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ABSTRACT: Synthetic crystals of the ferberite FeWO4 have been
grown by the chemical transport reaction starting from a polycrystal-
line sample of this phase. Magnetic susceptibility measurements
showed an antiferromagnetic Neél temperature of TN = 75 K. The
anisotropy in the magnetic susceptibility can be ascribed to the
magnetocrystalline anisotropy of the Fe2+ ion, the oxidation state of
which was confirmed by X-ray absorption spectroscopy. While X-ray
photoemission analysis indicated that all W ions are in the expected
6+ charge state, the dielectric permittivity of the FeWO4 crystals was
found to be leaky, hindering changes at TN to be detected.
Subsequent thermoelectric power measurements suggested the
presence of about 1.5% Fe3+. X-ray diffraction experiments confirmed
the basic crystal structure of the wolframite type and revealed some
structural disorder in the 1% range. Transmission electron
microscopy allowed us to unveil the occurrence of stacking faults attributed to the similarity of the atomic environment of the
Fe and W species.

■ INTRODUCTION

The wolframite-type MWO4 compounds, isostructural to the
Mn1−xFexWO4 tungsten ore,1 form an interesting class of
bimetallic oxides for their properties such as magnetic for M =
Fe, Co, and Ni2−4 and even multiferroic in the case of the
hubnerite MnWO4.

5 More recently, the supercapacitor proper-
ties of nanocrystalline ferberite FeWO4 have been demon-
strated6 and interpreted theoretically,7 together with previously
reported electrode materials8,9 and photocatalytic and photo-
luminescence properties.10,11 On the one hand, magnetism is
dominated by partially filled 3d orbitals of the divalent M
cations,12 whereas, on the other hand, electrochemical activity
is believed to be related to the Fe3+/Fe2+ redox couple existing
in Fe-deficient Fe1−δWO4 compounds; this activity is
exacerbated by the surface effect in the nanocrystalline
form.6 From a chemistry point of view, the coexistence of
Fe2+ and W6+ is not obvious. This is especially true if one
considers the crystal structure (space group P2/c), which can
be described as two zigzag chains along [001] of edge-sharing
FeO6 or WO6 octahedra, respectively (Figure 1a,b left), where
iron in this divalent reduced oxidation state cohabitates with
oxidized hexavalent tungsten cations. Moreover, the high spin
d6 electronic configuration of Fe2+ should distort the FeO6

octahedron by the Jahn−Teller effect.

In FeWO4, the tendency toward holelike transport deduced
from Seebeck measurements10,13,14 was explained theoretically
by the presence of Fe vacancies creating “hole-like” Fe3+.7

These vacancies should play a crucial role in the
pseudocapacitor properties of thin films15 but also in the
magnetic properties of nanoparticles inducing a decrease of the
Neél temperature.16 However, there is a lack of study
combining structure refinement and magnetic and (di)electric
measurements in more stoichiometric crystals catching the
intrinsic features of “FeWO4.” Thus, we have undertaken a
study on FeWO4 polycrystalline samples and single crystals,
grown by chemical vapor transport10,17,18 starting from the
obtained polycrystalline material. X-ray absorption spectrosco-
py (XAS) and X-ray photoelectron spectroscopy (XPS)
experiments performed on the crystals demonstrate the Fe2+

and W6+ coexistence. Magnetic measurements revealed an
antiferromagnetic Neél temperature TN = 75 K and anisotropic
properties. By combining X-ray single crystal and powder
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diffraction with high-resolution transmission electron micros-
copy (TEM), we characterized our FeWO4 samples in great
detail, thereby revealing possible forms of imperfections even
present in high-quality crystals.

■ EXPERIMENTAL SECTION
Material Synthesis and Crystal Growth. The polycrystalline

sample of FeWO4 was prepared using sealed ampoules. First, a 1/3:1/

3:1 mixture of Fe2O3, Fe, and WO3 was weighed and ground in an
agate mortar. The resulting powder was pressed to produce bars of 1
cm length. After insertion of the bars (1 g) in fingerlike alumina
crucibles, the latter were sealed in the silica tubes under primary
vacuum. These sealed ampoules were heated to 1373 K within 6 h
and fired for 12 h at this temperature. After cooling the ampoules to
room temperature within 6 h, black bars with dimensions of 2 × 2 ×
10 mm3 were obtained.

