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The thermal expansion of natural FeWO4 (ferberite) and synthetic FeWO4:

Fe2WO6 (7:1) was investigated over the 2–1123 K temperature range, combining

single-crystal and powder X-ray diffraction together with neutron powder

diffraction. High-precision lattice parameters were obtained for both samples.

The temperature dependence of the unit-cell volume was analyzed using

physically based thermodynamic models, including the Kroll and Berman

approaches as implemented in EoSFit7-GUI. All datasets are well reproduced

within their respective temperature intervals. However, significant differences

are observed between the behavior of ferberite and FeWO4:Fe2WO6, which has

a �40% smaller thermal expansion coefficient and a reduced reference volume.

The possible origins of these differences, including microstructural and phase-

coexistence effects, are discussed. The results provide a comprehensive

description of the thermal expansion behavior of FeWO4 across a wide

temperature range.

1. Introduction

Transition-metal tungstates with the general formula MWO4

(M = divalent metal) have attracted sustained attention due to

their structural versatility and the interplay between lattice,

magnetic and electronic degrees of freedom (Muñoz et al.,

2026). Among them, FeWO4 (ferberite) crystallizes in the

monoclinic wolframite-type structure (space group P2/c),

characterized by chains of edge-sharing FeO6 octahedra

linked through WO6 octahedra (see Fig. S1 in the supporting

information). The crystal structure of ferberite was established

in early crystallographic studies (Cid-Dresdner & Escobar,

1968) and more recently refined and analyzed using modern

diffraction techniques (Diaz-Anichtchenko et al., 2024).

FeWO4 exhibits anisotropic physical properties and long-

range antiferromagnetic order below its Néel temperature

(Heyer et al., 2006; Garcı́a-Matres et al., 2003). Detailed

investigations of its magnetic and transport properties have

confirmed the coexistence of magnetic ordering and structural

stability at low temperatures (Maignan et al., 2022). The coupling

between magnetic ordering and lattice degrees of freedom

makes FeWO4 a suitable model compound for investigating

thermoelastic behavior in magnetically ordered oxides.

Accurate knowledge of thermal expansion is essential for

understanding lattice dynamics, thermodynamic stability and

magnetoelastic coupling in crystalline solids. The temperature
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dependence of the unit-cell volume provides direct access to

fundamental thermodynamic parameters such as the thermal

expansion coefficient and characteristic temperatures entering

physically based models of lattice expansion. Several approaches

have been developed to describe the temperature evolution of

volume, including the semi-empirical formalism of Kroll et al.

(2012), the thermodynamic treatment of Salje et al. (1991) and

the high-temperature formulation introduced by Berman

(1988). These models are widely implemented in equation-of-

state analyses and mineral thermodynamic databases.

Despite the structural and magnetic characterization

available in the literature (Garcı́a-Matres et al., 2003; Maignan

et al., 2022; Fabelo et al., 2024), description of the thermal

expansion of FeWO4 over a broad temperature interval

remains limited. Previous investigations have primarily

focused either on magnetic behavior at low temperature

(Garcı́a-Matres et al., 2003) or on structural refinements at

ambient conditions. Systematic comparisons between different

diffraction techniques, particularly single-crystal X-ray diffrac-

tion and neutron powder diffraction, are scarce, although such

comparisons are relevant because the two techniques differ in

scattering contrast, sensitivity to light elements and response

to microstructural effects, which may influence refined lattice

parameters and derived thermoelastic quantities.

In this work, we present a detailed investigation of the

thermal expansion of ferberite (natural FeWO4) over the

temperature range 2–1123 K. We also report results for a

synthetic 7:1 FeWO4:Fe2WO6 composite (two-phase mixture).

For clarity, throughout the article the natural mineral is

referred to as ferberite, whereas the laboratory-synthesized

FeWO4:Fe2WO6 material is referred to as synthetic FeWO4.

High-precision lattice parameters were obtained using single-

crystal X-ray diffraction on a natural ferberite sample,

complemented by powder X-ray diffraction and neutron

powder diffraction measurements on synthetic FeWO4. The

temperature dependence of the unit-cell volume was analyzed

using physically based thermodynamic models, including the

Kroll and Berman approaches as implemented in EoSFit7-

GUI (Gonzalez-Platas et al., 2016). Attention is paid to the

comparison between the two samples, which reveals significant

differences in the derived thermal expansion parameters. The

possible origins of these discrepancies, including composi-

tional, microstructural and phase-coexistence effects, are

critically evaluated.

