9, 14236–14246 This journal is © The Royal Society of Chemistry 2021

20 S. Choi, D. G. Oh, M. J. Gutmann, S. Pan, G. Kim, K. Son,
J. Kim, N. Lee, S. W. Cheong, Y. J. Choi and V. Kiryukhin,
Phys. Rev. B, 2020, 102, 214404.

21 J. Zhang, N. Su, X. Mi, M. Pi, H. Zhou, J. Cheng and Y. Chai,
Phys. Rev. B, 2021, 103, L140401.

22 F. Fauth, R. Boer, F. Gil-Ortiz, C. Popescu, O. Vallcorba,
I. Peral, D. Fulla, J. Benach and J. Juanhuix, Eur. Phys. J. Plus,
2015, 130, 160.

23 J. Rodriguez-Carvajal, Phys. B, 1993, 192, 55.
24 R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr.,

Theor. Gen. Crystallogr., 1976, A32, 751.
25 T. Burnus, Z. Hu, H. Wu, J. C. Cezar, S. Niitaka, H. Takagi,

C. F. Chang, N. B. Brookes, H.-J. Lin, L. Y. Jang, A. Tanaka,
K. S. Liang, C. T. Chen and L. H. Tjeng, Phys. Rev. B:
Condens. Matter Mater. Phys., 2008, 77, 205111.

26 T. Haupricht, R. Sutarto, M. W. Haverkort, H. Ott,
A. Tanaka, H. H. Hsieh, H.-J. Lin, C. T. Chen, Z. Hu and
L. H. Tjeng, Phys. Rev. B: Condens. Matter Mater. Phys., 2010,
82, 035120.

27 Z. Hu, H. Wu, M. W. Haverkort, H. H. Hsieh, H.-J. Lin,
T. Lorenz, J. Baier, A. Reichl, I. Bonn, C. Felser, A. Tanaka,

C. T. Chen and L. H. Tjeng, Phys. Rev. Lett., 2004,
92, 207402.

28 T. Burnus, Z. Hu, H. H. Hsieh, V. L. J. Joly, P. A. Joy,
M. W. Haverkort, H. Wu, A. Tanaka, H.-J. Lin, C. T. Chen
and L. H. Tjeng, Phys. Rev. B: Condens. Matter Mater. Phys.,
2008, 77, 125124.

29 J.-M. Chen, Y.-Y. Chin, M. Valldor, Z. Hu, J.-M. Lee,
S.-C. Haw, N. Hiraoka, H. Ishii, C.-W. Pao, K.-D. Tsuei,
J.-F. Lee, H.-J. Lin, L.-Y. Jang, A. Tanaka, C.-T. Chen and
L. H. Tjeng, J. Am. Chem. Soc., 2014, 136, 1514.

30 J. M. Perez-Mato, S. V. Gallego, E. S. Tasci, L. Elcoro, G. de la
Flor and M. I. Aroyo, Annu. Rev. Mater. Res., 2015, 45,
13.1–13.32.

31 S. V. Gallego, J. M. Perez-Mato, L. Elcoro, E. S. Tasci,
R. M. Hanson, K. Momma, M. I. Aroyo and G. Madariaga,
J. Appl. Crystallogr., 2016, 49, 1750.

32 N. Mufti, G. R. Blake, M. Mostovoy, S. Riyadi, A. A. Nugroho
and T. T. M. Palstra, Phys. Rev. B: Condens. Matter Mater.
Phys., 2011, 83, 104416.

33 H. Fukumura, H. Harima, K. Kisoda, M. Tamada, Y. Noguchi
and M. Miyayama, J. Magn. Magn. Mater., 2007, 310, e367–e369.

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 0
7 

Se
pt

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
G

ro
ni

ng
en

 o
n 

11
/1

2/
20

21
 1

2:
14

:3
5 

PM
. 

View Article Online

https://doi.org/10.1039/d1tc02950a