Starting from the microcrystalline powder obtained by grinding the
bars, single crystals of FeWO4 were obtained by the chemical
transport reaction in a temperature gradient from 1000 °C (source) to
950 °C (sink) and 2 mg/cm3 chlorine as the transport agent.18 The
experiment was performed in evacuated fused silica tubes with an
inset of alumina to minimize the reaction of the sample with the
ampoule wall. After 10 days, the experiment was stopped by
quenching the ampoule in cold water. The obtained crystals of a
maximum size of approximately 0.5 × 1 × 3 mm3 are well shaped.
Identification of the crystal faces was performed on the basis of the
diffraction images obtained by irradiating different corners of the
grown crystal. The longest and thinnest crystal dimensions
correspond to the c and b crystal axis, respectively, the cleavage
plane being (010) consistent with the report in ref 12. Selected
crystals were used for further X-ray powder and single-crystal
diffraction, as well as TEM experiments.

Structural Characterization. The room-temperature XRPD
pattern was collected from the powdered single crystals using a
Huber Guinier G670 camera (Co Kα1 radiation, λ = 1.788965 Å). All
the diffraction peaks were indexed within the wolframite-type
structure (space group P2/c) and the unit cell parameters of
ferberite.18

The selected single crystal was mounted on the glass capillary and
data collection was performed using a Rigaku AFC7 diffractometer
equipped with a Saturn 724 + CCD detector (Mo Kα radiation, λ =
0.71073 Å). The intensities of the reflections collected were corrected
for the adsorption using the multiscan routine.19 For the final runs of
the structure refinement and calculation of the interatomic distances,
lattice parameters obtained from PXRD were used. All crystallo-
graphic calculations were performed using the WinCSD package.20

Transmission Electron Microscopy. The TEM observations
were performed on crushed single crystals of the FeWO4 sample using
a double aberration-corrected JEM ARM200F Cold FEG microscope
equipped with a CENTURIO large angle EDX detector, an ORIUS
CCD camera, and GIF Quantum. The TEM sample was prepared by
crushing the crystals in an agate mortar, adding ethanol, and then
depositing a droplet on a Cu holey carbon grid.

X-ray Absorption Spectroscopy and X-ray Photoelectron
Spectroscopy. To confirm the oxidation state of the Fe and W
cations, soft XAS at the Fe-L2,3 edges of a FeWO4 single crystal was
performed at 300 K at the beamline TPS 45A of the synchrotron
radiation facility National Synchrotron Radiation Research Center
(NSRRC) in Taiwan using the total electron yield (TEY) mode. A
Fe2O3 single crystal was measured simultaneously as an energy
reference. The experimental resolution was set to 42 meV. The W-L3
XAS spectra of powders made of crushed crystals of FeWO4 and WO3
(reference) were measured at the 07 beamline of the NSRRC using
the transmission mode.

XPS measurements were performed using monochromatized Al Kα
light (hν = 1486.6 eV) (vacuum generators) and a hemispherical
electron energy analyzer (Scienta R3000). The samples were in situ
knife-cleaved and measured under ultrahigh vacuum conditions with
pressures in the low 10−10 mbar range. The data were collected at
room temperature and at normal emission geometry with an overall
energy resolution of ∼0.4 eV. The Fermi level was calibrated using a
polycrystalline Ag foil.

Magnetic and Electrical Properties. Magnetization (M) data
versus T were collected using a SQUID magnetometer (5 T,
Quantum Design) from which the magnetic susceptibility χ was
calculated (χ = M/H). These measurements were performed for the
platelet-like crystals (typically 0.5 × 1 × 3 mm3) with H along the

Figure 1. Crystal structure of FeWO4 as stacking of edge-shared FeO6
(gray) and WO6 (blue) octahedra, oxygen − red, tungsten − blue,
and iron − white: (a) projection along [001]; (b) projection along
[100] for the ideal structure (left) and possible stacking faults of FeO6
and WO6 octahedra (right); (c) location of Fe and W atoms in the
ideal structure (projection along [001], left) and the difference
Fourier map at z = 0.25 obtained after refinement of the “ideal”
structure of FeWO4 (right). Isolines are drawn with a step of 0.5 e/Å