By combining complementary diffraction techniques over

an exceptionally wide temperature range, this study provides a

comprehensive thermoelastic description of ferberite and

synthetic FeWO4, and contributes to the understanding of how

experimental methodology and sample characteristics may

affect the determination of thermal expansion parameters in

complex transition-metal oxides.

2. Experimental details

2.1. Samples

The experiments were carried out using two types of

samples. The first sample was polycrystalline and was

synthesized using co-precipitation following the procedure

described by Fabelo et al. (2024). The final product consisted

of a two-phase mixture of FeWO4 (ca 88%) and Fe2WO6 (ca

12%). The second sample was of natural origin (ferberite)

obtained from the Monte Cambillaya mining district, La Paz,

Bolivia, and was used in previous studies (Diaz-Anichtchenko

et al., 2024). Nb (0.06%) and Ta (0.02%) were the only

detected impurities; thus, the sample can be considered phase

pure. The natural material consisted of large single crystals,

which were subsequently ground to prepare polycrystalline

samples.

2.2. X-ray single-crystal diffraction

Temperature-dependent single-crystal diffraction (SC-

XRD) data on ferberite were collected on the dual-source

Bruker D8 diffractometer at the Institut Laue–Langevin

(ILL). The mounted crystal used for the SC-XRD experiment

is shown in Fig. 1. Silver radiation with a wavelength of � =

0.56086 Å was used for all measurements. Six !/’ scans were

collected using different counting times to achieve a resolution

of 0.5 Å. The collected frames were integrated using the

Bruker SAINT software package (Bruker, 2014) with the

narrow-frame algorithm. Data integration was performed

using a monoclinic unit cell, which was refined at each

temperature prior to integration. The final unit cell at each

temperature was determined using the XYZ-centroids

method, considering only reflections with I > 20�(I) and

without applying any angular cut-off.

Two different temperature setups were employed: a Helix

Cryostream for measurements between 40 and 300 K, and a

Cobra Cryostream for measurements between 300 and 500 K.

The change of setup was performed without modifying the

crystal orientation, to avoid any significant change in the

orientation matrix that could induce artifacts in the data

analysis.
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Figure 1
View of the single crystal of ferberite used in the SC-XRD experiment in
the Bruker D8 diffractometer.



2.3. X-ray powder diffraction

X-ray diffraction measurements on the powdered ferberite

sample and synthetic FeWO4 were carried out using an X’Pert

diffractometer equipped with Cu K� radiation and an

X’Celerator detector at Universidad Complutense de Madrid.

Low-temperature measurements in the 15–300 K range were

performed using a Phenix low-temperature chamber (Oxford

Cryosystems), featuring a closed-cycle design optimized for

this type of diffractometer. High-temperature experiments

(298–1123 K) were conducted using an HTK-2000 chamber

from Anton Paar. In both cases, measurements were

performed under vacuum and in Bragg–Brentano (reflection)

geometry.

The temperature evolution of the X-ray diffraction patterns

was analyzed by Le Bail profile refinements (Le Bail et al.,

1998) considering two crystalline phases in the synthesized

sample, namely FeWO4 (space group P2/c) and a minor

Fe2WO6 impurity phase (space group Pbcn), and only FeWO4

in ferberite. The refinements were carried out using the Full-

Prof Suite package (Rodrı́guez-Carvajal, 1993). The back-

ground was modeled using interpolated background points

and selected angular regions were excluded from the refine-

ment. The peak profiles were described using a pseudo-Voigt

function. In the final cycles, 27 parameters were refined

including the zero shift, scale factors of both phases, lattice

parameters and profile parameters (U, V, W and X).

Detailed results from experiments are given in the

supporting information.

