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ABSTRACT: The Mn3WO6 oxide, prepared by a solid-state reaction at ambient pressure, is
found to crystallize at room temperature in the centrosymmetric R3̅ trigonal structure of
Mg3TeO6. By X-ray absorption spectroscopy (XAS) at the Mn-L2,3 edges, a divalent oxidation state
for manganese is established, consistent with W6+ and O2−, which fits with the value extracted from
analyzing the paramagnetic regime. Interestingly, anomalies in dielectric and pyroelectric
measurements can be observed concomitant with the antiferromagnetic transition at TN ≈ 25
K. The corresponding electrical polarization, P = ±15 μC m−2 below TN, can be inverted by
opposite poling, which confirms that Mn3WO6 is a spin-induced multiferroic (MF) material.

1. INTRODUCTION

Cr2O3 is a long-known example of the linear magnetoelectric
(LME) effect,1,2 this property being related to its α-Al2O3R3̅c
corundum-type structure. The latter can be described as a
hexagonal close packing of oxygen ions in which the
octahedrally coordinated metal cations occupy an interstitial
site, leading to edge-, corner-, and face-sharing CrO6
octahedra. In addition to the magnetic frustration related to
the trigonal symmetry, the competition between the different
M−(O)−M magnetic exchanges makes the transition-metal
(M) oxides crystallizing in corundum derivative structures
good candidates for ME and/or multiferroic (MF) properties,
as, for instance, Mn2FeWO6

3 or Ni3TeO6,
4,5 which are already

polar (space group R3) above their magnetic ordering
temperature. Among those materials, the Mn2MnWO6 R3
polar double-corundum-type A2BB′O6 compound has been
recently shown to be MF, i.e., coexistence of weak
ferromagnetism and spontaneous electrical polarization, and
ME, i.e., magnetic field dependence of the electrical polar-
ization.6,7 However, synthesis of this compound requires high
pressure (HP) as for the majority of the A2BB′O6 magnetic
phases, except Ni3TeO6, Ni2ScTeO6, and Ni2InTeO6.

7

In the trigonal corundum-based family with manganese,
besides the polar HP-Mn2MnWO6,

6,7 to our knowledge, the
only centrosymmetric spin-induced ferroelectric manganites
are Mn4Nb2O9,

8 Mn4Ta2O9,
9 and Mn3TeO6,

10 crystallizing in
the space group P3̅c for the first two and R3̅ for the last one. In
all of these oxides, manganese is divalent (HS Mn2+ (S = 5/2))
and sits in MnO6 octahedra. Considering that the inversion
symmetry can be broken by the antiferromagnetic structure,
the other form of Mn3WO6,

11 i.e., R3̅-like Mn3TeO6,
10 which is

stabilized without applying high pressure, is worth studying.
In the following, we show that the R3̅ Mn3WO6

centrosymmetric polymorph can be prepared by a conven-
tional solid-state reaction at high temperature, controlling the

atmosphere to stabilize Mn2+. Its dielectric permittivity shows a
clear peak at ≈25 K, which is in good correspondence with the
Neél temperature. The concomitant switchable polarization
(P) demonstrates the MF feature of this Mn3WO6 “normal
pressure” form. Thus, among trigonal centrosymmetric
manganites, this Mn3WO6 compound is the fourth MF, after
Mn4Nb2O9, Mn4Ta2O9, and Mn3TeO6.

2. EXPERIMENTAL DETAILS
2.1. Synthesis. Until now, the only report dealing with the R3̅

Mn3WO6 polymorph was related to its crystal growth under normal
pressure.11 Starting from a 1:1 ratio of MnCO3 and WO3 precursors,
mixed and then pressed, the surface of the obtained pellet was heated
under a H2 atmosphere with a CO2 laser to reach the melting point.
Due to the temperature gradient between the exposed surface and the
inner part of the pellet, some metallic W was extruded and Mn3WO6
small crystals grew.