3,
red − zero level, dashed lines − negative density values; and (d) high
resolution HAADF-STEM image along [001] (top). The correspond-
ing intensity distribution (bottom) of the selected raw (top) indicates
stacking faults within chains formed by FeO6 and WO6 octahedra.
The contrast associated to these defects is indicated by white arrows
in the enlargement (white box in the top panel).
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thinnest direction (out-of-plane) or in a direction belonging to the
largest face (in-plane).
All electrical measurements were performed in a physical property

measurement system (9 T-PPMS, Quantum Design) using the
resistivity option (four probe technique with silver paste deposited
contacts) or a home-built sample holder inserted in a PPMS to
measure thermoelectric power, dielectric permittivity, and pyroelectric
current. For polycrystalline samples, squared platelets of 2 × 2 × 0.5
mm3 dimension were cut from the reacted bars. As for crystals,
platelet samples (1 × 2 × 0.5 mm3) were cut from the grown largest
single-crystalline specimen. Electrical contacts were deposited by
painting with silver paste the opposite larger surfaces (2 × 2 mm2 and
1 × 2 mm2) of both kinds of samples. The samples were soldered to
the probe using copper wires. An Agilent 4284A LCR meter and an
electrometer were used to measure the dielectric permittivity and the
pyroelectric current, respectively. The Seebeck coefficient of crystals
was measured by a steady-state technique along its longest dimension
(≈3 mm), corresponding to the [001] crystallographic axis.

■ RESULTS

Fe and W Oxidation States. Figure 2a shows the Fe-L2,3
XAS spectra of FeWO4 together with those of Fe2O3 and
Fe0.04Mg0.96O

21 as Fe3+ and Fe2+ references, respectively.
Because 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 the local
environment of the 3d transition metal, respectively,21−24 the
similar energy position and the spectral feature at the Fe-L2,3
edges of FeWO4 and Fe0.04Mg0.96O reveals the same Fe2+

valence state and FeO6 local symmetry. The sharpness of the
multiplet features of the main peak at the Fe-L2,3 edge indicates
the strongly localized nature of the 3d states in FeWO4.
Assuming an oxygen stoichiometric sample, the result calls for
a hexavalent oxidation state for W. This motivates an XAS
study at the W edges. While the large lifetime broadening leads
to broader white lines at the L2,3 edges of the 5d elements, the
energy positions are equally sensitive to the oxidation
state.25−27 As shown in Figure 2b, the same energy positions
of W-L3 XAS for FeWO4 and WO3 thus confirm the W6+

oxidation state in FeWO4 expected from the charge balance
requirement.
Considering the broad W-L3 XAS signal, XPS measurements

were additionally performed to exclude/quantify the presence
of small amounts of W5+ in the sample. The XPS data in Figure
2c show the W 4f core levels of a FeWO4 single crystal and a
WO3 reference [28] in the pristine (W6+) and reduced
(mixture of W6+, W5+, and W4+) states. The WO3 spectrum of
the pristine sample (black) exhibits the characteristic sharp 4f
double-peak structure of a W6+compound. W5+and W4+

compounds have a similar 4f double-peak structure; however,
the peaks are shifted to lower binding energies. The WO3
reference in the reduced state (blue) is an example for a mixed
valent sample. The spectrum can be decomposed into the sum
of three sets of double peaks that are shifted in energy for the
W6+, W5+, and W4+ contributions. A comparison with the
references confirms the W6+ character of the FeWO4 single
crystal, in agreement with the XAS results. To give an estimate
on the precision of the XPS measurement, the FeWO4 W 4f
XPS experimental spectrum was compared in more detail to
the W5+ 4f signal simulated by taking the measured W 4f
spectrum and shifting it by −1.12 eV29 in binding energy and
then by adding and subtracting a few percent of the W5+ 4f
signal to the measured spectrum. Already for 1% W5+, one can
observe a clear peak (shoulder)/dip at ∼34 eV binding energy

for the sum/subtraction. This analysis indicates that the W in
the FeWO4 crystal is all in the hexavalent state.

