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Iron tungstate (FeWO,) and manganese tungstate (MnWO,) belong to a family of wolframite-
type materials that has applications in various areas, including supercapacitors, batteries, and mul-
tiferroics. A detailed understanding of bulk properties and defect physics in these transition-metal
tungstates has been lacking, however, impeding possible improvement of their functional properties.
Here, we report a first-principles study of FeWO, and MnWOQO, using screened hybrid density-
functional calculations. We find that in both compounds the electronic structure near the band
edges are predominantly the highly localized transition-metal d states, which allows for the forma-
tion of both hole polarons at the Fe (Mn) sites and electron polarons at the W sites. The dominant
native point defects in FeWO, (MnWO,) under realistic synthesis conditions are, however, the hole
polarons at the Fe (Mn) sites and negatively charged Fe (Mn) vacancies. The presence of low-
energy and highly mobile polarons provides explanation for the good p-type conductivity observed
in experiments and the ability of the materials to store energy via a pseudocapacitive mechanism.

PACS numbers: 61.72.J-, 72.20.-i, 82.47.-a

I. INTRODUCTION

Wolframite-type iron tungstate (FeWO,), see Fig. 1,
has recently been investigated as a new pseudocapaci-
tive electrode material for high volumetric energy den-
sity supercapacitors operated in an aqueous electrolyte.!
The superior performance of nanocrystalline FeWO, is
thought to originate from Fe3t/Fe?" fast redox reac-
tions at the surface. The material has also been con-
sidered for lithium-ion battery anodes.? It was found
back in the 1980s that FeWO, is a “p-type semiconduc-
tor”; the electronic conduction was suggested to be gov-
erned by polaron hopping processes with the activation
energy in the range 0.15—0.32 eV.*® The electrical trans-
port properties of the Mn analog of FeWO,, i.e., man-
ganese tungstate (MnWO,), had also been studied with
the activation energy reported to be higher, in the range
0.53—0.65 eV.57 More recently, the material has been
of interest for supercapacitors® and multiferroics.” 12 Ef-
fects of the Mn:W non-stoichiometry on the ferroelectric
transition have also been investigated,'® though the na-
ture of the chemical disorder is still unknown.

Computational studies of FeWO, and MnWO, in par-
ticular and transition-metal tungstates in general have
been scarce. Rajagopal et al.,'* for example, investi-
gated the electronic structure of FeWO, and CoWO, us-
ing density-functional theory (DFT) and the standard
generalized-gradient approximation for the exchange-
correlation functional. However, it is well known that
the method cannot describe properly the physics of com-
plex transition-metal oxides. Ruiz-Fuertes et al.'' stud-
ied the electronic structure of MuWO, (and several other
metal tungstates) using the DFT4+U extension; how-
ever, the on-site Coulomb interaction U term was ap-
plied only on the Mn d states. As a result, the calculated
band gap is severely underestimated compared to the
reported experimental values.'’ More importantly, first-
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FIG. 1. (color online) Crystal structure of FeWO,. Large
(gray) spheres are Fe, medium (blue) spheres are W, and small
(red) spheres are O. The structure of MnWO, is similar.

principles studies of defects in the metal tungstates have
completely been lacking, yet in order to understand the
above-mentioned experimental observations one needs to
have a detailed understanding of the defect physics.

We herein report a study of bulk properties, polaron
formation and migration, and native defect landscapes
in FeWO, and MnWO,, using a hybrid DFT/Hartree-
Fock method. We find that while the electronic struc-
ture allows for the formation of both hole and electron
polarons, the dominant defects in the tungstates under
realistic synthesis conditions are hole polarons and nega-
tively charged Fe (Mn) vacancies. In light of the results,
we discuss the electronic conduction in the materials and
comment on the observed redox pseudocapacitance.

