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1. Introduction

Nickel tungstate (NiWO4) has been extensively studied
in the past because of its use for catalysts [1–4], hu-
midity [5] and gas sensors [6], in microwave devices [7],
and photoanodes [8, 9]. The application of mixed nickel-
tungsten oxide thin films in electrochromic systems has
also been proposed [10]. In such systems, the formation
of the NiWO4 phase can occur at nano- or micro-scale
resulting in a modification of their chromogenic proper-
ties. The properties of electrochromic materials are de-
termined by charge insertion/extraction accompanied by
the changes in the local atomic and electronic structures

∗presented at the 6th International Conference on Functional Materials
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[11]. These phenomena have been studied for many years
in pure WO3 and NiO both experimentally and theoreti-
cally [12–14], whereas the fundamental studies on mixed
systems as well as pure NiWO4 are rather limited. In par-
ticular, to the best of our knowledge, the band structure
calculations of NiWO4 have been not performed until now.

NiWO4 is isomorphous to other transition-metal
tungstates such as MnWO4, FeWO4, CoWO4, and ZnWO4

[15], which, except for ZnWO4, have incomplete 3d shell
and are paramagnetic at room temperature. At low
temperatures, MnWO4, FeWO4, CoWO4, and NiWO4

undergo cooperative transitions to antiferromagnetically-
ordered states [16]. It should be noted that in the last
few years MnWO4 has attracted increased attention as a
multiferroic material [17].

The crystal structure of NiWO4 has been determined at
room temperature by x-ray [15] and neutron [18] powder
diffraction. It is monoclinic wolframite-type with the space
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Figure 1. Crystal structure (2a, b, c) of monoclinic (P2/c) NiWO4 [15,
18]. The crystallographic unit cell is indicated.

group P2/c. There are two formula units (Z = 2) per
primitive cell, having the lattice parameters a = 4.5992 Å,
b = 5.6606 Å, c = 4.9068 Å, and β = 90.03° [18]. The
presence of two non-equivalent oxygen atoms is responsi-
ble for three pairs of Ni-O and W-O bonds, having differ-
ent lengths. Thus, both Ni and W atoms are surrounded by
six oxygen atoms, forming distorted octahedral coordina-
tion, which has been directly probed by the W L1,3 and Ni
K edges x-ray absorption spectroscopy in [19, 20]. Metal-
oxygen octahedra of one type share edges and form zigzag
chains along the c-axis (Fig. 1). The antiferromagnetic or-
der exists in NiWO4 below 67 K [21]. Its magnetic unit
cell (2a, b, c) is double the crystallographic one along the
a-axis [16]. The spins at nickel ions in the same chain are
arranged collinearly (coupled ferromagnetically), but are
antiparallel (coupled antiferromagnetically) to the spins
in adjacent chain.
In the present work, the electronic, structural and phonon
properties of NiWO4 have been studied using first-
principles spin-polarized periodic linear combination of
atomic orbitals (LCAO) method with the hybrid Hartree-
Fock (HF)-density functional (DFT) Hamiltonian. In this
approach, basis functions for the crystalline orbitals are
constructed as Bloch sums from the linear combination
of localized Gaussian-type atomic orbitals. Therefore, a
proper choice of the basis functions (preferably optimized
for a particular system) is required. Such an optimized ba-
sis is used in the present calculations. The LCAO method

allows one to use wavefunction-based (HF), density-based
(DFT) and hybrid Hamiltonians (as PBE0 [22, 23] used
in the present work). The latter provide the most accu-
rate results eliminating the weaknesses of pure HF and
DFT schemes, their realization within the Plane Wave
basis calculations requires much bigger computational ef-
fort. LCAO methods are also able to avoid an artificial
periodicity typically introduced in PW methods for a 0D
(cluster), 1D (wire), and 2D (slab) models.

2. Computational details

The methodology used in the present work has been em-
ployed by us recently to ZnWO4 in [22, 23], where the
electronic, structural and phonon properties of tungstate
have been studied within the periodic linear combination
of atomic orbitals (LCAO) method1. The best agreement
between experimental and theoretical structural and elec-
tronic parameters of ZnWO4 has been found for hybrid
PBE0 (25%) Hamiltonian [22, 23]. However, the infra-red
(IR) and Raman phonon bands in ZnWO4 have been re-
produced rather qualitatively [23]: in particular, the theory
tends to overestimate the Raman phonon frequencies, es-
pecially, at high frequencies where the observed difference
reaches ∼ 34 cm−1.