Magnetic Properties. The magnetic susceptibility χ(T)
curves measured with the magnetic field H along the three
sides of a crystal are given in Figure 3a. They confirm the
existence of an antiferromagnetic transition at 75 K as expected
from the original publications that showed an antiferromag-
netic transition (TN) at this temperature.2,10,12 The χ upturn

Figure 2. (a) Fe-L2,3 XAS spectrum of FeWO4 together with those of
Fe2O3 and Fe0.04Mg0.96O

21 as Fe3+ and Fe2+ references, respectively.
(b) W-L3 XAS spectra of FeWO4 and WO3. (c) W 4f XPS core level
spectrum of FeWO4 together with those of a WO3 reference for the
pristine (W6+) and reduced (mixture of W6+, W5+, and W4+) states.
The WO3 reference spectra are taken from ref 28.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.1c03640
Chem. Mater. 2022, 34, 789−797

791

https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03640?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03640?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03640?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03640?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c03640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


below about 30 K could result from a Curie tail. These χ(T)
curves have been normalized by dividing (χ) values by χ(T =
TN). There exists a significant anisotropy, the χ values below
TN being the smallest when H is parallel to either [010] or
[001] (Figure 3a). This agrees with the magnetic structure
showing magnetic moments aligned along the [100] direction
[ref 12 and the references therein].
The corresponding reciprocal magnetic susceptibility χ−1(T)

curves are shown in Figure 3b. The Curie−Weiss fitting (χ =
C/(T + θ)) to the reciprocal magnetic susceptibility χ−1(T)
curves (solid lines in Figure 3b) yields effective paramagnetic
moments, μeff ≈ 5.2 μB, and θ in the range −10 to −40 K,
indicative of antiferromagnetic interactions. In this respect, the
small M value obtained from the M(H) curve at 5 K, M = 0.15
μB/(Fe.mol) (inset of Figure 3b), supports this magnetic state.
Such μeff values are characteristic of high-spin Fe2+ (S = 2,
theoretical μeff = 4.9 μB) as attested by the values μeff = 5.16 μB,
μeff = 5.0 μB, and μeff = 5.46 μB reported for Fe2+ in the Fe2+O6
octahedra of bimetallic oxides, FeWO4,

10 Fe4Nb2O9, and
Fe4Ta2O9.

30,31 Nonetheless, the systematic larger experimental
values suggest that the Fe2+ Jahn−Teller cation could also
possess an orbital magnetic contribution. This is consistent
with the three χ−1(T) curves, running parallel in the
paramagnetic regime, i.e., showing similar μeff values but
having different Weiss temperatures. This points toward the
existence of an intrinsic magnetic anisotropy as, for instance,
reported for La2−xSrxCoO4 in relation to single-ion anisotropy
of Co2+.32

Electrical Resistivity. As the first criterion to measure
dielectric permittivity at the lowest temperatures is a large
enough electrical resistivity ρ, its T dependence was measured
in the plane of the crystal as shown in Figure 4. As T decreases,

ρ increases following a semiconducting behavior with an
activation energy EA = 150 meV deduced from the slope of the
ln(ρ−1)(T) linear behavior also given in Figure 4. Below about
200 K, ρ values become too large to be measured, ρ increasing
from 0.20 kΩ cm at 390 K up to 12 kΩ cm at 200 K.
Similar EA and high ρ values were also reported in ref 10 for

a single crystal. Also, for our FeWO4 crystals, the application of
a 9 T external magnetic field does not modify ρ indicating a
lack of magnetoresistance at least in the 200 K ≤ T ≤ 390 K
interval. Thus, despite the high quality of the sample as
established by the XAS and XPS analyses, some non-
stoichiometry is apparently present and is sufficient to get a
semiconducting behavior characterized by a rather weak
activation energy.