II. METHODOLOGY

Our calculations employ the Heyd-Scuseria-Ernzerhof
(HSE06) screened hybrid functional,'® the projector aug-



mented wave (PAW) method,'® and a plane-wave basis
set, as implemented in the Vienna Ab Initio Simulation
Package (vaspP).17 19 We use the standard PAW poten-
tials in the vAsP database which treat Fe 3d"4s!, Mn
3dS4s', W 6s25d*, and O 2s22p* explicitly as valence
electrons and the rest as core electrons. The Hartree-
Fock mixing parameter and the screening length are set
to the standard values of 25% and 10 A, respectively; the
plane-wave basis-set cutoff is set to 500 eV. The calcula-
tions for bulk FeWO, and MnWO, (two formula units
per unit cell) are carried out using a 3x3x3 k-point
mesh; for other bulk phases, k-point meshes are chosen
such that the k-point density stays almost the same (the
smallest allowed spacing between k-points is fixed at 0.5
Afl). A denser, 5x4x5, k-point mesh is used in calcula-
tions to obtain electronic densities of states and dielectric
constants. Defects are modelled using 2x2x2 (96-atom)
supercells. Integrations over the Brillouin zone in defect
calculations is carried out using the I' point (Our com-
putational tests using a denser, 2x2x2, Monkhorst-Pack
k-point mesh gives a formation-energy difference of about
5 meV). In all calculations, structural relaxations are per-
formed with HSE06 and the force threshold is chosen to
be 0.01 eV/ A; spin polarization is included.

The formation energy of a defect or defect complex X
in effective charge state ¢ is defined as

E/(X) = Ewor(X9) = Eyoe(bulk) = > “np; (1)

+ q(By + pe) + A9,

where Eio(X?) and FEio (bulk) are, respectively, the to-
tal energies of a supercell containing X and of an equiv-
alent supercell of the perfect bulk material. p; is the
atomic chemical potential of species ¢ that have been
added to (n;>0) or removed from (n;<0) the supercell
to form the defect. . is the electronic chemical poten-
tial, i.e., the Fermi level, referenced to the valence-band
maximum (VBM) in the bulk (E,). AY is the correction
term to align the electrostatic potentials of the bulk and
defect supercells and to account for finite-size effects on
the total energies of charged defects,?? determined follow-
ing the approach of Freysoldt, Neugebauer, and Van de
Walle.?! Defects with lower formation energies will form
more easily and occur in higher concentrations.

The atomic chemical potentials p; are subject to ther-
modynamic constraints. For example, the stability of the
host compound FeWO, requires

pre + piw + 4po = AH(FeWOy), (2)

where AH is the formation enthalpy. Similarly, the sta-
bility condition for MnWO, is

fnin + pw + 4po = AH(MnWOy,). (3)

Further constraints involve the requirement that the host
compound is stable against all competing Fe—W—0 (or
Mn—W-0) phases; see Sec. III B. We note that, in our

current work, the zero reference state of g, (or pym) and
uw is the total energy per atom of the respective bulk
metals, whereas the reference of ;1o is chosen to be half
of the total energy of an isolated O, molecule at 0 K.

III. RESULTS AND DISCUSSION
A. Bulk properties

The tungstates FeWO, and MnWO, are isostructural
compounds, crystallizing in a monoclinic structure (space
group P2/c); see Fig. 1. The lattice parameters obtained
in our HSE(06 calculations are a = 4.761 A, b = 5.693 A,
c=4.990 A, and 8 = 90.16° for FeWO,; a = 4.831 A,
b=5806 A, c=4.986 A, and 3 = 91.18° for MnWO,.
These values are all in excellent agreement with the ex-
perimental ones: a = 4.753 A, b = 5.720 A, ¢ = 4.968
A, and 8 = 90.08° for FeWO,,?* and a = 4.830 A,
b=5.7603 A, c = 4.994 A, and 8 = 91.14° for MnWO,.>*
In FeWO,, iron is stable as high-spin Fe?* with a cal-
culated magnetic moment of 3.69 up, consistent with
experiments.®> Manganese in MnWO, is stable as high-
spin Mn?T with a calculated magnetic moment of 4.57
ps. In a simple ionic model, FeWO, (MnWO,) can be
regarded as consisting of Fe?t (Mn?T), WO and O?~.