2.4. Neutron powder crystal diffraction

Neutron powder diffraction data were collected on the

high-counting-efficiency D20 diffractometer, operated in high-

resolution mode at the ILL. The synthesized powder sample

was loaded into a cylindrical vanadium can and the

measurements were performed as a function of temperature

using a standard ILL cryofurnace, allowing temperature

control over the 2–500 K range. The temperature was stabi-

lized at each set point prior to data acquisition to ensure

thermal equilibrium. The instrument was equipped with a

radial oscillating collimator in order to reduce air and sample-

environment scattering. Diffraction patterns were recorded

over the 2� range 0–152.9� with a step size of �2� = 0.1�, using

the position-sensitive detector (PSD) based on 3He tech-

nology, which provides high counting efficiency and excellent

angular stability. Detector efficiency correction was applied to

the raw data before the data analysis.

The incident neutrons were monochromated using the 115

Bragg reflection of a germanium (Ge) monochromator with a

take-off angle of 90�, corresponding to a nominal wavelength

of 1.54 Å (Hansen et al., 2008). The exact wavelength [� =

1.54119 (3) Å] was determined by refinement of a standard

Na2Ca3Al2F14 sample at room temperature, constraining the

lattice parameters to values previously obtained under the

same conditions from high-resolution X-ray powder diffrac-

tion data.

Neutron diffraction patterns were analyzed by Rietveld

refinements considering both nuclear and magnetic contribu-

tions. Below the Néel temperature, the nuclear and magnetic

structures of synthetic FeWO4 were included in the refinement

together with the nuclear contribution of a minor Fe2WO6

impurity phase. The refinements were carried out using the

FullProf Suite package (Rodrı́guez-Carvajal, 1993). The

instrumental resolution function was determined from a

standard reference sample measured under identical instru-

mental conditions. The background was modeled using inter-

polated background points and selected angular regions were

excluded from the refinement. The peak profiles were

described using a Thompson–Cox–Hastings pseudo-Voigt

function convoluted with an axial divergence asymmetry

function following Finger et al. (1994). Data visualization and

export were performed using the PANDA program, which is

freely distributed as part of the FullProf Suite (Rodrı́guez-

Carvajal, 1993). Detailed results from the experiments are

given in the supporting information.

3. Results and discussion

The volume thermal expansion of a material can be expressed

as

VðTÞ ¼ V0 exp

ZT

Tref

�ðTÞ dT; ð1Þ

where Tref is a reference temperature at which the volume is

V0. The only thermodynamic constraints on the form of the

function for �ðTÞ are that both �ð0Þ and @�ðTÞ=@T vanish at

absolute zero. Additionally, it is observed in many experi-

ments that at high temperatures �ðTÞ increases linearly with

temperature.

Despite the large number of models proposed in the

literature, not all of them fully satisfy these requirements.

Some models can account for the low-temperature saturation

but, conversely, fail to provide physically reasonable fits at

high temperatures, whereas other models exhibit the opposite

behavior. Nevertheless, many of these models are regarded as

valid within the temperature ranges they are intended to

describe and are therefore widely used in thermodynamic

databases.

Given that this compound exhibits long-range magnetic

order at low temperatures, an accurate description of its

thermal expansion in the low-temperature regime is required.

To model the experimental V(T) data, we employed the

approach proposed by Kroll et al. (2012) which explicitly

relates the volume to the lattice energy of the material, as well

as the model suggested by Salje et al. (1991). Both approaches

are implemented in the EoSFit7-GUI software package

(Gonzalez-Platas et al., 2016). The results obtained from fitting

the experimental data are indistinguishable; therefore, only

the calculations based on the Kroll model are presented. In

this model, the parameters V0, �0 and �E were refined. Here,

�0 is the thermal expansion coefficient at Tref and �E is the
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Einstein temperature, which is related to the molar standard-

state entropy and accounts for the saturation of �ðTÞ at low

temperatures. The parameter K0, corresponding to the first

derivative of the bulk modulus at Tref, was fixed according to

the experimental results reported in high-pressure X-ray

diffraction (XRD) experiments (Diaz-Anichtchenko et al.,

2024).