Dielectric Permittivity. Dielectric permittivity (ε) meas-
urements were performed on our samples. According to the
crystal shape, these measurements were made along the b
(thinnest) direction.
As shown in the ε’(T)f and tanδ(T)f curves given in Figure

5, the rapid divergence as T increases indicates some significant
charge leakage, most probably related to the p-type charge
carriers. This makes observation of any ε’ change in the TN
region difficult. Also, on application of an external magnetic
field up to 9 T inducing no ε’ change, a lack of
magnetodielectric effect (MDE) for this T region is deduced
(not shown). In contrast, even if no MDE was found for
polycrystalline samples up to 9 T (Figure S1a, see Supporting
Information), their lower dielectric losses remain more
moderate below about 100 K (inset of Figure S1b), all the
ε’(T)f curves are characterized by a clear change of slope at 75
K (=TN) (Figure S1b). Because of the isotropic character of
the polycrystalline sample, ε’ measurements exploring all
crystallographic directions suggests that the direction at the
origin of the MDE differs from that of the [010] one. To check
for an electric polarization P, pyroelectric current was

Figure 3. (a) T-dependent magnetic susceptibility (χ = M/H) of a
platelet-like crystal (of 3 × 1 × 0.5 mm3 dimension) measured with H
applied along each of the three sides of the crystal (see labels in the
graph) (10−2 T in zero-field-cooling (zfc) and field-cooling (fc)
modes, these zfc and fc curves are always superimposed). (b) χ−1(T)
corresponding curves and the Curie−Weiss fit (solid lines). Inset:
Isothermal (T = 5 K) M(H) curves for a crystal with H//b.

Figure 4. Semilog plot of T-dependent electrical resistivity ρ
measured in-plane for a FeWO4 single crystal with the current
flowing along the longest side of the crystal. The ρ = f(T−1) curve is
also given (top x-axis). The solid line corresponds to a fit using an
Arrhenius activation law.
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measured for both polycrystalline samples and crystals using an
electric poling from 100 K down to 8 K with E = 200 kV m−1.
However, no significant P being hardly measurable, P was
estimated to be null or smaller than 1 μC m−2.
Seebeck Coefficient. To quantify the amount of the

charge carrier concentration, Seebeck measurements were
performed on crystals allowing a comparison with previous
reports to be made.13,14 As shown in Figure 6a, a positive
Seebeck, characteristic of a hole-type transport, is measured,
reaching S = 350 μV K−1 at T = 300 K.
For low doping in transition metal oxides, such as

LaMnO3
33 and LaCoO3,

34 the Seebeck coefficient can be
used to determine the doping level, following the Heikes
equation, S = (kB/e) × ln[(1 − x)/x], where kB, e, and x are for
the Boltzmann constant, the electron charge, and the
concentration of hole per site, respectively. As shown in the
S300K(x) plot in Figure 6b, for the crystal, a concentration of
about 1.5% Fe3+ is deduced from S (300 K), a value smaller
than those previously reported, S = 140 μV K−1 in ref 13,
corresponding to 16% Fe3+, or from S = 275 μV K−1 in ref 14,
corresponding to 4% Fe3+ (Figure 6b). Though these values
are crude estimations, they demonstrate the rather stoichio-
metric feature of the present crystals. Indeed, assuming a lack
of oxygen vacancy connected to the sixfold oxygen
coordination of W6+, the presence of ≈1.5% Fe3+ is created
by ≈0.75% Fe2+ vacancy. We now investigate whether the
structural defects and their concentration can be substantiated.
Crystal Structure. Obtained diffraction data from

powdered single crystals data agreed very well with the pattern
calculated using the structure model of FeWO4 (wolframite
type) established from single-crystal diffraction data (see
below) and reported for the mineral ferberite.18 The
subsequent Rietveld analysis confirmed this observation
(Figure 7).
Because of the negligible deviation of the monoclinic angle

from orthogonality, the expected splitting of the reflections
characteristic for a monoclinic lattice was not observed using
laboratory data. Nevertheless, a careful examination of the
reflections’ width (FWHM) clearly indicated that hkl
reflections with h ≠ 0 and l ≠ 0 are systematically broader
than those with h = 0 or/and l = 0 in agreement with the
monoclinic symmetry of the investigated structure (Figure 7,
inset). For this reason, the determination of the lattice