The electronic contribution to the static dielectric con-
stant of FeWO, (MnWO,) is about 4.86 (4.57) in HSE0G,
based on the real part of the dielectric function €;(w)
for w — 0. The ionic contribution is calculated us-
ing density-functional perturbation theory,2%2% within
the generalized-gradient approximation.?” The total di-
electric constants are 18.95 and 17.39 for FeWO, and
MnWO,, respectively, in excellent agreement with the
reported experimental values of 19.6 and 19.7.28

In addition to the ferromagnetic (FM) structure, we
also explore two antiferromagnetic (AF) configurations of
FeWO, (MnWO,): one (AF1) with parallel spins within
the Fe (Mn) zigzag chains along the c-axis but with adja-
cent chains coupled antiferromagnetically, and the other
(AF2) with antiparallel spins within the Fe (Mn) chains.
All three configurations are investigated using 2x1x1 su-
percells and a 2x3x3 k-point mesh. We find that in both
compounds, the AF and FM spin configurations are al-
most degenerate in energy. Specifically, AF2 in FeWO,
is higher in energy than FM and AF1 by only 6 meV per
formula unit (f.u.); in MnWO,, AF1 and AF2 are lower
than FM by 10 meV/f.u. Our results are thus in contrast
to those for FeWO, reported by Almeida et al.?? where
the total-energy difference between the AF and FM spin
configurations was shown to be much larger.

Figure 2 shows the electronic structure of FeWO, and
MnWO, without and with spin-orbit coupling (SOC), all
in the FM spin configuration. We find that in both com-
pounds the VBM is predominantly the highly localized
Fe (Mn) 3d states, whereas the conduction-band mini-
mum (CBM) is predominantly the empty W 5d states.
The calculated band gap is 2.08 eV (without SOC) or
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FIG. 2. (color online) Total and projected density of states of FeWO, (a) without and (b) with spin-orbit coupling and MnWO,
(c¢) without and (d) with spin-orbit coupling. The zero of energy is set to the highest occupied states.

2.33 eV (with SOC) for FeWO,; 2.92 eV (without SOC)
or 2.88 ¢V (with SOC) for MuWO,. For comparison, the
reported experimental band gap is 2.0 eV for FeWO,,3°
or in the range 2.37—3.0 eV for MnWO,.1%11:30:31 Given
the highly localized transition-metal d states at the VBM
and CBM, the formation of hole and electron polarons is
expected in both FeWO, and MnWO, (which is indeed
the case, as will be discussed in Sec. IIIC). We note
that, except for the small differences in the calculated
band gap values, SOC does not change the nature of the
electronic structure near the band edges; see Fig. 2. SOC
can therefore be excluded in our supercell defect calcula-
tions to save on computing time since its inclusion does
not change the physics of what we are presenting.

B. Chemical potentials

Figure 3 shows the calculated chemical-potential dia-
grams for FeWO, and MnWO,, constructed by explor-
ing all possible phases in the Fe—W—-0 and Mn—W-0
phase spaces (see Table I), respectively. The shaded poly-
gon is where the host compound is thermodynamically
stable. In principle, ppe (tnm), pw, and po can have
any values within this region. However, we will be inter-
ested in a smaller part of the stability region in which
the atomic chemical potentials represent conditions that

TABLE I. Calculated formation enthalpies at 0 K, in eV per
formula unit. The experimental standard enthalpies of for-
mation, AH°(298.15 K), are also included.

Compound Crystal structure This work AH°(298.15 K)

FeWO, Monoclinic —12.03 —11.97 (Ref.*?)
Fe, WOy Orthorhombic —16.72

FeO Tetragonal —2.60  —2.82 (Ref.®®)
Fe, O, Monoclinic —8.63  —8.56 (Ref.®®)
Fe,0, Cubic —11.72  —11.62 (Ref.??)
MnWO,  Monoclinic —13.23  —13.53 (Ref.**)
Mn;WOg4  Trigonal —21.62

MnO Cubic —4.12  —3.96 (Ref.?®)
MnO, Tetragonal —4.86  —5.41 (Ref.®)
Mn,O, Orthorhombic —10.05  —9.94 (Ref.??)
Mn,O, Tetragonal —14.61 —14.37 (Ref.*®)
WO, Tetragonal —5.11  —6.11 (Ref.?®)
WO, Orthorhombic —8.27  —8.74 (Ref.®®)
W04 Monoclinic —139.24 —145.80 (Ref.?®)

are close to actual experimental conditions. For exam-
ple, FeWOQ, is often prepared from a solid-state reaction
of Fe,O4 (or FeO) and WO4 at 900°C.*® These con-
ditions are expected to be within the region spanning
from the po = —1.11 eV level (at point A where there
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FIG. 3. (color online) Chemical-potential diagrams for (a) FeWO, and (b) MnWO,. Only the Fe—=W—-0O (or Mn—W-0)
phases that define the stability region of FeWO, (MnWO,), here shown as a shaded polygon, are included. In the case of