Our polycrystalline samples were synthesized by a more classical
technique starting from the desired composition as well as the cationic
ratio as the oxygen content. After mixing in an agate mortar, the MnO
and WO3 precursors were weighed in the 3:1 stoichiometric ratio, and
the obtained 1 g powder was compacted into a bar shape (2 × 2 × 10
mm). These bars were placed in an alumina crucible inserted in a
silica ampule sealed under primary vacuum, which was heated for 6 h
at 1200 °C, left at this temperature for 6 h, and cooled down to room
temperature for 6 h.

2.2. X-ray Powder Diffraction and Transmission Electron
Microscopy. The obtained black bars were crushed and the X-ray
powder diffraction (XRPD) data were recorded at room temperature
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using a Panalytical diffractometer with Cu radiation. Transmission
electron microscopy (TEM) was performed using a combination of
electron diffraction (ED) and high-angle annular dark-field scanning
TEM (HAADF STEM) techniques together with energy-dispersive X-
ray (EDX) mapping. TEM was performed using a JEM ARM 200F
cold field emission gun (FEG) probe and an image aberration-
corrected electron microscope, equipped with an Orius CCD camera,
a large-angle CENTURIO EDX detector, and Quantum GIF.
2.3. X-ray Absorption Spectroscopy. Soft X-ray absorption

spectroscopy (XAS) at the Mn-L2,3 edges of Mn3WO6 was performed
at 300 K at the beamline TPS45A of the synchrotron radiation facility
NSRRC in Taiwan using the total electron yield (TEY) mode. A
ceramic bar of Mn3WO6 was fractured in situ to obtain an ultra-high-
vacuum clean sample surface for the measurement. A single crystal of
MnO was measured simultaneously as a reference for an octahedrally
coordinated Mn2+ ion. The experimental resolution was set to about
45 meV.
2.4. Magnetic and Electric Characterizations. The temper-

ature dependence of the magnetic susceptibility (χ) was obtained by
magnetization measurements with a SQUID magnetometer in 10−2 T.
Temperature-dependent dielectric permittivity (ε′) measurements
were made on small platelets (about 2 × 2 × 0.5 mm) using an LCR
meter. Pyroelectric current (Ip) measurements were performed on a
0.64 mm thick sample. It was first poled (E = ±312.5 V mm−1) upon
cooling from ≈70 K down to 5 K, then short-cut for 1 h. Afterward,
the Ip measurements were collected upon warming (at a heating rate
of 4 K min−1) from 5 K to ≈70 K.

3. RESULTS AND DISCUSSION

3.1. R3̅ Structure and Comparison with the Other
Polymorph. The XRPD data (Figure 1a) recorded at room
temperature are characteristic of the Mn3TeO6 structure type
(Figure 2) as expected from ref 11. The structure refinement,
performed with Fullprof software,12 in the R3̅ space group

(SG) leads to a = 8.8905(6) Å and c = 10.4734(8) Å, in
agreement with the previous report11 and close to those of
Mn3TeO6 (a = 8.8931 Å and c = 10.4782 Å10). A table with
the corresponding refined atomic positions and reliability
factors is given in the Supporting Information. Nevertheless,
the distances used in the following discussions are those of ref
11 since they are obtained from a single-crystal study and more
accurate than ours (but in good agreement). The few
additional small peaks detectable in the diffractogram are
attributed to MnWO4 as an impurity, with a content <6% (in
weight). Such an impurity was also present in the case of the
high-pressure form, i.e., HP-Mn3WO6.

