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Abstract

Knowledge of symmetries of vibrational modes is essential for understanding

the mechanism of structural transitions and spin‐phonon coupling in

multiferroics where phonons play a vital role. Using polarized Raman spectros-

copy, we have identified and assigned symmetries of 30 out of the 36 expected

Raman active modes in Ni3V2O8. The zone‐centred phonon mode

wavenumbers are calculated using ab initio calculations. The gerade mode

wavenumbers are compared with our polarized Raman data whereas ungerade

mode wavenumbers are compared with the reported infrared measurements

and a good agreement was observed between the experimentally measured

wavenumbers and the calculated wavenumbers. The displacements of different

types of vibrations calculated and visualized using ab initio phonon calculation

are presented. These assignments will be useful for visualization of Raman

modes that may be sensitive to different magnetic states and to explore spin–

lattice coupling across magnetic transitions.
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1 | INTRODUCTION

Magnetic frustration systems are multiferroic materials in
which magnetism and ferroelectricity may coexist and
interact with each other. In the search of multiferroic
materials, the magnetic‐frustrated system Ni3V2O8

(NVO) is one of the most investigated material.[1–8] The
compound NVO is paramagnetic at ambient conditions
and shows several magnetic phase transitions at low tem-
peratures. Below 9.8 K, incommensurate (IC) sinusoidal
spin structure appears that changes to helical spin struc-
ture below 6.5 K, and a commensurate magnetic structure
appears below 3.9 K.[1,2,7] The magnetic ordering drives
the ferroelectric order that appears in the temperature
range of 3.9–6.5 K with a spontaneous polarization along
the b‐axis and forms a type II multiferroic material and
wileyonlinelibrary.com
has been the matter of investigation recently.[2–4] It is
speculated that small lattice displacements due to con-
trolled introduction of lattice strain can tune the ferro-
electricity, and it is reported that ferroelectricity can be
completely suppressed to 6.2 K by applying pressure.[5]

Many of the magnetic transitions, especially in type II
multiferroics, involve coupling of spin with phonons,
which can be probed spectroscopically. A detailed Raman
spectroscopic study can reveal the interplay of structure
and magnetic and ferroelectric properties. Hence, several
magnetic‐ and spin‐frustrated systems are extensively
explored using Raman spectroscopy across the transition
temperature with an interest of phonon‐spin anomalies.
Local changes in bond length and bond angles across
magnetic/ferroelectric transitions manifest themselves as
changes in phonon wavenumbers. Information about
© 2019 John Wiley & Sons, Ltd./journal/jrs 587
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the symmetry of the modes is essential for understanding
any phonon‐assisted phenomena such as structural
transitions involving phonon softening or spin‐phonon
coupling. Even origin of stimulated Raman scattering in
PbB4O7 is identified by a polarization‐dependent studies
on single crystals.[9] In the series RCrO3 (R = La, Pr,
Nd, and Sm),[10] evolution of phonon wavenumber as a
function of orthorhombic distortion and mode‐mixing
behaviour was understood using assignment of vibra-
tional modes by polarized Raman study. A detailed
Raman and FTIR investigations on Na2Ti3O7 enabled
assignments of all the vibrational modes, which is useful
for technological applications of the compound.[11] Polar-
ized Raman investigation has explained the temperature‐
dependent phase transitions in single crystals of
Sc3CrO6,

[12] and assignment of not only phonons but also
magnons was done in CuB2O4 using polarized Raman
spectroscopy.[13] It has been used to understand the
mechanism of ferroelectric to paraelectric transition in
bulk BaTi2O5

[14] as well as in thin films.[15] Many mag-
netic systems have been explored using Raman spectros-
copy across magnetic transitions with the interest of
phonon‐spin anomalies. Although CaFe2O4 has shown
no phonon anomaly near transition temperature,[16] the
anomalies close to the transition temperature are
discussed in PrMnO3, NdMnO3, TbMnO3, and DyMnO3

using polarized Raman spectroscopy[17] and the phonon
anomalies observed in BaFe2As2,

[18] which are attributed
to spin–lattice electronic coupling. Polarized Raman
measurements enabled observation of transient lattice
disorder in very narrow temperature intervals at the onset
of the multiferroic ordering in Eu(1‐x)HoxMnO3

[19] and
Higgs modes in the 2‐D antiferromagnet Ca2RuO4 provid-
ing strong evidence for excitonic magnetism in it.[20]

Recently, polarization‐dependent micro‐Raman studies
are shown to be useful for assignment of Raman modes
even in polycrystalline ceramics.[21]