FeWO,, these phases are FesOs (along AB), FesO4 (BC),

Fe (CD), W (DE), W15049 (EF), and WO3 (FA); as for MnWO,,

the phases are Mn2O3 (along AB), Mn3O4 (BC), MngWOg (CD), W (DE), W15O49 (EF), and WOs3 (FA). The Oz phase at 0
K (the dotted line, where the oxygen chemical potential po = 0 e€V) is also included for reference.

is an equilibrium between FeWO,, Fe,O, and WO,) to
the po = —1.92 eV level (that contains point F where
FeWO,, WO;, and W30, are in equilibrium); see
Fig. 3(a). We note that puo = —1.11 and —1.92 eV cor-
respond to the oxygen chemical potential in air at about
685 and 1275°C, respectively.?® MnWO,, on the other
hand, can be prepared from a solid-state reaction of MnO
and WO, at 600°C in air.'® The material is also syn-
thesized using other methods at lower temperatures.”!?
The synthesis conditions of MnWOQO, are thus expected
to be approximately within the region spanning from
the po = —0.13 eV level (at point A where MnWO,,
Mn, O3, and WOj4 are in equilibrium) to the po = —1.92
eV level (that contains point F where MnWO,, WO,
and W,30,4 are in equilibrium); see Fig. 3(b).

C. Defect landscapes

Figures 4 and 5 show the calculated formation energies
of low-energy defects in FeWO, and MnWO,, obtained
under conditions associated with point A in Figs. 3(a)
and 3(b), respectively. These defects include hole po-
larons associated with iron (nf,, i.e., Fe3* at the Fe?*
site) or manganese (1, i.e., Mn3T at the Mn?* site),
electron polarons (ny, i.e., W5t at the WO site), and
iron (Few) or manganese (Mnyy) antisites and iron (V)
or manganese (V) vacancies in different charge states.
The results for oxygen vacancies (Vo) and interstitials
(O;) and tungsten antisites (Wg, and Wy, ) are not in-
cluded the figures as they have much higher formation
energies. In the absence of electrically active impurities
that can shift the Fermi-level position or when such im-
purities occur in much lower concentrations than charged
native defects, the Fermi level is at p'™*, determined only
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by the native/intrinsic defects (Here, we also assume that
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FIG. 4. (color online) Formation energies of relevant point
defects in FeWO, obtained under conditions at point A in
Fig. 3(a), plotted as a function of Fermi level from the VBM
to the CBM. The slope indicates the charge state: positively
(negatively) charged defects have positive (negative) slopes.
i marked by the vertical dotted line, is the position of the
Fermi level determined by charge neutrality condition.

free holes and electrons in the materials are negligible).
With the chosen set of the atomic chemical potentials, the
Fermi level of FeWO, is at pi™ = 0.61 eV, determined
predominantly by the hole polaron nlffe and the negatively
charged iron vacancy Vge_, as seen in Fig. 4; for MnWO,,
wint is at 0.76 eV, determined predominantly by 771\4;1;@ and
Vl\i;, as seen in Fig. 5. The position of the Fermi level
it as well as the defect landscape change as one changes
the atomic chemical potentials (which represent the ex-

perimental conditions); see Eq. (1). The evolution of the



TABLE II. Calculated formation energies (Ef) and binding energies (Ep) of relevant point defects in the tungstates FeWO,
and MnWO,, obtained at points A—F in Figs. 3(a) and 3(b). The transition-metal ion associated with each elementary defect
is listed in parentheses. 77\2,\7 is associated with W*T at the W™ lattice site.