To obtain high-precision thermal expansion data, we first

performed single-crystal diffraction measurements using the

natural ferberite crystals previously studied by Diaz-

Anichtchenko et al. (2024). To exclude possible effects arising

from the single-crystal indexing procedure, part of the

ferberite sample was ground and sieved to prepare a high-

quality powder specimen. This powder was subsequently used

for temperature-dependent XRD measurements in the poly-

crystalline form. The results obtained in the two cases are

comparable, taking as reference the value at a temperature of

298.0 (5) K. The results obtained for the temperature depen-

dence of the volume are represented in Fig. 2. Both experi-

ments give similar behavior. The unit-cell volume obtained

from powder XRD differs slightly from that determined by

SC-XRD (�0.2%). Such a small discrepancy is within the

typical uncertainty expected from measurements performed

using different experimental setups. The parameters obtained

from the description of the results using the Kroll model are

summarized in Table 1. The values determined for �0 from the

two experiments agree within uncertainties.

To accurately characterize the low-temperature structural

evolution and to determine the temperature dependence of

both the nuclear and magnetic structures, we performed

neutron powder diffraction measurements on the D20

instrument at ILL. In this work we will focus on the behavior

of the crystal structure, leaving the analysis of the nuclear and

magnetic structures to a future study. Due to the large amount

of material required for neutron experiments, we discounted

the use of the natural sample and instead employed a freshly

synthesized polycrystalline specimen. As described above, in

synthetic FeWO4, two phases were detected in an approximate

7:1 ratio of FeWO4 and Fe2WO6. The degree of overlap

between the two crystalline phases is not high and allows us to

evaluate the behavior of FeWO4 as a function of temperature

without apparent problems (see Fig. 3).

The neutron diffraction data further demonstrate that no

significant anomalies are observed in either the unit-cell

volume or the lattice parameters as a function of temperature.

This absence of discontinuities confirms that no additional

structural contributions interfere with the present analysis.

The magnetic structure below TN (ca 62 K) is well described

by the AF1 collinear configuration (Fabelo et al., 2024), with

no evidence of additional magnetic phases or concomitant

structural distortions. The refined magnetic moments and their

temperature dependence do not reveal any anomalous beha-

vior indicative of strong magnetoelastic coupling. In parti-

cular, the absence of measurable changes in interatomic

distances or symmetry across TN indicates that the magneto-

strictive effect is weak.

In Fig. 4 we present the results obtained from synthetic

FeWO4. From both experiments we determined a similar

temperature dependence. The parameters obtained from the

description of the results with the Kroll model are given in

Table 1. The values of the volumes obtained from the two

methods differ by less than 0.2%. Comparing the results

obtained from ferberite and synthetic FeWO4, we observe a

discrepancy in the refined thermal expansion parameters. In

particular, the thermal expansion coefficient �0 derived from

synthetic FeWO4 (from both neutron and XRD diffraction)

differs by more than 40% from the value obtained from

ferberite (from powder XRD and SC-XRD). In addition, the

unit-cell volume at the reference temperature is systematically

smaller in synthetic FeWO4 than in ferberite. This result is

unexpected, as both experiments probe the same crystal-

lographic phase, and its origin will be discussed in detail below.

A reduced unit-cell volume in the synthesized material

could in principle indicate either the presence of larger-radius
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Figure 2
Temperature evolution of the unit-cell volume for the ferberite sample
determined by X-ray diffraction. Single-crystal measurements (circles)
were collected between 40 and 500 K, while powder X-ray diffraction
measurements on the corresponding ground sample (squares) were
performed between 15 and 523 K. Symbols represent the experimental
values with their corresponding error bars. Solid lines correspond to the
fit of the data using the Kroll model.

Table 1
Parameters obtained from fitting the data using the Kroll model.

Parameters marked with an asterisk (*) were fixed during the refinement to
improve the stability of the fit and avoid overparameterization. In particular,

the pressure derivative K00 was fixed to the value reported in the literature
(Diaz-Anichtchenko et al., 2024).

Ferberite FeWO4:Fe2WO6

Kroll model SC-XRD XRD Neutron XRD

V0 (Å3) 134.683 (15) 134.425 (7) 132.392 (4) 132.148 (8)
K0 * 5.0 5.0 5.0 5.0
�0 (�10� 5 K� 1) 2.50 (11) 2.63 (4) 1.79 (4) 1.67 (6)
�E (K) 235 (57) 242 (18) 256 (15) 389 (37)



ions incorporated in the structure of the natural FeWO4

sample or, conversely, partial substitution by smaller-radius

ions in the synthesized compound. Both scenarios can be

reasonably excluded. The incorporation of heavier or larger-

radius transition-metal or rare-earth impurities in the natural

sample was ruled out on the basis of energy-dispersive X-ray

spectroscopy measurements in previous studies (Cid-

Dresdner & Escobar, 1968), which indicate negligible

concentrations of contaminant elements. Likewise, substitu-

tion effects in the synthesized sample are unlikely, since the

chemical composition is controlled by the starting reagents

used during synthesis.