In NVO, information of vibrational symmetry modes
is available only for the infrared (IR) modes.[6] A detailed
inelastic neutron‐scattering measurement has reported
phonon density of states, and polarized IR spectroscopic
study has given the symmetries of IR modes along with
first principles calculations of IR wavenumbers.[6]

Temperature‐dependent infrared spectroscopic studies
have indicated that the lattice is flexible and sensitive to
magnetic transitions.[8] Though there exists report on
Raman study on NVO and its solid solutions with
substituted Co, Cu, and so forth,[22–24] the symmetries of
Raman active modes are not reported. The symmetries
of Raman active modes of a similar compound SrNi2V2O8

have been identified by using polarized Raman spectros-
copy,[25] but it crystallizes into a tetragonal phase where
as NVO is orthorhombic[26] at ambient conditions. The
observation of lesser number of modes in SrNi2V2O8 than
group theoretically predicted number is modelled on the
basis of the local symmetry considerations.

Here, we report polarized Raman spectroscopic mea-
surements carried out on single crystal of Ni3V2O8 to iden-
tify the symmetry of Raman active modes and ab initio
DFT calculations. The IR mode wavenumbers and their
symmetries are also computed using ab initio calculations,
which are then compared with the existing report.[6]
2 | EXPERIMENTAL DETAILS

Polycrystalline NVO is synthesized by solid‐state reaction
by using stoichiometric amounts of NiO and V2O5.
Raman spectroscopic measurements have been carried
out by using ~15 mW, 532 nm laser. The backscattered
light is analysed using in‐house 0.9‐m single monochro-
mator[27] coupled with an edge filter and detected by a
cooled CCD with sample in vertical geometry.

Single crystal of NVO was grown by floating zone
technique in a four‐mirror image furnace, which is
described in detail in Balakrishnan et al[28] and aligned
by X‐ray Laue method. For polarized Raman spectro-
scopic measurements, we have mounted the oriented
single crystal of size 2 × 2 × 1 mm3 on a goniometer for
finer alignment. The back‐scattered light from single
crystal in different geometries is selected through
analyser. Raman spectra at 77 K were recorded using a
Linkam temperature Stage (THMS‐600) for polycrystal-
line as well as for single crystal. Polarized Raman spectra
were recorded in six orientations at room temperature
and in selected geometry at 77 K.
3 | CALCULATION DETAILS

The lattice dynamics calculations have been performed
using ab initio method. Density functional theory (DFT)
has been shown to describe the structural and lattice
dynamical properties of material using pseudo potentials
and plane wave basis sets. The phonon wavenumbers
have been calculated in the framework of density
functional perturbation theory (DFPT).[29] The relaxed
geometries and total energies were obtained using the
projector‐augmented wave (PAW) formalism[30,31] of
the Kohn–Sham density functional theory,[32,33] within
the generalized gradient approximation (GGA), imple-
mented in the Vienna ab initio simulation package
(VASP).[34] The GGA was formulated by the Perdew–
Burke–Ernzerhof (PBE) density functional.[35] The
valence electronic configurations of Ni, V, and O as used
in calculations for pseudo potential generation are p6d8s2,
s2p6d3s2, and s2p4, respectively. We have performed spin‐
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polarized calculations in antiferromagnetic structure. The
on‐site Hubbard correction is applied on d‐ orbital of Ni
and V using the Dudarev approach[36] using Ueff = 3.25
and 6.24 eV, respectively. These Ueff values are obtained
from reference,[37] which reproduces the closest experi-
mental structure as well as the zone centre phonon
wavenumbers.

All results were well converged with respect to k‐
mesh and energy cut‐off for the plane wave expansion.
The break conditions for the self‐consistent field (SCF)
and for the ionic relaxation loops were set to 10−8 eV
and 10−5 eV Å−1 respectively. The latter break condition
means that the obtained Hellmann–Feynman forces are
less than 10−5 eV Å−1. A 4 × 4 × 4 k‐point mesh for the
Brillouin zone integration was found to be suitable for
the required convergence. The energy cut‐off was set to
800 eV.
4 | RESULTS AND DISCUSSION

4.1 | Irreducible representation and
polarization‐selection rule for polarized
Raman spectroscopy in NVO