Ef (eV)
Defect A B C D E F Constituents Ey (eV)
FeWO, Nk 0.48 0.89 0.89 0.89 0.89 0.75 (Fe®™)
Nw 1.30 0.89 0.89 0.89 0.89 1.03 (W)
Fed 2.26 2.37 3.01 3.32 3.98 3.07 (Fe®T)
Fey, 1.60 2.12 2.76 3.07 3.73 2.68 Fely + ny. 1.14
Fey, 1.44 2.37 3.01 3.32 3.98 2.79 Fey + 2n4, 1.79
Fely 1.28 2.62 3.26 3.57 4.23 2.91 Fely + 3ng, 2.43
Wik 3.72 3.61 2.97 2.66 2.00 2.90 (W5 )
Wit 3.47 2.95 2.31 2.00 1.34 2.38 (W)
Wi 3.84 2.91 2.27 1.96 1.29 2.48 (W3T)
W 4.80 3.46 2.82 2.51 1.85 3.17 Wi + nw 0.34
Ve 0.48 1.67 2.31 2.31 1.65 0.75
Vie 0.48 2.08 2.72 2.72 2.05 1.02 Vi + e 0.49
Vie 0.66 2.67 3.31 3.31 2.64 1.47 Vi + 2ng, 0.79
Vot 3.13 2.61 2.13 2.05 2.22 2.86
Vo 3.31 2.38 1.90 1.82 1.99 2.77 Vot +nw 1.12
1] 3.84 2.50 2.02 1.94 2.11 3.02
MnWO, NS 0.74 1.14 1.38 1.41 1.56 1.34 (Mn3*)
Nw 2.01 1.61 1.38 1.34 1.19 1.42 (W)
Mny, 3.27 2.87 3.62 5.49 5.72 5.07 (Mn3T)
Mnjy, 1.89 1.89 2.87 4.78 5.16 4.28 (Mn**)
Mny, 1.57 1.97 3.20 5.13 5.67 4.56 Mnyy + My, 1.05
Mny 1.66 2.46 3.92 5.89 6.57 5.25 Mnyy, + 271, 1.71
Wi 4.13 4.53 3.78 1.91 1.68 2.33 (W5T)
Wil 4.46 4.46 3.48 1.57 1.19 2.07 (W)
Wi, 5.33 4.93 3.71 1.77 1.24 2.34 (W3 1)
Wiin 6.98 6.18 4.72 2.75 2.07 3.39 Wi, + 7w 0.36
Vi 0.74 1.14 2.13 3.05 2.07 1.34
Viin 0.85 1.65 2.87 3.83 3.00 2.05 Vit + M 0.63
Viln 1.38 2.58 4.04 5.03 4.34 3.17 Vi + 203 0.84
Vot 2.89 2.89 2.26 1.34 1.82 2.29
Vy 3.72 3.32 2.46 1.51 1.83 2.53 Vot +nw 1.18
1] 4.90 4.10 3.00 2.02 2.19 3.11

defect landscape is reflected in Table II where we report
the formation energies at u"* of all relevant defects in
FeWO, and MnWO,, obtained at different points in the
chemical-potential diagrams in Figs. 3(a) and 3(b).
Since the VBM of FeWO, is predominantly the highly
localized Fe 3d states [see Fig. 2(a)], the removal of an
electron from the supercell to create n;e results in a
highly localized hole at one of the Fe sites, turning one
Fe?* into a high-spin Fe3T ion with a calculated magnetic
moment of 4.23 ug. The average Fe3T—O bond length
is 2.05 A, compared to 2.14 A of the Fe—O bonds in the
bulk. The local lattice environment is thus distorted in
the presence of the localized hole. The formation of 7y
involves adding an electron to the supercell, resulting in a
highly localized electron at one of the W sites, i.e., turn-
ing one WO into a W>* ion with a magnetic moment of
—0.71 pp. This can be understood from the electronic
structure of FeWO, in which the CBM is predominantly

W 5d states [see Fig. 2(a)]. The average W>T—0O bond
length is 1.98 A, compared to 1.94 A of the W—0O bonds
in the bulk. Similarly, n;/[n in MnWO, is high-spin Mn?*
with a magnetic moment of 3.84 up plus local lattice dis-
tortion. The average Mn®+t—0O bond length is 2.07 A,
compared to 2.19 A of the Mn—O bonds in the bulk. Nw
in MnWO, is W>* plus local lattice distortion, similar
to 7y in FeWO,. In both compounds, the hole and elec-
tron polarons can be regarded as small polarons. The
self-trapping energy (Est), defined as the difference be-
tween the formation energy of the free hole or electron
and that of the hole or electron polaron,®” is calculated to
be 0.28 eV for n;;, and 0.17 eV for Nw in FeWO,; Esr =
0.28 eV for 771—\F/1n and 0.12 eV for 7y, in MnWO,. The hole
polarons thus have higher Egr, which is consistent with
the fact that the local lattice environment of nf (n3,)
is more distorted than that of the electron polarons 7.
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FIG. 5. (color online) Formation energies of relevant point
defects in MnWOQO, obtained under conditions at point A in
Fig. 3(b), plotted as a function of Fermi level from the VBM
to the CBM. ", marked by the vertical dotted line, is the
position of the Fermi level determined by charge neutrality.