In this work we extend our studies to NiWO4, which repre-
sents an even more complicated case, since at low temper-
atures (6 67 K), it undergoes cooperative transition to an
antiferromagnetically (AF)-ordered state [21]. The elec-
tronic, structural and phonon properties of NiWO4 have
been studied using first-principles spin-polarized LCAO
calculations by the CRYSTAL06 code1. To avoid core elec-
trons of tungsten and nickel atoms, we used the Hay-Wadt
(HW) effective small core potentials (ECP) and the cor-
responding atomic basis sets for metal atoms (W, Ni), ex-
cluding diffuse Gaussian type orbitals. The basis set for
tungsten was optimized by us for ZnWO4 [23], whereas the
starting basis set for nickel was taken from [24] and re-
optimized in the present work for NiWO4. The all-electron
basis set, optimized in earlier calculations of perovskites
[25], was used for oxygen atoms.

The calculations have been performed for four magnetic
states by fixing the total spin projection. The first state
(AF1), having the total spin projection Sz = 0, corresponds
to that observed experimentally [18, 21] with the ferro-
magnetic ordering of spins at nickel ions within zigzag
chains but the antiferromagnetic alignment between dif-

1 R. Dovesi et al., Crystal 06, Users manual (University
of Turin, 2006)
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ferent chains (Fig. 1). Note that AF1 state requires the
doubling of crystallographic unit cell along a-axis direc-
tion [18, 21]. There is also another possibility for an-
tiferromagnetic state (AF2) with Sz = 0 when spins at
nickel ions in the same chain have antiparallel arrange-
ment: in this case, no cell doubling is required since
there are two nickel ions per primitive cell. The ferro-
magnetic (FM) state with all spins at nickel ions ordered
collinearly and the non-magnetic (NM) state have also
been calculated. In the CRYSTAL06 code, the accuracy
in the evaluation of the Coulomb and exchange series is
controlled by a set of tolerances, which were taken to
be (10−8, 10−8, 10−8, 10−8, 10−16) to provide high nu-
merical accuracy. The Monkhorst-Pack scheme [26] for
8× 8× 8 k-point mesh in the Brillouin zone was applied.
The SCF calculations were performed for hybrid Hartree-
Fock (HF)-DFT Hamiltonian (PBE0-type [27]) with dif-
ferent percentages (0÷ 25%) of HF contribution. The cal-
culations of phonon frequencies were done by the direct
(frozen phonon) method2. The best agreement between
calculated and experimental phonon frequencies has been
observed for 13% HF contribution (PBE0 13%), therefore
only results for this case are given in Table 2 and will be
discussed further.

3. Results and discussion

The equilibrium lattice parameters have been calculated
by minimizing the crystal total energy for three magnetic
(AF1, AF2 and FM) and non-magnetic (NM) states. Such
simulations performed without accounting for any ther-
mal effects are often referred as conducted at temperature
T = 0 K [28]. The presence of thermal effects is expected
to result in the lattice expansion and an increase of an-
harmonic contributions, thus shifting slightly the position
of the vibrational bands and increasing their broadening.
Both effects are known to be weak in tungstates [29, 30]
and, in any case, are much smaller than accuracy of our
calculations. In fact, weak sensitivity of the vibrational
bands of tungstates to thermal effects finds practical ap-
plication as Raman-active crystals in solid-state lasers,
based on stimulated Raman scattering (SRS) [31, 32].

The calculated values of the structural parameters are
compared in Table 1 with the experimental data obtained
by neutron powder diffraction [18]. One can see that the
results for magnetic states, having close total energies,
agree better than 0.03 Å with the experimental lattice con-