Experimental artifacts related to temperature calibration,

sample centering or uncertainties in the incident wavelength

were also discounted, as the powder XRD studies in ferberite

and synthetic FeWO4 were performed under identical

experimental conditions. Finally, although the measurements

in synthetic FeWO4 were carried out on a two-phase poly-

crystalline sample (FeWO4:Fe2WO6 ’ 7:1), peak overlap

between the two phases is limited and does not prevent reli-

able refinement of the FeWO4 lattice parameters; moreover,

both phases were included in the LeBail refinements for all

temperatures. On the other hand, microstructural effects such

as strain or intergrowth defects typically lead to an apparent

lattice expansion rather than a contraction (Qin et al., 2008)

and therefore do not provide a straightforward explanation

for the smaller refined volume observed in synthetic FeWO4.

We consider that the smaller volume of synthetic FeWO4

compared with ferberite might be the result of a structural

distortion related to lattice strain. If Fe2WO6 forms at grain

boundaries or partially incorporates into FeWO4, it can induce

compressive lattice strain inducing a lattice contraction of 2%

in synthetic FeWO4 (Akhlaghi et al., 2016). Another hypoth-

esis that might explain the contraction of the volume in

synthetic FeWO4 is partial oxidation of Fe2+ ! Fe3+ or the

presence of oxygen vacancies. Since Fe3+ has a smaller ionic

radius than Fe2+, this can shrink lattice parameters. This is very

common in tungstates (Muñoz et al., 2026).

Regarding the difference in thermal expansion, it may

originate from the presence of the Fe2WO6 secondary phase in

synthetic FeWO4 acting as a mechanically constraining

component. In two-phase systems, the effective coefficient of
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Figure 4
Results from the experiments performed on synthetic FeWO4. Volume
behavior between 2 and 470 K measured using neutrons on the D20
diffractometer at ILL (circles) and 15–473 K results obtained from
powder XRD (squares). Error bars are smaller than the symbols. The
lines show the fit of the data to the Kroll model.

Figure 3
(Top) Rietveld refinement of the neutron powder diffraction pattern of
synthetic FeWO4 measured at D20 at 300 K [� = 1.54119 (3) Å]. The
experimental data and calculated profile are shown as red and black lines,
respectively, while the blue curve represents the difference. Vertical
green, orange and red ticks indicate the Bragg reflection positions of the
different phases. The second phase (orange ticks) corresponds to V from
the sample holder, whereas the third phase (red ticks) is attributed to
Fe2WO6, refined in the orthorhombic Pbcn space group with lattice
parameters a = 4.6000 (6), b = 16.814 (3), c = 4.9674 (7) Å. This contri-
bution was modeled using a Le Bail approach, leading to a final �2 = 1.26.
(Bottom) Two-dimensional thermodiffractogram obtained from neutron
powder diffraction measurements of synthetic FeWO4 at D20, plotted on
a logarithmic intensity scale. Magnetic Bragg reflections associated with
the propagation vector k = (1/2, 0, 0) appear below approximately 62 K.



thermal expansion (CTE) depends not only on the intrinsic

CTEs of the individual phases but also on their elastic inter-

action; a phase with a lower thermal expansion coefficient and/

or higher bulk modulus can restrict the expansion of the

matrix phase, leading to a reduced overall CTE of the

composite (Hsieh & Tuan, 2006). However, our temperature-

dependent single-crystal measurements do not reveal any

significant variation in the Fe–O bond distances. The presence

of Fe3+ would be expected to induce a measurable contraction

of these distances; however, no such effect is observed.

Instead, the data show only a slight increase in the Fe–O2

bond length (see Table S2 in the supporting information),

which is consistent with a moderate anisotropic thermal

expansion.