parameters using individual peak positions was not straight
forward and was performed taking into account the peak
splitting in monoclinic symmetry: a = 4.7233(5) Å, b =
5.7030(6) Å, c = 4.9608(5) Å, β = 90.05(1)°.
The excellent crystal quality enabled us to obtain reliable

data up to a high diffraction angle of 2θ = 86° (sinθ/λ = 0.96).
Analysis of the collected data set clearly indicated monoclinic
symmetry (R(int) = 0.033). An attempt to average symmetry
related reflections in an orthorhombic lattice (due to the β
value close to 90°) led to the much larger R(int) of 0.070,
clearly indicating the monoclinic lattice. The observed
extinction conditions for the monoclinic lattice (h0l, l = 2n)
were compatible with the space groups Pc and P2/c. The latter
turned out to be correct during the structure refinement.
Refinement of the structure model with 1 iron, 1 tungsten, and
2 oxygen positions converged to the quite acceptable residual
of R(F) = 0.020.
Nevertheless, the subsequent difference Fourier maps

indicated a pronounced residual peak of 5.82 e/Å2 at 0 0.46
1/4 and a second one at 1/2 0.98 1/4 (Figure 1c, right). For
the final refinement, a structural model with two additional
positions, W2 and Fe2, was applied (Table 1). The
occupancies of these positions were constrained with the

Figure 5. Real part (ε’) of the dielectric permittivity of a FeWO4
single crystal as a function of T (the different frequencies f are labeled
in the graph). Inset: dielectric losses, tanδ(T)f. Corresponding curves
for a polycrystalline sample are given in the Supporting Information
(Figure S1).

Figure 6. (a) T-dependent thermoelectric power (Seebeck) for a
FeWO4 crystal. (b) Plot of the Seebeck coefficient S (300 K) as a
function of the concentration x of hole (Fe3+) per Fe site from the
Heikes equation (see text). The experimental points are for the crystal
under study and polycrystalline samples from refs 13, 14.
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occupancy of the W1 site. This reduced the residual to R(F) =
0.018 and resulted in the Fourier map with minimal and
maximal values of electronic density of −1.28 and 1.57 e/Å3,
respectively. According to Table 1, there are approximately 1%
of deviations from the translational symmetry.
The structure of FeWO4 was confirmed by electron

diffraction (ED) and high-angle annular dark-field scanning
TEM (HAADF-STEM) studies performed on crystal parts.
The ED patterns collected from the main crystallographic

zone axis (Figure 8a) can be completely indexed in the
monoclinic structure found by X-ray diffraction. The extra
spots observed in some ED patterns (Figure 8a) originate from
overlapping crystallites occasionally covered by a selective
aperture. EDX elemental mapping (Figure 8b) shows
homogeneous distribution of all elements and gives a cationic
ratio Fe/W = 24.1/21.6 at %, close to the nominal composition
and which is not supporting a large amount of Fe vacancies.
HAADF-STEM images along the main and most informative

zone axis (Figure 9a−c) demonstrate mostly perfect crystal
structures. No visible Fe vacancies were observed, which is
consistent with the composition measured by EDX. Never-
theless, the existence of misalignment in the atomic rows
running along [001] (Figure 1d) suggests the possibility of
stacking defects. This may agree with the additional sites found
by crystal structure determination. Downfolding of the stacking

faults on the initial monoclinic unit cell produces additional
maxima in the difference density (Figure 1). As expected in the
schematic structure (Figure 1), the [100] HAADF-STEM
image (Figure 9c) clearly demonstrates ordered zigzag W
(bright dots) and Fe (brighter smaller dots) chains along
[001]. Thus, the image variations observed in Figure 9b most
probably correspond to stacking faults between these regular
zigzag chains.