6,7

The ED patterns and corresponding HAADF-STEM images
collected for three main zone axes of Mn3WO6 are shown in
Figure 3a−c. All ED patterns are indexed based on R3̅ with the
refined a and c values. No superstructure spots or streaks were
found; the corresponding high-resolution HAADF-STEM
images confirm that the structure is free of defects. The
[001] HAADF-STEM image is characteristic of a trigonal

Figure 1. (a) RT XRPD pattern of Mn3WO6: experimental and
calculated patterns in black and blue, respectively; the lower plot
corresponds to the difference and the two Bragg tick rows correspond
to the main phase Mn3WO6 (up) and impurity MnWO4 (down). (b)
From top to bottom, Mn-L2,3 XAS spectrum of Mn3WO6 together
with that of the MnO crystal as the Mn2+ reference and calculated
Mn-L2,3 XAS spectrum of Mn3WO6.

Figure 2. Drawing of the R 3̅ (#148) Mn3WO6 structure (from ref
11), with green, red, yellow, and gray colors denoting Mn {18f
Wyckoff site (x,y,z)}, W1 {3a (0,0,0) site}, W2 {3b (0,0,1/2) site},
and O {O1 and O2, both in 18f (x,y,z)}, respectively: (a) Projection
along c showing one ab-layer of the MnO6 framework with a Mn−Mn
lattice superimposed in white, Mn−Mn distances are in Å, (b)
projection showing the stacking of the ab-planes presented in (a), the
polyhedra are not shown, only the Mn−O bonds in gray, and (c) -
MnO6 polyhedron. Drawing of the R3 (#146) Mn3WO6 HP structure
(from ref 6), with Mn1, Mn2, Mn3 {3a Wyckoff site (0,0,z)}, W {3a
(0,0,0)}, O1, and O2 {both in 9b (x,y,z)} in green, cyan, blue, yellow,
and gray, respectively. (d) Projection along c showing one honeycomb
ab-layer made of two types of MnO6 octahedra. The Mn sublattice is
superimposed in white, with the Mn−Mn distances (in Å). (e)
Drawing of the Mn3WO6 HP structure, showing the stacking of the
layers along the c-axis. (f) Distortion of the three MnO6 octahedra
with the Mn−O distances (in Å).
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network where the strong bright dots correspond to the W
column, while less bright dots are the projection of the Mn
column. The [100] HAADF-STEM image (Figure 3b) reveals
perfect stacking along the c-axis. The overlaid structural model
on high-resolution HAADF-STEM images (Figure 3a−c
insets) shows good correspondence with the experimental
image for all three zone axes. No cation vacancies or point
defects were found. The coupled EDX analysis confirmed the
3:1 Mn/W ratio (Figure 3d).
The Mn lattice can be described by the stacking of Mn layers

along c (shifted from 1/3 2/3 1/3 and 2/3 1/3 1/3). In each
layer (Figure 2a), the Mn cations no longer form a regular
honeycomb network but can be rather described by a paving
made of regular hexagons (with 6 Mn−Mn distances of 3.31
Å) interconnected by strongly distorted Mn hexagons (with an
alternation of 3.30 and 3.31 Å Mn−Mn distances). The Mn−
Mn−Mn angles are ≈113° in the regular hexagons, and ≈71
and 145° in the distorted ones. Such a pavement should
release, at least partially, the magnetic frustration associated
with an ideal honeycomb network. The layers are connected by
Mn−Mn distances (3.25 Å) that correspond to MnO6 units
linked by an apex, thus building a three-dimensional (3D)
structure.
The MnO6 polyhedra sharing edges form a buckled layer

with two types of cages: large regular hexagons with W1
cations at the level of the Mn ab-layer and smaller triangles
with the corresponding W2 cations that are not at the same
level but in between the layers (Figure 2b). The Mn cation is
off-centered in its highly distorted O6 octahedron (Figure 2c),
with two Mn−O shortest distances of ≈2.10 Å and the four
others varying from 2.20 to 2.33 Å, leading to an averaged
value ⟨Mn−O⟩ = 2.205 Å. This value is similar to that
encountered in the corundum derivative Mn4Ta2O9 phase,13

