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Polaron mobility in oxygen-deficient and lithium-doped tungsten trioxide
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Electron localization and polaron mobility in oxygen-deficient as well as Li-doped monoclinic tungsten
trioxide have been studied in the adiabatic limit in the framework of density functional theory. We show that
small polarons formed in the presence of oxygen vacancy prefer the bipolaronic W5+-W5+ configuration, whereas
the W6+-W4+ configuration is found to be metastable. Our calculations suggest that bipolarons are tightly bound
by the vacancy and therefore largely immobile. On the contrary, polarons formed as a result of Li intercalation
can be mobile; the activation energy for polaron jumping in this case varies between 98 and 124 meV depending
on the crystallographic direction. The formation of W5+-W5+ bipolarons in Li-WO3 is possible. When situated
along [001] the bipolaronic configuration is 8 meV lower in energy than two separate W5+ polarons.
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I. INTRODUCTION

The phenomenon of electrochromism is found in many
materials such as organic compounds [1], polymer com-
posites [2,3], and semiconductors [4]. One of the most
studied materials of this class is tungsten trioxide due to a
fortunate combination of its corrosion resistivity, sufficient
light absorption, and satisfactory mechanical properties that
make it an attractive material for advanced applications [5–8]
such as “smart windows” technology [9,10].

The first mention of WO3 coloration upon ion insertion
dates back to the 19th century [11]. In the 20th century the in-
terest in this material and its electrochromic properties revived
and resulted in a large number of studies [12–15]. It is well
known by now that “Prussian blue” coloration in the crystalline
and amorphous phases of tungsten trioxide appears upon
hydrogen or alkali-metal (Li,Na) intercalation [4,9,10,16–18].

Tungsten trioxide is a wide band-gap semiconductor (2.6–
3.0 eV [17,19,20]) with perovskite-like structure (see Fig. 1).
The oxide shows rich structural polymorphism [21–24],
whereby oxygen octahedrons surrounding tungsten atoms vary
their orientations and shape depending both on temperature
and pressure. Usually, at room temperature both δ-WO3

(triclinic P 1 233–290 K) and γ -WO3 (monoclinic P 21/n

290–350 K) phases coexist [17]. Depending on the method
of preparation, samples can be characterized by various
γ /δ ratios, microstructure, and defectiveness. Under certain
conditions a more exotic hexagonal h-WO3 phase [25,26]
or amorphous a-WO3 [16] phase can form. The structural
variety of WO3 offers a range of optical characteristics
that is important for applications relying on light absorption
[27–29].

Alkali-metal intercalation can also cause structural transfor-
mation of WO3. For example, in the case of LixWO3 several
phase transitions from monoclinic to cubic symmetry with
increasing Li content have been reported [30–32]. It has also
been shown that for Li+ intercalation the degree of coloration
increases proportionally to the lithium concentration, whereas
in the case of hydrogen insertion a saturation level of coloration
is reached for a certain H+ concentration [33]. Based on

neutron diffraction data [34,35] this difference between H
and Li has been explained by the formation of O-H bonds
upon hydrogen insertion. At the same time, alkali-metal ions
show no tendency of binding to the oxygen atoms of the oxide
matrix.

Substoichiometric WO3−x also shows multifarious elec-
trochromic behavior, demonstrating different degrees of col-
oration depending on the concentration of oxygen vacan-
cies [36,37]. Thus, experiments clearly indicate that both
doping (H,Li) and oxygen vacancies can influence WO3

optical properties [33,37–39].
Two general concepts of the coloration mechanism in

tungsten oxide have been suggested: intervalence charge
transfer [4] and polaron models [40,41], the latter being more
commonly accepted. According to the polaron model the
coloration is the result of photon absorption due to photon
activated polaron hopping. A polaron can form in WO3 due to
electron localization at the d states of tungsten, thus turning
W6+ into W5+ or W4+. Light absorption can lead to the

activation of the following transitions: W5+
site 1 + W6+

site 2
hv→

W6+
site 1 + W5+

site 2 or W5+
site 1 + W5+

site 2
hv→ W6+

site 1 + W4+
site 2. We

notice that more complex configurations of localized charge
can form, for example, two bound polarons at neighboring
sites, W5+-W5+, also called bipolarons [see Figs. 1(b) and 1(c)
for illustration].