2 R. Dovesi et al., Crystal 06, Users manual (University
of Turin, 2006)

stants and better than 0.1° for the angle β.
The evaluated total energy per formula unit Etot (Table 1)
has the lowest value for the antiferromagnetic state AF1
and the highest value for the non-magnetic state. The
antiferromagnetic AF2 and ferromagnetic FM states have
intermediate and close values of Etot, the latter being
slightly lower. These results confirm the antiferromag-
netic AF1-type ordering of spins in NiWO4 observed ex-
perimentally at low temperatures [18, 21]. Note that in
all calculated magnetic states the unpaired electrons are
well localized at nickel atoms, giving a net atomic spin of
about 1.70.
The Mulliken population analysis was used to estimate
the total atomic charges. They are equal to +1.67e for Ni,
+2.78e for W, -1.16e for O1 and -1.07e for O2 suggesting
the mixed ionic-covalent character of the NiO and WO
bonding. In contrast to the purely ionic picture of a bare
W6+ ion (with no valence electrons), the tungsten valence
state in tungstate is around 3+ due to back charge transfer
from nearest oxygen atoms. This fact is responsible for
a strong distortion of the WO6 octahedra caused by the
second-order Jahn-Teller effect [33]. As a result, there are
three significantly different WO bonds having lengths of
about 1.81 Å, 1.91 Å, and 2.12 Å (Table 1).
Band structure diagram and spin dependent to-
tal/projected density of states for wolframite-type NiWO4

in the antiferromagnetic state are shown in Fig. 2. The
dispersion curves are plotted along eight different sym-
metry directions in the Brillouin-zone. According to our
calculations, NiWO4 has an indirect band gap (E→ Γ or
A→ Γ). The calculated band gap value Eg = 3.7 eV is in
good agreement with the experimental one equal to 3.6 eV
[8]. Note that the smaller value of the band gap in NiWO4

(2.28 eV in [9] and 2.52 eV in [34]) has been also reported.
We believe that these two numbers are underestimated
due to incorrect band gap determination in [9]. It seems
that the low quality measurements performed in a limited
energy range from 1.4 eV to 3.4 eV on NiWO4 thin films in
[9] have led to confusion of the band gap with the absorp-
tion bands due to the d-d transitions at Ni2+ ions, being
responsible for the color of the compound [8, 35].
The calculated electronic structure in NiWO4 can be com-
pared to that in other wolframite-type monoclinic (P2/c)
tungstates as CdWO4 [36], FeWO4 [37], CoWO4 [37], and
ZnWO4 [22, 23] as well as in triclinic CuWO4 [38]. Most
previous first-principles calculations were based on DFT
functionals and underestimate the band gap values: Eg =
2.9 eV versus Eg(exp) = 3.8 − 4.09 eV in CdWO4 [36];
Eg = 1.78 eV versus Eg(exp) = 2.0 eV in FeWO4 [37];
Eg = 1.36 eV [37] versus Eg(exp) = 2.0 eV [39] in CoWO4;
Eg = 1.9 eV [38] versus Eg(exp) = 2.06 eV [40] and 2.3 eV
[34, 41] in CuWO4. However, the use of hybrid Hamil-
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tonians within the LCAO method allowed us to obtain
for ZnWO4 the band gap energy Eg = 4.6 eV [22] and
5.4 eV [23] in better agreement with experimental values
Eg(exp) = 4.6 eV [42] and 4.9 eV [43].
Previous band structure calculations for these tungstates
allows one to conclude that FeWO4 [37] and CoWO4 [37]
have an indirect band-gap as we found also for NiWO4,
whereas CdWO4 [36] and ZnWO4 [22, 23] have a direct
band-gap. Note that the indirect band-gap has been also
found experimentally from optical absorption spectra in
CuWO4 [34, 41]. The difference between the two groups

of tungstates is connected with the contribution of par-
tially filled 3d states, provided by Fe2+, Co2+, Ni2+, and
Cu2+ ions, into the band structure. In the case of NiWO4

(Fig. 2), the valence band is formed by hybridized O2p
and Ni3d states, and the Ni3d(t2g,eg ↑) states contribute
mainly to the upper part of the valence band. The con-
duction band is formed by the empty W5d states with an
admixture of the empty Ni3d(eg ↓) states at the bottom
of the band. These results agree well with those ob-
tained recently by optical and ultraviolet photoelectron
spectroscopy in [8].

Table 1. Lattice parameters (a, b, c, β), atomic fractional coordinates (x, y, z), total energy per formula unit (Etot) and the nearest interatomic
distances (Ni-O and W-O), calculated for magnetic (AF1, AF2, FM) and non-magnetic (NM) states of wolframite-type NiWO4 using PBE0-
type Hamiltonian (13% HF). The room-temperature neutron powder diffraction (NPD) data [18] are shown for comparison.