This absence of bond contraction therefore argues against a

significant contribution of Fe3+ to the structure. Similarly, the

presence of oxygen vacancies would likely lead to a more

heterogeneous distortion of the FeO6 octahedra or to

enhanced local disorder, which is not supported by the present

structural data. Altogether, these observations suggest that

the reduced unit-cell volume in synthetic FeWO4 is more

plausibly related to microstructural effects, rather than to

intrinsic changes in the iron oxidation state.

To our knowledge, no peer-reviewed study has directly

reported the thermal expansion coefficient or bulk modulus of

Fe2WO6. However, insight can be gained from related iron

oxides. Experimental and computational studies on FeO and

Fe2O3 indicate that Fe3+-rich compounds generally exhibit

lower thermal expansion coefficients and higher bulk moduli

compared with Fe2+-dominated systems (Takeda et al., 2009;

Zou et al., 2025). By analogy, it is reasonable to expect that

Fe2WO6, which contains a higher proportion of Fe3+ relative

to FeWO4, would possess a lower CTE and greater stiffness.

This trend is further supported within the Fe–W–O system:

Fe2W3O12 exhibits a smaller thermal expansion coefficient

(1.35 � 10� 6 K� 1) than FeWO4 (Yang et al., 2018). Notably,

the Fe3+ content increases along the sequence FeWO4 (FeO +

WO3) < Fe2W3O12 (Fe2O3 + 3WO3) < Fe2WO6 (Fe2O3 +

WO3). Since Fe3+ has a significantly smaller ionic radius than

Fe2+ (Shannon, 1976), increasing Fe3+ concentration is

expected to strengthen bonding and enhance structural

rigidity, consistent with general correlations between cation

size, compressibility and structural stiffness in transition-metal

oxides (Errandonea & Manjón, 2008).

In summary, although direct thermoelastic data for Fe2WO6

are not yet available, chemical and structural considerations

strongly suggest that Fe2WO6 may be mechanically stiffer and

thermally less expansive than FeWO4 due to the presence of

Fe3+. Therefore, its presence in the composite can reasonably

be expected to act as a mechanical constraint phase, limiting

the lattice expansion of FeWO4, a well established thermo-

mechanical effect in multiphase materials (Hsieh & Tuan,

2006).

To further clarify the lattice response, the temperature

dependence of the individual lattice parameters has been

analyzed (see Fig. 5). These data show that both compounds

exhibit anisotropic lattice expansion along the three crystal-

lographic directions, with a more pronounced variation along

the c axis. This behavior is consistent with the low-symmetry

nature of the structure and the anisotropic bonding environ-

ments. Interestingly, the natural sample exhibits a more

pronounced anisotropy of the lattice parameters, which may

be associated with the presence of defects or trace dopant

inclusions, even in very small fractions, affecting the direc-

tional lattice response. Nevertheless, the two compounds

display a very similar overall trend, with the degree of

anisotropy remaining moderate and no additional structural

anomalies observed in the low-temperature region beyond the

expected reduction of thermal expansion upon cooling.

Finally, since the stability of this type of compound is high

with temperature, we have completed the study of the thermal

expansion of the ferberite sample and synthetic FeWO4 up to

1123 K. Not all existing models accurately describe the

thermal expansion behavior of solids. Therefore, in this

temperature range (from room temperature to high

temperatures), the model proposed by Berman (1988) appears

to be the most appropriate. Berman suggested a simple

extension to accommodate non-linear thermal expansion:

VðTÞ ¼ V0 1þ �0ðT � TrefÞ þ
1

2
�1ðT � TrefÞ

2

� �

: ð2Þ
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Figure 5
(Top) Temperature evolution of the lattice parameters of ferberite
derived from single-crystal and powder diffraction measurements (open
and filled symbols, respectively). (Bottom) Temperature evolution of the
lattice parameters of synthesized FeWO4 obtained from powder diffrac-
tion data.



Having small changes in volume with temperature, the

thermal expansion coefficient can be expressed as

�ðTÞ � �0 þ �1ðT � TrefÞ: ð3Þ

The results of the two experiments are shown in Fig. 6. At low

temperature the thermal expansion of the synthetic sample is

smaller than that in ferberite. This is consistent with the results

discussed above. The fits to the data using the Berman model

are included in the figure. The fitted parameters are shown in

Table 2. The results confirm that synthetic FeWO4 has a

smaller volume than ferberite. The values obtained for �0

from the high-temperature studies agree with the values

obtained in the range of 15 to 523 K using the Kroll model (see

Table 1).

