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Monoclinic antiferromagnetic NiWO,4 was studied by far-infrared (30-600 cmﬁl) absorption spectroscopy in

the temperature range of 5-300 K using the synchrotron radiation from SOLEIL source. Two isomorphous

CoWO,4 and ZnWOy tungstates were investigated for comparison. The phonon contributions in the far-infrared

range of tungstates were interpreted using the first-principles spin-polarized linear combination of atomic orbital

calculations. No contributions from magnetic excitations were found in NiWO4 and CoWO, below their Néel

temperatures down to 5 K.

PACS: 78.30.—j Infrared and Raman spectra;

71.15.-m Methods of electronic structure calculations.
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Introduction

Synchrotron light sources generate radiation with high
flux and brilliance, which spans a wide range of electro-
magnetic spectrum, including its far-infrared part. There-
fore, they are intensively used nowadays in infrared (IR)
spectroscopy to probe vibrational properties of single crys-
talline [1,2], microcrystaline [2,3] and nanocrystalline ma-
terials [4-7]. Besides that infrared spectrum can contain
information on magnetic excitations, which were observed,
for example, in antiferromagnetic metal oxides as CoO,
NiO and solid solutions Ni-Mg1_-O and Co.Mg1_.O [2,8].
Here synchrotron-based IR spectroscopy is applied to more
complex binary metal oxide such as nickel tungstate
(NiWO4). Recent interests on NiWO4 have been stimulat-
ed by its applications as a catalyst [9,10], in superca-
pacitors [10,11] and light-controlled bipolar resistive
switching devices [12] as well as by numerous possibilities
to produce it in nanostructured form [13-20].

The vibrational properties of NiWOy in the mid-infrared
range 400-2000 em | were studied previously in [21-23].
However, the magnetic structure of NiWO4 single crystal,
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having the Néel temperature 7y = 67 K, was probed at 5 K
by IR absorption spectroscopy only in Ref. 24. Two antifer-
romagnetic resonance (AFMR) modes at 17.9 and 22.4 cm |
were identified, and the third magnetic band was observed at
119 em " a value close to the doubled exchange energy
[24]. 1t was found in [25] for cobalt (CoF;, CoWOy4) and
manganese (MnCO3, MnF,, RbMnF3, KMnF3) containing
compounds that the maximum frequency in the spin-wave
spectrum, estimated from the AFMR follows a linear de-
pendence on the Néel temperature. Applying the same pro-
cedure to nickel compounds (NiF,, KNiF3, NiO), one can
estimate a value for NiWOy4 close to 108 cmﬁl, and thus the
value of the doubled exchange energy ~216 cmﬁl, which is
nearly two times larger than proposed from AFMR meas-
urements in [24].

In this study we have performed a temlperature depend-
ent (5-300 K) far-infrared (30-600 cm ) study of poly-
crystalline NiWOy4 tungstate using the synchrotron radia-
tion from SOLEIL source [26]. A comparison with iso-
structural non-magnetic ZnWOQO4 and antiferromagnetic
CoWOy4 (Ty = 55 K) compounds and first-principles linear
combination of atomic orbital (LCAO) calculations was
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used to assign unambiguously the phonon bands with the
aim to find possible magnetic excitations [24] and their
temperature dependence in antiferromagnetic NiWOj4
phase.

Experimental and calculation details

AWO4 (A = Co, Ni, Zn) polycrystalline powders were
synthesized by co-precipitation technique [27] by mixing the
aqueous solutions of A(NO3):6HO and NapWO42H,0
salts and post-annealing the precipitate at 800-900°C for
8 hours. The phase purity of the samples was confirmed by
x-ray diffraction.

The infrared measurements were performed using the
SOLEIL synchrotron light at AILES (advanced infrared line
exploited for spectroscopy) beamline [26] in transmission
mode. Far-IR spectra were recorded under vacuum in the
range 30-600 cm | using a Bruker IFS 125 MR Fourier
transform spectrometer combined with a bolometer. The
temperature range was 5-300 K with variable step. Iso-
morphous ZnWO4 and CoWO4 compounds were measured
for comparison. Polycrystalline sample powders were milled
in agate mortar, uniformly mixed with 100 mg polyethylene
powder and pressed into pellets.

To interpret infrared spectra, the first-principles LCAO
calculations of the phonon frequencies in ZnWO4 and
CoWO4 were performed using the direct (frozen phonon)
method by the CRYSTALOQ9 code [28], whereas the results
for NiWOy4 were taken from our work [29]. The accuracy
in the evaluation of the Coulomb and exchange series was
controlled by a set of tolerances, set at 10_8, 10 °, 10 °,
10°°, 107", to provide high numerical accuracy. The
Monkhorst—Pack scheme [30] for 8x8x8 k-point mesh in

Fig. 1. (Color online) Crystal structure of woframite-type NiWO4.
Crystallographic unit cell is indicated.

the Brillouin zone was applied. The SCF calculations were
performed for hybrid Hartree-Fock (HF)/density func-
tional (DFT) Hamiltonian (PBEO-type [31]) with 13% of
HF contribution, because they gave the best agreement
with the experimental phonon frequencies of NiWOg4 [29].
More details on the calculations can be found in Ref. 32.