The presence of different localized charge states in WO3

has been confirmed by numerous experiments [42–49]. The
formation of polarons in this oxide has also been studied the-
oretically by semiempirical models [50,51] and more recently
by ab initio methods employing hybrid functionals [52]. More
studies of the electronic and structural properties of perfect and
defective WO3 can be found in Refs. [53–57]. Despite intensive
research many questions regarding the properties of polarons
in WO3 remain unclear. In this paper we address some of them;
in particular, we study the formation and mobility of polarons
in two cases: (1) in the presence of an oxygen vacancy and
(2) in the presence of Li. We investigate the relative stability
of polarons and bipolarons and calculate the energy barriers
for polaron propagation in WO3.

1098-0121/2015/92(16)/165119(8) 165119-1 ©2015 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.92.165119


N. BONDARENKO, O. ERIKSSON, AND N. V. SKORODUMOVA PHYSICAL REVIEW B 92, 165119 (2015)

FIG. 1. (Color online) The structure of monoclinic γ -WO3 phase without defect (a), with an oxygen vacancy (b), and with two Li atoms
(c). Charge distributions are shown for the polaronic W5+ states.

II. DETAILS OF CALCULATIONS

The presented calculations were performed in the frame-
work of density functional theory (DFT) using the projector
augmented-wave method, as implemented in VASP [58,59]. The
DFT + U [60] approach using generalized gradient approxi-
mation in the Perdew, Burke, and Ernzerhof [61] parametriza-
tion was used to account for the exchange-correlation inter-
action. The U values (UOp

= 9 eV and UWd
= 6 eV) were

determined using the linear response procedure implemented
in the QUANTUM ESPRESSO package [62,63]. Hereafter we
refer to this set of calculations as to DFT + UW,UO . We
also performed the DFT + U calculations with Hubbard-U
applied only to the d states of W(DFT + UW). Additionally,
we used the screened hybrid functional of Heyd, Scuseria,
and Ernzerhof (HSE06) [64,65] with the Coulomb potential

separation parameter, ω, of 0.2 Å
−1

and the HF mixing
constant of 0.25.

Our DFT + U calculations were performed for the 2 × 2 ×
2 unit cell (192 O and 64 W) and 2 × 1 × 1 unit cell (48 O
and 16 W), both using a � point centered 2 × 2 × 2 k-point
grid for the Brillouin zone integration. The 2 × 1 × 1 unit cell
was also used in the hybrid calculations. The following states
were treated as valence states: 5p6,5d4,6s2(W), 2s2,3p4(O),
and 1s1,2p0(Li). All the calculations were spin polarized. The
cut-off energy was 650 eV.

The structure relaxation was done using the following
scheme. First, we set up an initial supercell using the experi-
mental parameters [23], and then we relaxed the structure in
two steps: (1) first we fixed the atomic positions and relaxed
only the cell parameters; (2) next we fixed the cell volume and
relaxed the atomic positions. The latter were relaxed until the

Hellmann-Feynman forces acting on atoms became smaller
than 10−4 eV/Å. We repeated this two-step relaxation routine
a few times to ensure a stable result. We notice that during the
relaxation we kept the symmetry of the lattice monoclinic. In
order to localize the polaron in defective or Li-doped oxide,
we introduced a local lattice deformation around a chosen W
atom and then relaxed atomic positions in the supercell, while
preserving equilibrium lattice parameters.

Here we study only uncharged oxygen vacancies, for which
the vacancy formation energy, Ev , can be calculated as

Ev = EWxO3x
− EWxO3x−1 − 1/2EO2 . (1)

The barriers for polaron transitions were calculated using
both the linear interpolation scheme (LIS) as in our previous
work [66] and the nudged elastic band method (NEB) [67].
NEB is an efficient method for studying atomic and molecular
diffusion, phase transitions, chemical reactions, as well as po-
laronic transitions in oxides [67–71]. We used ten intermediate
configurations in LIS and five images for NEB. Initial atomic
positions for each NEB image were generated using a linear
interpolation scheme.