with ⟨Mn1−O⟩ = 2.2125 Å and ⟨Mn2−O⟩ = 2.2055 Å for the
two different octahedra of the structure. Also, the Mn2−O
distances are split into two groups of three distances, 2.093 and
2.318 Å, which are almost the extreme values for Mn−O in
Mn3WO6, 2.09−2.33 Å.
This structure of Mn3WO6 differs strongly from that of its

trigonal polymorph prepared under high pressure6 (Figure

2d−f). In the latter, three types of MnO6 octahedra are
observed, corresponding to the three Mn crystallographic sites,
with Mn−O distances split into two groups of three for each of
them (Figure 2f), as in Mn4Ta2O9. In contrast to the irregular
honeycomb-like layer shown in Figure 2a, the alternation of
Mn1O6 and Mn3O6 octahedra forms a regular honeycomb
layer in the ab-plane (Figure 2d) and the structure is
corundum related with dimers of face-shared Mn2O6/
Mn3O6 octahedra along the stacking c-direction (Figure 2e).
Finally, in both polymorphs, the WO6 octahedra are separated
from each other, i.e., they are not sharing common oxygen
apices.

3.2. Manganese Divalent Oxidation State. To confirm
the oxidation state of the Mn cations, XAS at the Mn-L2,3 edges
of Mn3WO6 was performed. Figure 1b shows the spectrum of
Mn3WO6 together with that of MnO. Since the energy position
and multiplet spectral features of the element-selective XAS at
the 3d transition-metal (TM) L2,3 edges are highly sensitive to
the valence state and local environment of the 3d transition
metal, respectively,14−16 the similar energy position and
spectral features at the Mn-L2,3 edges of Mn3WO6 and MnO
reveal the same Mn2+ valence state and MnO6 local
coordination. The sharpness of the multiplet features of the
main peak of the Mn-L3 edge indicates the strongly localized
nature of the 3d states in Mn3WO6. Yet, the multiplet spectral
features of Mn3WO6 differ in detail from those of MnO. This
can be attributed to differences in the local environment of a
Mn ion. MnO forms a NaCl structure (Fm3̅m) in which each
Mn ion has a regular octahedron (Oh symmetry). In contrast,
the MnO6 octahedron in Mn3WO6 is considerably distorted as
shown in Figure 2c. We have simulated the Mn-L2,3 XAS
spectrum of Mn3WO6 using full-atomic-multiplet ligand-field
calculations using the XTLS 9.0 code.17 The parameters are
listed in the Supporting Information. Using the crystal
structure data from our XRD refinements, our calculated
spectrum well reproduces the experimental spectrum (Figure
1b). This confirms the extremely low local symmetry of the
Mn2+ ions in Mn3WO6 and demonstrates the reliability of our
XRD refinements.

3.3. Antiferromagnetism and Multiferroic Properties.
The ε′(T) measurements reveal a clear and frequency-
independent peak at ≈25 K (Figure 4b), whereas the χ(T)
shows the existence of an antiferromagnetic-like transition at
≈26 K (Figure 4a), i.e., a temperature very close to that of the
ε′ peak. This transition temperature, smaller than that of the
HP form, TN = 53 K,6 is very similar to TN = 23 K reported for
the isostructural Mn3TeO6.

10 A very small anomaly can also be
observed at ≈70 K in the χ(T) curve that cannot be attributed
to MnWO4. Indeed, the multiferroic MnWO4 is an
antiferromagnet characterized by TN = 13.5 K, T2 = 12.7 K,
and T1 = 7.6 K. It exhibits a unique well-defined ε′ peak at T2
together with an electric polarization along b between T1 and
T2, a temperature range where the spiral magnetic structure is
responsible for ferroelectricity.18 Also, these features allow one
to discard MnWO4 as the origin of the dielectric peak at ≈25 K
in Figure 4b. The inverse magnetic susceptibility fitted by a
Curie−Weiss law yields μeff = 5.65 μB/Mn, a value compatible
with high-spin Mn2+ (S = 5/2, μeff = 5.92 μB/Mn theoretical
value), and θCW = −80 K consistent with antiferromagnetic
interactions.
The existence of a peak in the dielectric constant at a

temperature similar to that of the magnetic transition being a
necessary condition (but not sufficient) to evidence ferroelec-