Interestingly, above 800 K, the temperature dependence of

the unit-cell volume shows opposite trends in the two samples:

a decrease in slope for ferberite and an increase for synthetic

FeWO4. As a result, at the highest temperature studied, the

thermal expansion of the synthetic sample exceeds that of

ferberite. This behavior is reflected in the thermal expansion

coefficients, with �1 being negative for ferberite but positive

for synthetic FeWO4 (see Table 3). For most solids, �1 is

positive, but several factors can cause it to decrease or even

become negative at higher temperatures (Dubrovinskaia et al.,

research papers
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Figure 6
High-temperature behavior of ferberite (circles) and synthetic FeWO4

(squares). Error bars are smaller than symbols. The lines show the fits of
the Berman model to the data.

Table 2
Parameters obtained from fitting the high-temperature data using the
Berman model.

Berman model Ferberite FeWO4:Fe2WO6

V0 (Å3) 134.310 (14) 131.97 (2)
�0 (�10� 5 K� 1) 2.75 (6) 1.08 (10)

�1 (�10� 8 K� 2) � 1.19 (13) 2.8 (3)

Table 3
Unit-cell parameters, refinement reliability factors and selected Fe–O
distances for ferberite and synthetic FeWO4 compounds, obtained by the
Rietveld refinement method using the powder X-ray diffraction data
collected in the X’Pert diffractometer, Cu K� radiation, before and after
heating to 1123 K.

Symmetry operator: a = x, � y, z + 1/2.

Before heating After heating

Ferberite Synthetic FeWO4 Ferberite Synthetic FeWO4

a (Å) 4.7375 (1) 4.6907 (1) 4.7375 (1) 4.7020 (2)
b (Å) 5.7096 (1) 5.6953 (1) 5.7096 (1) 5.6946 (2)

c (Å) 4.9650 (1) 4.9478 (1) 4.9651 (1) 4.95424 (1)
� (�) 89.899 (4) 89.918 (3) 89.899 (3) 89.837 (2)
Rf (�2) 6.68 (2.7) 3.37 (1.7) 6.69 (2.5) 4.14 (2.1)

Bond distance (Å) Bond distance (Å)

Ferberite
Fe–O1 1.89 (3) 1.89 (3)
Fe–O2 1.99 (2) 1.99 (2)
Fe–O2a 2.27 (2) 2.27 (2)

Synthetic FeWO4

Fe–O1 1.96 (3) 1.94 (2)
Fe–O2 2.08 (3) 2.06 (3)
Fe–O2a 2.12 (2) 2.09 (2)

Figure 7
Rietveld refinement of the X-ray powder diffraction patterns of ferberite
measured on an X’Pert diffractometer using Cu K� radiation at 300 K,
before (top) and after (bottom) heating to 1123 K. The experimental data
and calculated profiles are shown as red and black lines, respectively,
while the blue line represents the difference curve. Vertical green ticks
indicate the positions of the Bragg reflections. See details in Table 3.



1997). The negative value of �1 in ferberite may reflect

anharmonic saturation effects, microstructural relaxation or

polyhedral rotations, which can hinder the expansion of

individual bonds at high temperature (Drebushchak, 2020).

An alternative explanation could involve a partial oxidation

of Fe2+ to Fe3+, which is generally more likely at elevated

temperatures. However, no clear experimental evidence

supports this scenario in the present case. In agreement with

the single-crystal results discussed above, no significant

changes are observed in the lattice parameters before and

after thermal cycling or in the Fe–O bond distances, which do

not show the expected contraction associated with Fe3+.

However, the determination of oxygen atomic positions from

X-ray powder diffraction data in the presence of heavy

elements such as W remains challenging, and therefore the

precision of the Fe–O distances is limited (see Fig. 7).

Instead, the different behavior of synthetic FeWO4

compared with ferberite is more plausibly explained by

microstructural effects related to the multiphase nature of the

sample. In particular, the presence of Fe2WO6, which exhibits

a distinct thermal expansion, may exert mechanical constraints

on the FeWO4 phase, leading to the observed deviation in the

temperature dependence.