III. RESULTS AND DISCUSSION

A. Electron localization in oxygen-deficient γ -WO3

To properly model small polarons one needs a method ad-
equately describing the on-site charge localization and lattice
distortions around this site [66,72–75]. Electron localization in
correlated d- and f -metal oxides usually cannot be correctly
described by standard DFT approximations, which due to
the presence of the self-interaction term tend to overesti-
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mate the stability of the delocalized solution. The Coulomb
interactions can be corrected, for example, by means of the
Hubbard-U parameter [76]. It can be treated as an adjustable
parameter to better describe some experimental data [72] or it
can be obtained from restricted ab initio calculations [63].
Traditionally in oxides Hubbard-U is applied to the d or
f states of cations; in some cases, however, the description
of oxide property can be further improved by applying U

also to the p states of oxygen [77–79]. Another way to cure
the self-interaction problem of standard DFT is to employ
the so-called hybrid functionals, where a certain amount of
nonlocal Fock exchange is added [80]. Both approaches have
successfully been used to describe electron localization or
small polaron formation in different oxides [52,66,72–75,81].
Hybrid functionals are more computationally demanding than
DFT + U and therefore their usage is limited to rather small
unit cells.

To find the optimal functional for the description of
polarons in WO3 we have performed three sets of calculations
using the 2 × 1 × 1 unit cell (64 atoms), namely, DFT + UW,
DFT + UW,UO and HSE06 (see Sec. II for details). As a test
case we considered an oxygen vacancy with two unpaired
electrons localized on both sides of the vacancy in the
W5+-W5+ configuration [Fig. 1(b)].

First, within the DFT + UW approach we varied UW from
2 to 12 eV in the manner described in Ref. [66]. We analyzed
the localization patterns for different values and found that
for Ueff = 8 eV and higher almost precisely one electron was
localized at the d orbitals of each of the two W5+ tungsten
atoms. The local magnetic moment (μW) for each W in this
case was 0.96 μB. Next, we performed calculations using
DFT + UW,UO. In this case the local magnetic moment due to
the electron localization at the Wd states was 0.86 μB. Finally,
our HSE06 calculation resulted in μW = 0.64 μB.

The density of states (DOSs) obtained in the three
types of calculations are compared in Fig. 2. The band
gaps are expectedly underestimated by both versions of
the DFT + U calculations: Eg(DFT + UW) = 1.43 eV, and
Eg(DFT + UW,UO) = 1.64 eV that should be compared to
the experimental value of 2.8 eV [17]. At the same time,
HSE06 overestimates the gap: Eg(HSE06) = 3.19 eV. In the
case of DFT + UW the localized polaronic d states are situated
at the upper edge of the valence band, whereas for HSE06 and
DFT + UW,UO these states are, respectively, 0.8 and 2.5 eV
above the valence band top. The position of the localized states
with respect to the conduction band edge is similar for both
approximations. We notice that the position of the polaronic
peak in the gap obtained by HSE06 is in good agreement with
previously reported B3LYP results [52].

The magnetic state of the obtained bipolaron is degenerate
according to HSE06, whereas in the case of DFT + UW,UO the
antiferromagnetic coupling of local spins is favored by about
20 meV over the ferromagnetic one. Using DFT + UW,UO we
also examined DOSs calculated for Li-WO3 using the 2 × 2 ×
2 unit cell and found them to be very similar to those calculated
for the vacancy case. The only noticeable difference was a 40
meV shift of the polaronic peak down in energy.

The lattice parameters obtained using DFT + UW,UO and
HSE06 together with experimental data are shown in Table I.
They demonstrate reasonable agreement with the HSE06
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FIG. 2. (Color online) DOSs calculated for the 2 × 1 × 1 super-
cell with an oxygen vacancy and associated W5+-W5+ bipolaron [see
Fig. 1(b)]. The top, middle, and bottom panels present DOSs obtained
with DFT + UW, DFT + UW,UO, and HSE06, respectively. The total
DOSs are shown in gray, and the polaronic Wd states are in blue.
The band gaps Eg are given in the standard notation as a difference
between the top of the valence band and the bottom of the conduction
band.

values being a bit closer to the experimental parameters. Based
on the analysis of DOSs, localization behavior, and structures
obtained in the three sets of calculations we conclude that the
DFT + UW,UO approach is the most appropriate for studying
polarons in WO3 as it shows good agreement with the results of
HSE06 and, at the same time, allows us to treat large supercells.
Therefore, further on we study polaron mobility in WO3 using
the DFT + UW,UO approach.