■ DISCUSSION
In the crystal structure of FeWO4, iron and tungsten atoms
possess a similar environment, both being octahedrally
coordinated by oxygen atoms (Figure 1). In both cases the
corresponding octahedron is quite irregular and central atoms
are clearly shifted from the ideal positions along [010]. The
distances to the oxygen apices cover the range from 1.79 Å
(2×) over 1.92 Å (2×) to 2.13(3) Å (2×) for W−O
interactions. For Fe−O distances, this range is somewhat
smaller: 2.06−2.13−2.18 Å (each value 2×). The octahedra of
one kind are condensed via their edges into zigzag chains along
[001]. Each chain of [WO6] octahedra is connected to four
chains of [FeO6] along [100] via polyhedron corners and vice
versa (Figure 1). Obviously, the similarity in the atomic
environment of W and Fe species leads to stacking faults in the
structure (Figure 1b, right), which are expressed in the

Figure 7. Experimental X-ray powder diffraction pattern of FeWO4
(Co Kα1 radiation, λ = 1.788965 Å, black line). The difference
between measured and calculated profiles (Rietveld analysis) is
represented as a black curve below the diagrams. Blue vertical bars
indicate the positions of diffraction reflections. The inset shows the
enlarged part of the pattern with the Miller’s indices and estimated full
width at half maximum (FWHM) illustrating slight broadening of hkl
reflections with h ≠ 0 and l ≠ 0 in comparison with 023 reflection
typical for monoclinic distortion.

Table 1. Atomic Coordinates and Equivalent Displacement Parameters (in Å2) in the Crystal Structure of FeWO4

atom site occupancy x y z Beq

W1a 2e 1 − G(x) 0 0.18007(3) 1/4 0.498(4)
Fe1a 2f 1 − G(x) 1/2 0.3271(2) 3/4 0.67(1)
O1 4g 1 0.2547(6) 0.3757(5) 0.1050(6) 0.78(4)
O2 4g 1 0.2149(6) 0.1063(5) 0.5661(5) 0.69(4)
W2a 2e G(x) 0 0.461(3) 1/4 0.41(4)
Fe2a 2f G(x) 1/2 0.016(13) 3/4 0.64(4)

aThe occupancy parameter of the W1 position was constrained with the additional positions (W2, Fe1, and Fe2). The refinement resulted in G(x)
= 0.010(1).

Figure 8. (a) ED patterns taken along the main crystallographic zone
axis of the P2/c monoclinic structure: [001], [100], and [010]. (b)
HAADF-STEM low magnification image and corresponding EDX
elemental mapping of Fe K (green), W M (red), O K (blue), and the
overlaid color image.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.1c03640
Chem. Mater. 2022, 34, 789−797

794

https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03640?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03640?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03640?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03640?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03640?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03640?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03640?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03640?fig=fig8&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c03640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


pronounced peaks on the difference Fourier maps. The
irregularities in the structure along [001] can be clearly
detected on the HAADF-STEM images (Figure 1d). The
concentration of these stacking faults of about 1% (Table 1) is
of the same order as the 0.75% Fe2+ vacancy, deduced from the
1.5% holes per Fe site roughly estimated from thermoelectric
power measurements. Such a rather small charge carrier
concentration is nonetheless sufficient to induce the large
dielectric losses observed for the present crystals along the b
direction.
Interestingly, the magnetic susceptibility measured along the

different edges of a crystal is found to be anisotropic, with an
easy axis along [100], i.e., perpendicular to the direction of the
zigzag chains. The fact that an anisotropic paramagnetic regime
is also observed suggests a single-ion anisotropy for the Jahn−
Teller Fe2+ cations. In this respect, the three groups of two
Fe−O distances, 2.06−2.13−2.18 Å, obtained from the
structure determination from the single crystal diffraction,
similar to those reported for FeWO4 in ref 35, 2.05−2.25−2.18
Å, and larger than these reported in ref 18, 2.00−2.07−2.17 Å,
indicative of Fe3+ higher content, appear to be characteristic of
Fe2+ in octahedral coordination.

■ CONCLUSIONS

The synthesis of millimeter-size FeWO4 crystals by the
chemical transport reaction has enabled the consistent
determination of the magnetic, electric, dielectric, and
thermoelectric properties of crystals for which the crystal
structure and the Fe2+/W6+ oxidation states were well
established. The large and positive Seebeck coefficient at
room temperature points toward the presence of about 1.5%
Fe3+ ions, explaining the finite resistivity consistent with

theoretical calculations that predict the tendency for Fe2+

vacancy formation. The detailed structural study demonstrates
the presence of about 1% structural disorder in the form of
stacking faults between the WO6 and FeO6 zigzag chains.
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