Results and discussion

Nickel tungstate has monoclinic wolframite-type struc-
ture (Fig. 1) with two formula units per unit cell (space
group P2/c (13)). It is build up from NiOg and WOg
octahedra joined by the edges, which form zig-zag chains
along the ¢ axis [33]. At ambient conditions NiWOy4 exists

Table 1. Frequencies and intensities of infrared active modes in AWO, (A = Co, Ni, Zn) calculated from first-principles using the

LCAO method with hybrid DFT/HF functional PBE0-13%

NiWO4 CoWOyq4 ZnWOy
Frequency, cm_1 Intensity Frequency, cm_1 Intensity Frequency, cm_1 Intensity
187 2.54 170 2.26 141 12.11
219 8.83 199 10.47 151 10.95
226 3.49 208 7.03 174 10.74
267 34.07 250 22.61 247 35.82
280 20.36 271 40.53 262 33.68
313 35.75 301 24.95 279 0.99
331 30.02 326 24.23 320 9.58
349 8.41 344 6.88 340 16.18
446 8.76 434 5.15 431 4.16
457 8.95 444 18.38 458 8.02
514 19.80 505 23.89 516 18.54
560 97.25 535 98.43 554 100.00
677 45.47 651 51.43 661 46.17
745 100.00 742 100.00 762 83.65
862 14.69 854 14.40 866 12.67
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Fig. 2. (Color online) Far-IR absorption spectra measured at 7 =
=300 K for isostructural woframite-type compounds AWO,
(A = Co, Ni, Zn). Spectra are vertically shifted for clarity. Ver-
tical bars indicate the phonon modes from the first-principles
LCAO calculations.

in the paramagnetic phase, while below the Néel tem-
perature Ty = 67 K the spins on nickel ions order anti-
ferromagnetically [34] leading to the doubling of the crys-
tallographic unit cell along the a axis.

The atomic and electronic structures as well as phonon
properties in I'-point of the Brillouin zone of NiWO4 were
studied in details by us using the first-principles spin-
polarized LCAO calculations based on the hybrid HF/DFT
scheme [29]. The obtained results were in good agreement
with the available experimental data. In particular, we
found that a correct account for the magnetic ordering
gives also the best results for the vibration frequencies
probed by Raman spectroscopy [29]. Therefore, we have
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Fig. 3. (Color online) Temperature dependent (5-300 K) far-IR
absorption spectra of NiWO,. The positions of vibrational bands
are indicated by vertical dashed lines.

utilized similar approach to calculate phonon modes in
CoWO4 with the Néel temperature 7y = 55 K [35], where-
as non-magnetic LCAO calculations were performed for
ZnWOQOy.

The group theory predicts 36 lattice modes for space
group P2/c: 3 acoustic modes, 18 Raman active modes and
15 IR active modes. Twelve IR active modes (SAu+7Bu)
are observed experimentally in isostructural NiWOy,
CoWO4 and ZnWOQO4 below 600 cm71 in Fig. 2 and are
compared with the theoretical ones (vertical bars) obtained
from the first-principles spin-polarized LCAO calculations
[29,36]. The position and the height of the bars indicate
calculated mode frequency and intensity, respectively. Full
set of calculated frequencies and intensities for all IR-
active modes in tungstates is given in Table 1. While one
can notice a good qualitative agreement between the theory
and the experiment in Fig. 2, the absolute values of vibra-
tional frequencies can differ by £25 em L

The vibrational properties of NiWO4 in the mid-
infrared range 400-2000 em | were studied previously in
[21-23]. Our temperature dependence of the far-IR absorp-
tion spectrum of NiWQy is shown in Fig. 3 in comparison
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with the results for CoWO4. Upon temperature increase
from 5 K to 300 K, the only noticeable changes are ob-
served in the positions of vibrational bands. They shift
slightly due to lattice expansion and anharmonic effects
that reflects the rigidity of the tungstate lattice. No new
bands are observed in Fig. 3 that confirms the absence of
any structural phase transition in NiWO4 and CoWOQO4 at
atmospheric pressure from 5 to 300 K. Finally, we did not
observe in our polycrystalline NiWOg4 sample any absorp-
tion related to magnetic excitations at 119 cm_l, which
was found previously in [24]. Also no AFMR modes, ob-
served in [24] at 67 and 79.3 cm_l, were found in IR-
spectra of CoWO4.

At the end, we note that this article is another example
of the use of synchrotron radiation, which we have used in
our previous papers for study of the VUV spectroscopic
properties of NiWO4 [37,38].

Conclusions

Temperature dependent (10-300 K) far-infrared (30—
600 cmfl) study of polycrystalline monoclinic NiWO4
was performed in comparison with isomorphous CoWO4
and ZnWOy4 tungstates using the synchrotron radiation
from SOLEIL source. The phonon contributions into far-
IR absorption spectra of tungstates were successfully in-
terpreted using the first-principles spin-polarized LCAO
calculations. Weak temperature dependence of the far-IR
absorption in NiWO4 and CoWO4 was found and attri-
buted to the rigidity of their lattices. At the same time, no
magnetic contributions were observed down to 5 K in
both tungstates.

This work was supported by Latvian Science Council
Grant No. 187/2012. The infrared measurements have been
supported by synchrotron SOLEIL (Proposal 20110863).
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