B. Analysis of oxygen vacancy positions and vacancy trapped
polarons

The monoclinic phase of WO3 (2c1/n) has two tungsten
and six oxygen nonequivalent atoms [23], as illustrated in
Fig. 1(a). The structure is rather complex; each O atom has
two neighboring W atoms but the W-O-W chains differ in all
the directions. Along [100] we find ...-O1-W1-O2-W2-O1-...
and ...-O2-W1-O1-W2-O2-... chains, along [001]
...-O6-W1-O5-W2-O6-... and ...-O5-W1-O6-W2-O5-...

TABLE I. The lattice parameters of the monoclinic cell obtained
in the HSE06 and DFT + UW,UO calculations together with experi-
mental values [23]. In calculations angle β was set to the experimental
value 90.89◦ [23].

Lattice U (Op) = 9 eV,

parameters (Å) Experiment [23] HSE06 U (Wd ) = 6 eV

a 7.30 7.34 7.41
b 7.54 7.58 7.65
c 7.69 7.73 7.81
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TABLE II. Bond distances and angles obtained for the monoclinic
WO3 structure using DFT + UW,UO. The corresponding experimen-
tal values are shown in parentheses ([23]). The oxygen position
notations are as shown in Fig. 1(a). The subscripts x,y,z are added
for convenience to indicate the orientation of the corresponding
W5+-W5+ pair in the crystal.

Oxygen position α (deg) WO-bond1 (Å) WO-bond2 (Å)

O1x , [100] 160.1, (154.8) 1.90, (1.89) 1.89, (1.81)
O2x , [100] 160.7, (155.7) 1.90, (1.95) 1.89, (1.91)
O3y , [010] 163.6, (161.5) 1.84, (1.82) 2.03, (2.02)
O4y , [010] 163.4, (160.1) 2.04, (2.06) 1.84, (1.78)
O5z, [001] 170.5, (164.2) 2.10, (2.16) 1.80, (1.71)
O6z, [001] 169.7, (157.3) 1.81, (1.81) 2.09, (2.11)

chains interconnected in the [010] direction by alternating
...W1-O3-W1-O3-W1-... and ...-W2-O4-W2-O4-W2-...
chains [for notations see Fig. 1(a)]. The W-O bonds in all
the directions have alternating shorter and longer distances
and slightly different O-W-O angles, which are shown in
Table II, both calculated with DFT + UW,UO and from the
experimental data [23].

Using the structure obtained in DFT + UW,UO we calcu-
lated the vacancy formation energetics for the six oxygen
positions [see Fig. 1(a)] and two bipolaronic configura-
tions: one-centered W6+-W4+ bipolaron and two-centered
W5+-W5+ bipolaron, where electrons are localized at each
of the two opposing W sites [see Fig. 1(b)]. Both electronic
configurations could be stabilized for all the vacancies. The
results are presented in Fig. 3 and Table III. The lowest
vacancy formation energy, 2.36 eV, is found for the oxygen
vacancy at site O5z with bipolaronic configuration W5+-W5+

and the highest energy, 2.90 eV, for the O1 position in
the W6+-W4+ configuration. The formation energies for the
W6+-W4+ configurations are systematically higher than those
for the W5+-W5+ ones (Table III). The vacancy formation
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FIG. 3. (Color online) Vacancy formation energies for different
vacancy positions and two electronic configurations: W6+-W4+ and
W5+-W5+. The energies are shown with respect to the lowest
formation energy, the one for the O5z position, with the energy of
2.36 eV. See also Table III.

TABLE III. Vacancy formation energies, Ev , and relevant W-
W distances, R, for nonequivalent oxygen sites and W5+-W5+ [see
Fig. 1(c)] and W6+-W4+ configurations. The numbers in parentheses
show the corresponding W-W distances in the perfect WO3 cell.