Regarding other defects, the transition-metal-related
defect configurations are either elementary defects asso-
ciated with the transition-metal ion in its stable charge
states in FeWO, and MnWO, (Fe?™3T, Mn?*4+ or
W36+ or defect complexes consisting of an elemen-
tary defect and hole/electron polaron(s). For example,
V@, in FeWO, is a complex of VF2€_ (a defect created by
the removal of a Fe?™ ion) and two n;fe with a binding en-
ergy of 0.79 eV; in MnWO,, 14}, is a complex of V7. and
two 771\4;1;@ with a binding energy of 0.84 eV; see Table II. In
all cases, the identity of a defect (and its constituents) is
determined via a detailed analysis of the induced charge
density, magnetic moments, and lattice environment.

Energetically, we find that the lowest-energy defects
in FeWO, are nf, and Vi [under conditions associated
with points A and F in Fig. 3(a)] or 5%, and ny, (points
B—E). In MnWO,, the lowest-energy defects are 771\-’/_111 and
Vi3 [points A, B, and F in Fig. 3(b)], nyy, and ny (point
C), V5T and ny, (point D), or Wiy and 1y, (point E); see
Table II. Under realistic conditions (see Sec. III B), the
dominant native defects in FeWO, are thus n;;, and Vi~
with the formation energy of as low as 0.48 eV, whereas
nyp, and Vi are the dominant defects in MnWO, with
the formation energy of as low as 0.74 eV. These oppo-
sitely charged defect pairs can occur in the form of V;,
in FeWO, or V}j, in MnWO,. With such low forma-
tion energies, the dominant defects will occur with high
concentrations during preparation at high temperatures.
They are expected to remain trapped in the materials
even after cooling down to room temperature; the hole
polarons can then act as preexisting charge-carrying de-
fects during electrical conductivity measurements.

D. Electronic conduction

From the defect landscapes presented in Sec. II1 C, we
find that certain native defects have non-negative for-
mation energies only in a small range of the Fermi-level
values near midgap; see, e.g., Figs. 4 and 5. Like in
other complex oxides,*®3% FeWO, (MnWO,) thus can-
not be p- or n-doped like a conventional semiconductor;
any attempt to deliberately shift the Fermi level to the
VBM or CBM via doping will lead to spontaneous for-
mation of native defects that counteract the effects of
shifting. Also, as evidenced from the results presented
in Sec. ITTC a change from one (nominal) defect charge
state to another is associated with polaron formation, in-
dicating that the native defects cannot act as sources of
free carriers. The electronic conduction in the tungstates
is thus expected to occur via hopping of polarons.

The migration of a small polaron between two positions
ga and g can be described by the transfer of its lattice
distortion.?® We estimate the migration barrier (E,,) by
computing the energies of a set of supercell configurations
linearly interpolated between ga and gg and identify the
energy maximum. In FeWO,, the migration barriers of
77;0 and 7y are found to be 0.14 and 0.12 eV, respectively;
E,, = 0.28 eV for n;;, and 0.06 eV for 5y in MnWO,.
All these energy barriers are obtained for migration paths
that go along the zigzag metal chain (c-axis in Fig. 1).
Ny thus has a lower migration barrier than g (ny ),
which is consistent with the fact that the self-trapping
energy of the former is smaller than that of the latter.