Figure 3. (a−c) High-resolution HAADF-STEM images of Mn3WO6
along three main zone axes and corresponding ED patterns: (a) along
[001], (b) along [100], and (c) along [211]. The ED patterns are
indexed based on the R 3̅ (#148), with a = 8.8905(6) Å and c =
10.4734(8) Å. The magnified HAADF-STEM images with overlaid
structural models are given as insets (W, red; Mn, yellow; O, blue).
(d) EDX elemental mapping of WM, Mn-K, and O-K, and overlapped
color image.
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tricity, Ip(T) measurements were also performed. Ip peaks at a
temperature corresponding to the ε′ peak (Figure 4b). This
sharp peak around 25 K indicates the emergence of electric
polarization (P), which can be inverted by opposite poling

(Figure 4c). This unravels the ferroelectric properties of
Mn3WO6. Additionally, there seems to be a second broader
and smaller peak below about 13 K (Figure 4b) that could be a
contribution of MnWO4,

18 observed as an impurity by XRPD.
At low temperatures, the P value of ≈ 15 μC m−2 is of the
same order of magnitude as in Mn3TeO6 (P = 3 μC m−2)10 but
smaller than that in HP-Mn3WO6 (P = 150 μC m−2).6

However, a distinctly larger value could be expected for single-
crystal measurements made along appropriate directions.19,20

4. CONCLUSIONS

Our measurements reveal that Mn3WO6 is a spin-induced
multiferroic material, fully analogous to the isostructural
Mn3TeO6.

10 This finding and the recently reported
Fe4Nb2O9 and Fe4Ta2O9 “429” compounds21−23 confirm that
magnetic oxides crystallizing in trigonal structures provide a
potential source of multiferroic and/or magnetoelectric
candidates. In contrast to the corundum and its derivatives
members, this Mn3WO6 polymorph crystallizing in the
Mg3TeO6 structure24 does not contain pairs of face-shared
MnO6 octahedra. Thus, this structural type offers new
possibilities to enlarge the family of multiferroic/magneto-
electric compounds.
Nevertheless, referring to the sum-up of the M3M′O6 phases

given in Table 1, where M is a divalent 3d magnetic cation and
M′ is a hexavalent cation (=W or Te)6+, the synthesis of Cr-,
Fe-, Co-, Ni-, and Cu-based “316” is challenging for solid-state
chemists. More tellurates are reported as compared to
tungstates, since Co, Ni, and Cu tellurates are reported but
with different structures that are all described as frameworks of
MO6 octahedra.

25,26,28 In contrast, only one tungstate structure
is established (in addition to manganese ones), for Cu3WO6, in
which copper is in triangular CuO5 bipyramids.27 The
explanation proposed for the formation of polar double
corundum,7 that is, the difference in the size and charge
between the M and M′ cations, does not seem to be at play in
this case. In combinations of Table 1, the charge difference
being constant (M+2 and M′+6), the fact that Mn2+ is the
largest cation (0.83 Å) might indicate that the formation of the
R3̅ structure is limited to the large divalent cations but this
hypothesis does not hold for Mg2+, which is much smaller
(0.72 Å). Another hypothesis based on the filling of d orbitals
could be proposed. Mn2+ being d5, it is the isotropy of the
orbitals (all five d orbitals are half-filled), as d0 Mg2+ (all five d
orbitals are empty), that could favor the formation of the
Mg3TeO6 structure. Now, more work is necessary to explore
these new phase diagrams.