Oxygen Ev (eV), Ev (eV), R (Å), R (Å),
position W5+-W5+ W6+-W4+ W5+-W5+ W6+-W4+

O1x , [100] 2.79 2.90 3.94, (3.72) 3.87, (3.72)
O2x , [100] 2.77 2.86 3.92, (3.74) 3.86, (3.74)
O3y , [010] 2.66 2.78 4.01, (3.83) 3.90, (3.83)
O4y , [010] 2.62 2.73 4.05, (3.84) 3.92, (3.84)
O5z, [001] 2.36 2.51 4.35, (3.91) 4.19, (3.91)
O6z, [001] 2.40 2.54 4.31, (3.89) 4.14, (3.89)

energy, Ev , depends on the orientation of the bipolaron in
the lattice; Ev averaged for each direction can be sorted in
the following order: Ev[100] > Ev[010] > Ev[001]. These
results are in agreement with previous studies carried out
by standard DFT [57], where the oxygen atoms with the
W-O bonds along the [001] direction were indicated as
favorable sites for vacancy formation. Using the B3LYP hybrid
functional Wang et al. [52] also reported the formation of the
W5+-W5+ configuration aligned with [001].

The data in Table III show that the vacancy formation
energy decreases as the W-W distances increase and lowest
Ev corresponds to the largest W-W separation. The formation
of bipolarons (W5+-W5+) leads to a noticeable increase in
the W-W bond lengths due to Coulomb repulsion. These
local lattice distortions are, however, different for different
crystallographic directions. In the [100] and [010] directions
the W-W distance increase is of about 0.20 Å, whereas for the
O6z and O5z vacancy positions ([001]) it is 0.42 and 0.44 Å,
respectively. We see a similar trend for the W6+-W4+ polaronic
configurations (Table III), however, the changes of the W-W
distance are smaller in this case. These results indicate certain
softening of phonon modes along [001]. They also indicate
that in the case of monoclinic WO3 the electronic contribution
to the energy of vacancy formation dominates over the elastic
contribution.

Our calculations suggest that the bipolaronic states as-
sociated with an oxygen vacancy are tightly trapped as
all our attempts to localize charge away from the vacancy
were unsuccessful. Therefore, we can expect that in the
presence of oxygen vacancies bipolarons are immobilized
in the lattice, however, the transitions between vacancy
bound W5+-W5+ and W6+-W4+ could still contribute to the
coloration effect in WO3. To study the transition between
these two configurations we chose oxygen vacancies with
lowest Ev in each crystallographic direction, namely, O2x ,
O4y , and O5z. Our results, presented in Fig. 4, show that
the transition barriers vary from 150 to 230 meV, being the
smallest for the [100] direction and largest for [001]. This
result is in agreement with similar trends shown by the energy
differences between the W5+-W5+ and W6+-W4+ configu-
rations: O2x,(90 meV) < O4y,(110 meV) < O5z,(150 meV)
and the W-W bond length differences: O2x,(0.06 Å) <

O4y,(0.13 Å) < O5z,(0.16 Å)x. We also notice that the NEB
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the W5+-W5+ and W6+-W4+ configurations for three vacancies (O2x ,
O4y , and O5z) as estimated by NEB. The energies are given with
respect to that of W5+-W5+ in the corresponding direction. For
comparison for O5z we show the results obtained by the LIS [66].
Charge distributions corresponding to the initial x = 0 (W5+-W5+)
and final x = 1 (W4+) transition points are shown for illustration.

relaxation results in lower barriers compared to those obtained
with LIS (Fig. 4). This is understandable as NEB allows one
to optimize structures along the transition path, whereas LIS
uses static configurations.

Lattice distortions around polarons and especially bipo-
larons can be quite substantial reaching far beyond first
coordination shells. In the case studied here we find that
the local distortions around the bipolaron-vacancy complex
spreads as far as 10–11 Å in the direction of the W5+-W5+ pair
alignment. The 2 × 2 × 2 cell used in our calculations is big
enough to accommodate such a defect. Our results, however,
highlight the importance of using large unit cells in modeling
polarons and bipolarons at least if one wishes to study isolated
quasiparticles of the sort.