From the calculated formation energies and migration
barriers, one can estimate the activation energy for con-
duction associated with polaron hopping. In general, the
electronic or ionic conductivity can be defined as o =
gme, where g, m, and c are the charge, mobility, and con-
centration of the current-carrying defects, respectively.
Similar to what has been discussed in Ref. 37 in the con-
text of battery materials, the concentration ¢ can include
both thermally activated and athermal defects,

Ef
€= Cq + Ct = Cq + Co€XDP <—ﬁ) ) (4)
B

where ¢, is the athermal concentration consisting of de-
fects that may preexist in the material, ¢; is the con-
centration consisting of defects that are thermally acti-
vated during conductivity measurements at finite tem-
peratures, ¢g is a prefactor, and kg is Boltzmann’s con-
stant. The mobility of the defects can also be assumed
to be thermally activated,

En,
= meesp <__kBT) , (5)

where my is a prefactor and E,, is the migration barrier.
When the thermally activated defects are dominant, i.e.,
¢t > cq, the observed temperature-dependence of the
conductivity will show an intrinsic activation energy E,
= Ef + E,,, which includes both the formation energy



and migration barrier. When the athermal defects are
dominant, i.e., ¢, > ¢, the activation energy will include
only the migration barrier part, i.e., £, = E,,.3"

In principle, both hole and electron polarons can con-
tribute to the electronic conductivity. However, since in
the tungstates the hole polarons are the dominant (preex-
isting) electronic defects, the hole polaron hopping mech-
anism is expected to be dominant, which also explains
the p-type conductivity observed in experiments.?> " The
measured activation energy for FeWO, was reported to
be in the range 0.15—0.32 eV,3® depending on how the
sample was prepared. The lower limit is almost equal
to the migration barrier (0.14 eV) of n;, obtained in our
calculations. In this case, it is likely that there is a high
concentration of preexisting nlffc in the sample and the ac-
tivation energy contains only the F,, term as discussed
above. As for the other samples, the measured effec-
tive activation energy is larger than FE,, and expected
to depend on the ¢, /¢; ratio. Schmidbauer et al.? also
observed lower E, values in samples prepared at higher
oxygen partial pressures, consistent with our calculations
showing that B (nf ) is lower at higher oxygen chemical
potential values. In MnWO,, the measured activation
energy is in the range 0.53—0.65 eV, larger than E,, (ny;,,)
as expected. Since B/ (nit) S EY(ny;,,) (see Table II), the
polaron nlffc is expected to be more abundant in FeWO,
than 77;/111 in MnWO,, which also explains why the mea-
sured activation energy is lower in the former.

E. Charge-storage mechanism

Given the materials’ ability to form small polarons as-
sociated with the transition-metal ions in the bulk, we
speculate that the polarons and the associated redox re-
actions can also occur at/near the surface. In fact, the
formation energy of the polarons may even be lower at
the surface than in the bulk, given the less constrained
lattice environment. It is known that a pseudocapacitive
charge-storage mechanism is characterized by the ability
of the material to have reversible redox reactions at/near
the surface when in contact with an electrolyte.*! Our re-
sults for the polarons in FeWO, and MnWOQO, appear to
be consistent with the fact that the materials have suc-
cessfully been used as electrodes in supercapacitors,’®
with the Fe3T /Fe?* redox center specifically being sug-
gested to be responsible for the electrochemical perfor-

mance observed in FeWO,.! Further studies are, how-
ever, needed to develop a more detailed understanding of
the occurrence of redox pseudocapacitance in the metal
tungstates. It would be interesting to explore if the W
ion can also be utilized for surface redox reactions.

IV. CONCLUSIONS

We have carried out a hybrid density-functional study
of bulk properties and defect physics in FeWO, and
MnWO,. The lattice parameters, static dielectric con-
stants, and band gaps obtained in our calculations are in
good agreement with experiments. The electronic struc-
ture at the valence-band top is found to be predominantly
the highly localized Fe (Mn) 3d states, whereas at the
conduction-band bottom it is predominantly the local-
ized W 5d states. These features of the electronic struc-
ture allow for the formation of both hole and electron
polarons in the tungstates. Due to the presence of other
negatively charged defects that have lower formation en-
ergies than the electron polarons, however, the dominant
point defects in FeWO, (MnWO,) under realistic syn-
thesis conditions are small hole polarons and negatively
charged iron (manganese) vacancies. Electronic conduc-
tion thus occurs via hopping of the low-formation-energy
and highly mobile hole polarons, consistent with the good
p-type conductivity observed in experiments. In light of
the results, we also briefly comment on the redox pseudo-
capacitance reported to occur in the tungstate materials.
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