NPD AF1 AF2 FM NM
a (Å) 4.5992 4.6226 4.6240 4.6247 4.5877
b (Å) 5.6606 5.6866 5.6874 5.6882 5.6084
c (Å) 4.9068 4.9308 4.9319 4.9328 4.9518
β (°) 90.03 89.98 89.93 89.97 89.03
Ni (y) 0.6616 0.6584 0.6583 0.6586 0.6541
W (y) 0.1786 0.1798 0.1797 0.1800 0.1802
O1 (x) 0.2241 0.2189 0.2187 0.2187 0.2218
O1 (y) 0.1105 0.1071 0.1073 0.1071 0.1090
O1 (z) 0.9204 0.9320 0.9318 0.9322 0.9276
O2 (x) 0.2644 0.2590 0.2587 0.2586 0.2600
O2 (y) 0.3772 0.3776 0.3773 0.3779 0.3807
O2 (z) 0.3953 0.4038 0.4038 0.4035 0.4029
Etot (eV) -14625.740 -14625.732 -14625.734 -14624.420
R(Ni-O1) (Å) 1.994 2.067 2.066 2.068 2.032
R(Ni-O2) (Å) 2.061 2.049 2.051 2.053 2.027
R(Ni-O2) (Å) 2.068 2.090 2.091 2.090 2.066
R(W-O2) (Å) 1.803 1.809 1.809 1.809 1.814
R(W-O1) (Å) 1.957 1.911 1.911 1.911 1.921
R(W-O1) (Å) 2.107 2.119 2.120 2.121 2.114

The calculated phonon frequencies (Table 2) are compared
with the experimental Raman signal measured at room
temperature in Fig. 3. According to group theoretical anal-
ysis, 36 phonon modes are expected at the Brillouin zone
center (Γ-point) for NiWO4 at room temperature. Among
them 18 even modes (8Ag and 10Bg) are Raman active.
Note that the number of Raman active modes is doubled
in the AF2 state and quadrupled in the AF1 state (Fig. 3a)
due to the symmetry lowering caused by the spin ordering.

Our results suggest that phonon frequencies are very sen-
sitive to the type of the functional used in the calculations.
In particular, for hybrid PBE0-type functional, composed
of HF and DFT contributions, one can follow this depen-
dence by varying the HF-to-DFT ratio (Fig. 3b). Our
findings for NiWO4 suggest that 13% HF admixture gives
the best result for both lattice dynamics and the equilib-
rium structure.
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Figure 2. Band structure diagram (left panel) and spin dependent total/projected density of states (right panel) for wolframite-type (P2/c) NiWO4
in antiferromagnetic AF2 state. The energy zero is set at the Fermi energy level.

Figure 3. (a) Comparison of the room-temperature experimental Raman spectrum for NiWO4 with mode frequencies (vertical lines), calculated
by the first-principles LCAO method using hybrid PBE0 13% HF Hamiltonian for AF1, AF2, FM, and NM states. (b) LCAO results for
hybrid PBE0-type Hamiltonian with different percentages (0÷ 20%) of HF contribution in the AF2 state.
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Table 2. Experimental and calculated (LCAO, PBE0-13% exchange-correlation functional) zero pressure frequencies (ν) of the vibrational modes
in NiWO4. Experimental frequencies (νexper) were obtained from the room-temperature Raman signal. The Raman and infra-red (IR)
active(inactive) modes are denoted by A(I) for non-magnetic (NM) and ferromagnetic (FM) phases. In antiferromagnetic AF2 phase all
modes are both Raman and IR active. The first three acoustic modes (1, 2, and 3) are not given.

Phonon mode νexper (cm−1) NM FM AF2
Phonon

symmetry
ν (cm−1) Raman IR ν (cm−1) Raman IR Phonon

symmetry
ν (cm−1)

4 97 Bg 84 A I 84 A I B 105
5 149 Ag 134 A I 134 A I A 151
6 Bu 143 I A 143 I A B 179
7 174 Bg 171 A I 171 A I B 190
8 Bu 181 I A 181 I A B 205
9 197 Bg 189 A I 189 A I B 217
10 210 Bg 202 A I 202 A I B 222
11 223 Ag 240 A I 240 A I A 228
12 287 Bg 259 A I 259 A I A 229
13 Bu 279 I A 279 I A B 273
14 Au 283 I A 283 I A B 285
15 307 Ag 302 A I 302 A I B 296
16 Bu 317 I A 317 I A A 314
17 326 Bg 336 A I 336 A I B 317
18 Au 358 I A 358 I A B 332
19 Bu 384 I A 384 I A A 336
20 363 Ag 393 A I 393 A I A 356
21 Au 402 I A 402 I A A 373
22 Au 432 I A 432 I A B 392
23 380 Bg 438 A I 438 A I A 423
24 418 Ag 471 A I 471 A I A 449
25 Bu 494 I A 494 I A B 460
26 Bu 523 I A 523 I A B 513
27 Au 533 I A 533 I A A 514
28 512 Bg 539 A I 539 A I A 554
29 549 Ag 586 A I 586 A I B 560
30 675 Bg 681 A I 681 A I B 673
31 Au 681 I A 681 I A A 677
32 697 Ag 700 A I 700 A I A 704
33 775 Bg 863 A I 863 A I B 744
34 Bu 877 I A 877 I A B 775
35 Au 961 I A 961 I A A 862
36 893 Ag 982 A I 982 A I A 897