Figure 4. Temperature-dependent magnetic susceptibility [χ = M/H]
for (10−2 T in zero-field-cooling (zfc) and field-cooling (fc) modes,
left y-axis) and inverse magnetic susceptibility [χ−1(T)] with Curie−
Weiss fitting (solid line, right y-axis) (a), pyroelectric current (b), and
corresponding electric polarization P (c) curves in zero magnetic and
electric fields measured by heating the sample after opposite poling
(±E = 312.5 V mm−1) of the sample during cooling through; the
ε′(T) curve in (b) (right y-axis) is superimposed.

Table 1. M3M′O6 Compounds with Magnetic 3d Divalent (M) and Hexavalent (M′) Cationsa

Cr2+ Mn2+ Fe2+ Co2+ Ni2+ Cu2+

electronic
configuration

d4 d5 d6 d7 d8 d9

ionic radius (Å) 0.80 0.83 0.78 0.745 0.69 0.73
W6+ 5d0 (0.60

Å)
NR Mn3WO6 * R3̅ Mg3TeO6 - type (this study) * R3

double corundum type6
NR NR NR Cu3WO6 * Pa327

Te6+ 4d10 (0.56
Å)

NR Mn3TeO6 * R3̅ Mg3TeO6 type
10 NR Co3TeO6 * C2/c β-

Li3MF6 type
25

Ni3TeO6 * R3
Ni3TeO6 type

26
Cu3TeO6 * Ia3̅ bixbyite-

MnFeO3 type
28

aIonic radii (within VI coordination) are taken from ref 29. NR stands for not reported.
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Ch; Melendez-Sans, A.; Peng, W.; Zbiri, M.; Hansmann, P.; Komarek,
A. C. Multiferroic properties of melanothallite Cu2OCl2. Phys. Rev.
Mater. 2019, 3, No. 124405.
(21) Maignan, A.; Martin, C. Fe4Nb2O9: a magnetoelectric
antiferromagnet. Phys. Rev. B 2018, 97, No. 161106.

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.0c01303
Chem. Mater. 2020, 32, 5664−5669

5668

https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01303?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01303/suppl_file/cm0c01303_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antoine+Maignan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4157-5367
http://orcid.org/0000-0002-4157-5367
mailto:antoine.maignan@ensicaen.fr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Peng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Christoph+Komarek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chang-Yang+Kuo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Fu+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiwei+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chien-Te+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arata+Tanaka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liu+Hao+Tjeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oleg+I.+Lebedev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christine+Martin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1567-5505
http://orcid.org/0000-0003-1567-5505
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01303?ref=pdf
https://dx.doi.org/10.1002/adma.201405244
https://dx.doi.org/10.1002/adma.201405244
https://dx.doi.org/10.1038/ncomms4201
https://dx.doi.org/10.1038/ncomms4201
https://dx.doi.org/10.1002/pssr.201700073
https://dx.doi.org/10.1002/pssr.201700073
https://dx.doi.org/10.1002/pssr.201700073
https://dx.doi.org/10.1038/s41467-017-02003-3
https://dx.doi.org/10.1038/s41467-017-02003-3
https://dx.doi.org/10.1021/acs.chemmater.7b01567
https://dx.doi.org/10.1021/acs.chemmater.7b01567
https://dx.doi.org/10.1039/C6RA26231G
https://dx.doi.org/10.1039/C6RA26231G
https://dx.doi.org/10.1016/j.matlet.2015.11.025
https://dx.doi.org/10.1016/j.matlet.2015.11.025
https://dx.doi.org/10.1002/pssr.201510347
https://dx.doi.org/10.1002/pssr.201510347
https://dx.doi.org/10.1002/zaac.19946200425
https://dx.doi.org/10.1002/zaac.19946200425
https://dx.doi.org/10.1016/0921-4526(93)90108-I
https://dx.doi.org/10.1016/0921-4526(93)90108-I
https://dx.doi.org/10.1006/jssc.1997.7733
https://dx.doi.org/10.1006/jssc.1997.7733
https://dx.doi.org/10.1103/PhysRevB.77.125124
https://dx.doi.org/10.1103/PhysRevB.77.125124
https://dx.doi.org/10.1103/PhysRevB.77.125124
https://dx.doi.org/10.1103/PhysRevB.67.092404
https://dx.doi.org/10.1103/PhysRevB.67.092404
https://dx.doi.org/10.1103/PhysRevB.67.092404
https://dx.doi.org/10.1103/PhysRevB.82.184429
https://dx.doi.org/10.1103/PhysRevB.82.184429
https://dx.doi.org/10.1103/PhysRevB.82.184429
https://dx.doi.org/10.1103/PhysRevB.82.184429
https://dx.doi.org/10.1143/JPSJ.63.2788
https://dx.doi.org/10.1143/JPSJ.63.2788
https://dx.doi.org/10.1103/PhysRevLett.97.097203
https://dx.doi.org/10.1103/PhysRevLett.97.097203
https://dx.doi.org/10.1126/sciadv.1600353
https://dx.doi.org/10.1103/PhysRevMaterials.3.124405
https://dx.doi.org/10.1103/PhysRevB.97.161106
https://dx.doi.org/10.1103/PhysRevB.97.161106
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c01303?ref=pdf