4. Conclusions

The thermal expansion of FeWO4 has been systematically

investigated over an exceptionally broad temperature interval

(2–1123 K) by combining single-crystal X-ray diffraction,

powder X-ray diffraction and neutron powder diffraction. This

multi-technique approach enables a robust and internally

consistent determination of the temperature dependence of

the unit-cell volume across both low- and high-temperature

regimes.

In the 2–523 K range, the experimental data are accurately

described using the physically based model of Kroll et al.,

which properly accounts for the low-temperature saturation of

the thermal expansion coefficient and yields thermodynam-

ically meaningful parameters. At higher temperatures (298–

1123 K), the formulation proposed by Berman successfully

reproduces the observed non-linear evolution of volume with

temperature. The consistency between the two approaches

confirms the thermodynamic stability of FeWO4 throughout

the investigated range and indicates that no structural phase

transition occurs up to 1123 K under ambient pressure.

A systematic difference is observed between the natural

FeWO4 (ferberite) sample and the FeWO4:Fe2WO6 (7:1)

composite (synthetic FeWO4). The composite exhibits a

reference unit-cell volume about 2% smaller and a thermal

expansion coefficient approximately 40% lower than that of

phase-pure FeWO4. Instrumental artifacts and simple

compositional effects can reasonably be excluded as the origin

of this discrepancy. Instead, the results point to intrinsic

multiphase and microstructural effects. In particular, the

presence of the Fe2WO6 secondary phase likely introduces

lattice strain and mechanical constraints within the composite,

effectively limiting the apparent expansion of the FeWO4

phase.

A secondary contribution could arise from partial oxidation

of Fe2+ to Fe3+ within the FeWO4 structure, for instance due to

slight over-oxidation during synthesis or thermal treatment.

Such a substitution would reduce the effective ionic radius of

iron, leading to shorter Fe–O bonds and a locally stiffer

structure, which may decrease the thermal expansion coeffi-

cient. The Fe–O distances obtained from the single-crystal

refinement of natural FeWO4 (2.06–2.13–2.18 Å) are consis-

tent with Fe2+ in octahedral coordination and agree, within

experimental uncertainty, with previously reported values. In

contrast, the Fe–O distances derived from the Rietveld

refinement of the synthesized sample measured at room

temperature on the D20 neutron diffractometer are slightly

shorter (2.03–2.11–2.17 Å), which could be compatible with

the presence of a small Fe3+ fraction. The occurrence of a

minor Fe2WO6 phase in the synthesized sample, where iron is

stabilized in the Fe3+ state, further suggests that local oxida-

tion processes may occur during synthesis, making a partial

Fe2+!Fe3+ substitution within the FeWO4 structure plausible.

Nevertheless, this scenario remains speculative and would

require a direct determination of the iron oxidation state in

the FeWO4 phase. In practice, the coexistence of Fe2WO6

complicates such analyses and prevents an unambiguous

determination using techniques such as X-ray absorption

spectroscopy, Mössbauer spectroscopy or quantitative X-ray

photoelectron spectroscopy.

Overall, this work provides a comprehensive thermoelastic

description of FeWO4 and demonstrates that derived thermal

expansion parameters can be significantly influenced by phase

coexistence and microstructural conditions. The study high-

lights the importance of combining complementary diffraction

techniques and carefully characterizing sample composition

when determining reliable thermoelastic properties in

complex transition-metal oxides.
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P., Mydosh, J. A., Lorenz, T. & Khomskii, D. (2006). J. Phys.
Condens. Matter 18, L471–L475.

Hsieh, C. L. & Tuan, W. H. (2006). Mater. Sci. Eng. A 425, 349–360.

Kroll, H., Kirfel, A., Heinemann, R. & Barbier, B. (2012). Eur. J.
Mineral. 24, 935–956.

Le Bail, A., Duroy, H. & Fourquet, J. L. (1988). Mater. Res. Bull. 23,
447–452.

Maignan, A., Schmidt, M., Prots, Y., Lebedev, O. I., Daou, R., Chang,
C. F., Kuo, C. Y., Hu, Z., Chen, C. T., Weng, S., Altendorf, S. G.,
Tjeng, L. H. & Grin, Y. (2022). Chem. Mater. 34, 789–797.
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