One can compare the results for NiWO4 with first-
principles phonon calculations performed for other
tungstates. Most previous works were based on the plane-
wave DFT approach, which results in underestimation of
the high-frequency stretching WO mode by ∼ 45 cm−1

in ZnWO4 [44], ∼ 32 cm−1 in CdWO4 [45], and ∼ 52 cm−1

in CuWO4 [28] for PBE-type Hamiltonian [46] and by
∼ 4 cm−1 in MgWO4 [47] for simple LDA-type Hamil-
tonian [48]. On the contrary, our previous calculations
[19] using hybrid PBE0 Hamiltonian [27] with 25% HF
admixture overestimated the frequencies of the stretching
WO modes by ∼ 34 cm−1 in ZnWO4 and ∼ 39 cm−1

in CaWO4, which has the scheelite-type structure con-
structed of WO4 tetrahedra and CaO8 polyhedra. Our

present calculations suggest that a variation of the HF
admixture to the DFT Hamiltonian systematically influ-
ences the values of phonon frequencies (Fig. 3b). The
best agreement with the high-frequency stretching WO
mode in NiWO4 has been found for 13% HF admixture,
which results in the difference below 5 cm−1 (Table 2).
Finally we will discuss the distortion of the metal-oxygen
octahedra (Table 1). The LCAO calculations predict larger
distortion of the WO6 octahedra but weaker distortion
of the NiO6 octahedra compared to diffraction [18]. In
AF1 state, observed experimentally, the NiO6 octahedra
are nearly regular according to the LCAO results and
have three slightly different pairs of the NiO bonds
with the standard deviation of about 0.02 Å. On the con-
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trary, the LCAO results for the WO6 octahedra predict
three significantly different pairs of the WO bonds with
the standard deviation of about 0.13 Å. The local dis-
tortion around metal atoms can be obtained experimen-
tally by x-ray absorption spectroscopy (XAS), which is
the local structural probe giving information complemen-
tary to diffraction methods [49]. In Fig. 4, we show our
recent results obtained by the W L3-edge XAS in NiWO4

at 10 K and 300 K, measured at HASYLAB DESY syn-
chrotron center in Hamburg. The use of regularization-like
method [50, 51] allowed us to reconstruct the radial distri-
bution function (RDF) within the first coordination shell
of tungsten (Fig. 4). The shape of the RDF unambigu-
ously confirms the strong distortion of the WO6 octahedra
and shows rather weak dependence on the temperature
variation. Moreover, the comparison of the RDF with the
lengths of the WO bonds, obtained by LCAO method in
the present work and by neutron diffraction in [18], sug-
gests that the LCAO calculations reproduce slightly bet-
ter the position of the middle group of the WO distances
at 1.911 Å. In fact, the value obtained by diffraction [18]
R(WO1) = 1.957 Å is located in the valley region of the
RDF. At the same time, the shortest and the longest WO
bonds are very close in LCAO and diffraction.

Figure 4. Comparison of the radial distribution functions (solid lines)
for the first coordination shell around tungsten, obtained
from the analysis of the W L3-edge EXAFS spectra at
10 K and 300 K, with the WO bond lengths obtained by
neutron diffraction (ND) in [18] (dashed vertical lines) and
LCAO calculation in the present work (solid vertical lines).

4. Conclusions
The first-principles spin-polarized LCAO calculations
have been performed for antiferromagnetic wolframite-
type NiWO4. The indirect band gap of Eg = 3.7 eV was

calculated in good agreement with experiment. The vari-
ation of the HF/DFT mixing allowed us to determine the
best HF admixture to be ∼ 13%: it results in a good repro-
duction of the crystal structure (including local octahedra
distortions), band gap and phonon frequencies.
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