C. Polaron formation and transitions in Li-doped monoclinic γ

phase

Polarons can also form in the presence of impurities,
dopants, or due to electron injection. Here we report our results
of the polaron formation and mobility in Li-doped monoclinic
WO3. First we consider one lithium atom situated in an
octapore in the supercell of 256 atoms, i.e., WO3Li0.016. This
is a realistic concentration often studied in experiment [82].
After the relaxation Li stayed close to the octapore center
[Fig. 1(c)], no bond formation with the surrounding oxygen
atoms was detected. It was possible to localize the W5+ polaron
at different tungsten sites. The association energy of Li+ and
W5+ is of the order of 30 meV, which was estimated by
calculating the energies of Li+-W5+ separated by 3.92 and
7.71 Å.

Further, to study polaron mobility we used tungsten sites
away from Li (∼6–8 Å) simulating a free polaron propagation
in the WO3 matrix. Figure 5 shows the energy barriers for
polaron jumping between two neighboring W sites in the
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FIG. 5. (Color online) Energies along the transition paths of W5+

from one tungsten site to the other in the case of Li-doped γ phase.
The energies are given with respect to the energy of W5+. The solid
lines show the NEB energies for all three crystallographic directions.
For comparison, for [100] we also show the energies obtained in LIS
calculations (dashed line). Charge distributions for W5+ at the initial
x = 0 and final x = 1 transition points are shown for illustration.

three crystallographic directions. As expected, the LIS barriers
are again higher than those obtained using NEB. The NEB
barriers vary from 98 for [001] to 124 meV for [100]. These
values are in surprisingly close agreement with the activation
energy for polaron hopping estimated from basic models using
experimental information, 180 meV [82].

If the concentration of lithium ions and polarons increases
the number of possible configurations of localized charges
becomes larger. We study the possibility of a bipolaron
formation by considering two Li atoms in the 256 atom WO3

supercell (WO3Li0.032). Next to the bipolaronic W5+-W5+

configurations we also consider the formation of two separate
W5+ polarons and one W4+. In Fig. 6 we show the energies
for different electronic configurations and transitions between
them obtained using NEB. We start from the situation when
both electrons donated by the two Li atoms are delocalized in
the oxide matrix (x = 0, Fig. 6), then we localize one W5+

polaron that happens without any barrier (x = 2, Fig. 6). After
that we localize the second electron at the next nearest (NN) W
site from the first W5+, which neither involves any barrier
(x = 3, Fig. 6). The energies of such NN configurations are
very close to each other for all the orientations (Fig. 6). Next we
model a transition of one W5+ from the NN site to the nearest
(N) W site, thus forming a bipolaron along the [100], [010],
and [001] directions (x = 3 → x = 5, Fig. 6). This transition
involves a barrier of about 90 meV. The resulting bipolaron
situated along [001] has the lowest energy not only among
the bipolarons but among all the considered configurations
(Fig. 6). The [001] bipolaron is 8 meV lower in energy than
the [001] NN configuration. At the same time, the energies
of bipolarons oriented along [100] and [010] are about 20
meV higher than those of the NN configurations. We notice
that the localization of two electrons at one tungsten site
(W4+) is energetically unfavorable as this state lies more
than 300 meV above any W5+-W5+ configuration. Therefore,
our results suggest that in Li-doped WO3 one can expect
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the formation of W5+ polarons and W5+-W5+ bipolarons,
whereas the presence of the W4+ state, often detected in
experiments [29,33,36,46,48,49], most likely can be attributed
to oxygen vacancies, around which the W4+ state is found to
be metastable.

IV. CONCLUSION

We have studied the applicability of HSE06 and two
DFT + U approaches to modeling of polarons in WO3. We
have shown that the DFT + U approach with two Hubbard-U
parameters determined and applied simultaneously to the
d-W (UW = 6 eV) and p-O (UO = 9 eV) states provides a
proper description of polaron formation and transitions in
WO3. At the same time, this method allows us to calculate
large unit cells necessary for adequate modeling of polarons
and bipolarons. Using this approach we have studied the
vacancy energetics for the six nonequivalent oxygen positions
and two electronic configurations: W5+-W5+ and W6+-W4+.
The W5+-W5+ bipolarons situated along [001] are the most
favorable electronic configurations around vacancies. We have
also studied polaron and bipolaron formation and energetics