(22) Maignan, A.; Martin, C. Type-II multiferroism and linear
magnetoelectric coupling in the honeycomb Fe4Ta2O9 antiferromag-
net. Phys. Rev. Mater. 2018, 2, No. 091401.
(23) Panja, S. N.; Harnagea, L.; Kumor, J.; Mukharjee, P. K.; Nath,
R.; Nigam, A. K.; Nair, S. Coupled magnetic and ferroelectric states in
the distorted honeycomb system Fe4Ta2O9. Phys. Rev. B 2018, 98,
No. 024410.
(24) Newnham, R. E.; Dorrian, J. F.; Meagher, E. P. Crystal structure
of Mg3TeO6. Mater. Res. Bull. 1970, 5, 199−202.
(25) Becker, R.; Johnssona, M.; Berger, H. A new synthetic cobalt
tellurate:Co3TeO6. Acta Crystallogr. C 2006, 62, i67−i69.
(26) Newnham, R. E.; Meagher, E. P. Crystal structure of Ni3TeO6.
Mater. Res. Bull. 1967, 2, 549−554.
(27) Gebert, E.; Kihlborg, L. The crystal structure of a new wolfram
oxide, Cu3WO6. Acta Chem. Scand. 1969, 23, 221−231.
(28) Falck, L.; Lindqvist, O.; Moret, J. Tricopper(II) tellurate(VI).
Acta Crystallogr., Sect. B: Struct. Sci. 1978, 34, 896−897.
(29) Shannon, R. D. Revised effective ionic radii and systematic
studies of interatomic distances in halides and chalcogenides. Acta
Crystallogr., Sect. A 1976, 32, 751−767.

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.0c01303
Chem. Mater. 2020, 32, 5664−5669

5669

https://dx.doi.org/10.1103/PhysRevMaterials.2.091401
https://dx.doi.org/10.1103/PhysRevMaterials.2.091401
https://dx.doi.org/10.1103/PhysRevMaterials.2.091401
https://dx.doi.org/10.1103/PhysRevB.98.024410
https://dx.doi.org/10.1103/PhysRevB.98.024410
https://dx.doi.org/10.1016/0025-5408(70)90006-1
https://dx.doi.org/10.1016/0025-5408(70)90006-1
https://dx.doi.org/10.1107/S010827010602347X
https://dx.doi.org/10.1107/S010827010602347X
https://dx.doi.org/10.1016/0025-5408(67)90031-1
https://dx.doi.org/10.3891/acta.chem.scand.23-0221
https://dx.doi.org/10.3891/acta.chem.scand.23-0221
https://dx.doi.org/10.1107/S0567740878004276
https://dx.doi.org/10.1107/S0567739476001551
https://dx.doi.org/10.1107/S0567739476001551
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c01303?ref=pdf