for Li-doped WO3. In this case the W5+-W5+ bipolaronic
configuration aligned with [001] has again the lowest energy
but winning only 8 meV over two separated W5+. Our results
suggest that the polarons formed due to oxygen vacancies
are immobile, at the same time, the W4+ state is metastable
and the W5+-W5+ to W6+-W4+ transition is possible with a
barrier of 150 meV. On the contrary, polarons formed in Li-
doped tungsten oxide are mobile with the minimum activation
energy (98 meV) in the [001] direction. The W4+ state is
300 meV higher in energy than any studied W5+ configuration
and, therefore, W4+ is unlikely to form in perfect Li-WO3

without the presence of vacancies or similar structural defects.
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Res. 27, 3130 (2012).

[18] S. Raj, H. Matsui, S. Souma, T. Sato, T. Takahashi, A.
Chakraborty, D. D. Sarma, P. Mahadevan, S. Oishi, W. H.
McCarroll, and M. Greenblatt, Phys. Rev. B 75, 155116 (2007).

[19] R. G. Bamwenda, K. Sayama, and H. Arakawa, J. Photochem.
Photobiol. A 122, 175 (1999).

[20] C. G. Granqvist, Sol. Energy Mater. Sol. Cells 60, 201 (2000).
[21] S. Tanisaki, J. Phys. Soc. Jpn. 15, 566 (1960).
[22] R. Diehl and G. Brandt, Acta Crystallogr., Sect. B: Struct. Sci.,

Cryst. Eng. Mater. 34, 1105 (1978).
[23] P. W. Woodward, A. W. Sleight, and T. J. Vogt, J. Phys. Chem.

Solids 56, 1305 (1995).
[24] C. J. Howard, V. Luca, and K. S. Knight, J. Phys.: Condens.

Matter 14, 377 (2002).
[25] B. Gerand, G. Nowogrocki, J. Guenot, and M. Figlarz, J. Solid

State Chem. 29, 429 (1979).
[26] O. Yu. Khyzhun, Yu. M. Solonin, and V. D. Dobrovolsky,

J. Alloy. Compd. 320, 1 (2001).
[27] K. Miyake, H. Kaneko, M. Sano, and N. Suedomi, J. Appl. Phys.

55, 2747 (1984).
[28] A. Antonaia, M. L. Addonizio, C. Minarini, T. Polichetti, and

M. Vittori-Antisari, Electrochim. Acta 46, 2221 (2001).
[29] S. S. Sun and P. H. Holloway, J. Vac. Sci. Technol., A 2, 336

(1984).
[30] K. R. Dey, C. H. Ruscher, Th. M. Gesing, and A. Hussain, Mater.

Res. Bull. 42, 591 (2007).
[31] Q. Zhong, J. R. Dahn, and K. Colbow, Phys. Rev. B 46, 2554

(1992).
[32] S. Lee, M. J. Seong, H. M. Cheong, E. Ozkan, E. C. Tracy, and

S. K. Deb, Solid State Ionics 156, 447 (2003).
[33] P. Gerard, A. Deneuville, and R. Courths, Thin Solid Films 71,

221 (1980).
[34] W. Wright, J. Solid State Chem. 20, 89 (1977).
[35] P. J. Wiseman and P. G. Dickens, J. Solid State Chem. 6, 374

(1973).
[36] P. Uppachai, V. Harnchana, S. Pimanpang, V. Amornkitbam-

rung, A. P. Brown, and R. M. D. Brydson, Electrochim. Acta
145, 27 (2014).

[37] T. Yoshimura, J. Appl. Phys. 57, 911 (1985).
[38] A. Deneuville and P. Gerard, J. Electron. Mater. 7, 559

(1978).
[39] O. Pyper, A. Kaschnerb, and C. Thomsen, Sol. Energy Mater.

Sol. Cells 71, 511 (2002).

[40] O. F. Schirmer, V. Wittwer, G. Baur, and G. Brandt,
J. Electrochem. Soc. 124, 749 (1977).

[41] E. Salje, Opt. Commun. 24, 231 (1978).
[42] L. Berggren, A. Azens, and G. A. Niklasson, J. Appl. Phys. 90,

1860 (2001).
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