The crystal structure of NVO at ambient conditions is
orthorhombic with space group Cmca (No. 64),
Z = 2.[26] It consists of edge‐sharing NiO6 octahedra and
VO4 tetrahedra with one type of VO4 tetrahedra and
two types of NiO6 octahedra. As there are two formula
units per unit cell at ambient conditions, there are 78 nor-
mal modes in NVO. The symmetries and wavenumbers of
FIGURE 1 Raman spectra of polycrystalline NVO and single crystal

can be viewed at wileyonlinelibrary.com]
these normal modes can be obtained by diagonalizing the
dynamical matrix using the site symmetry information of
each atom in the unit cell. These individual diagonalized
modes are called as irreducible representations. Though
group theoretical transformations in irreducible represen-
tations of symmetry modes in NVO are reported,[3,6,22] we
have determined these transformations using nuclear site
group analysis described in Rousseau et al.[38]

From reported X‐ray diffraction data, the structure of
NVO consists of Ni1 atom occupying 4a Wyckoff posi-
tion, the 8e Wyckoff position is occupied by Ni2 atom,
8 f Wyckoff position is occupied randomly by V1, O1
and O2 atoms, and 16g Wyckoff position is occupied by
O3 atom.[3,6,22] Following the nuclear site group analysis
described in Rousseau et al[38] for space group Cmca, it
gives the point group symmetry for all these Wyckoff
positions and the transformation in the corresponding
irreducible representations. The transformations obtained
in irreducible representations along with the Wyckoff
position of different atoms are tabulated in Table S1. This
table shows that the dynamical matrix transforms in to 78
non‐degenerate irreducible representations. The total
transformations are as follows

Г ¼ 10Ag þ 8B1g þ 7B2g þ 11B3g þ 8Au þ 13B1u þ 12B2u

þ 9B3u:

As NVO is a centro‐symmetric compound, its IR and
Raman active modes will be mutually exclusive. The three
ungerade B1u, B2u, and B3u symmetry modes are acoustic,
the 31 ungerade B1u, B2u, and B3u symmetry modes are
IR active, and the remaining eight ungerade Au symmetry
NVO in different orientations at ambient conditions [Colour figure

http://wileyonlinelibrary.com


TABLE 1 Raman mode wavenumbers and their symmetries at ambient conditions obtained from polarized Raman spectroscopy and

comparison of it with gerade modes calculated by ab initio calculations at zone centre

Symmetry
Mode
index

Wavenumber (cm−1)

Polarized Raman experiment Calculated (gerade modes at zone centre)

Ag 1 123 125

Ag 9 213 248

Ag 12 271 274

Ag 15 320 342

Ag 17 348 382

Ag 21 401 440

Ag 24 469 492

Ag 25 641 658

Ag 27 799 802

Ag 30 825 839

B1g 2 135 128

B1g 3 157 157

B1g 6 177 211

B1g 16 328 323

B1g 18 351 359

B1g N.O. 384

B1g 22 413 434

B1g N.O. 784

B3g 5 168 176

B3g 8 210 201

B3g 10 256 260

B3g 11 230 268

B3g N.O. 339

B3g 19 378 412

B3g 20 390 422

B3g N.O. 483

B3g 26 675 685

B3g N.O. 824

B3g 29 806 845

B2g 4 166 163

B2g 7 186 226

B2g 13 283 321

B2g 14 291 339

B2g 23 455 469

B2g N.O. 480

B2g 28 805 796

Note. Peaks are indexed with integers in the spectra in increasing order of wavenumber. N.O.: modes that are not observed.
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FIGURE 2 Raman spectra of polycrystalline NVO and single crystal NVO in X (YY)X and X (YZ)X geometries at 77 K [Colour figure can be

viewed at wileyonlinelibrary.com]
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modes are optically inactive. The 36 gerade Ag, B1g, B2g,
and B3g symmetry modes are all Raman active.

Raman modes of a solid and the Raman tensor
associated with it are dependent on the symmetry of the
crystal. The form of the Raman tensor will give the
direction of polarization of scattered light, and non‐
vanishing entry in its matrix is a pre‐requisite to observe
a Raman mode. However, intensity of the Raman mode
will also depend on various other factors such as wave-
length of the excitation source and detector response at
that wavelength.

The 36 Raman active modes in NVO that transform
with following symmetries

ГRaman ¼ 10Ag þ 8B1g þ 7B2g þ 11B3g:

The matrix notations of Raman tensors of these
symmetries are taken fromLoudon,[39]which are as follows

Ag ¼
a 0 0

0 b 0

0 0 c

2
64

3
75 B1g ¼

0 d 0

d 0 0

0 0 0

2
64

3
75

B2g ¼
0 0 e

0 0 0

e 0 0

2
64

3
75 B3g ¼

0 0 0

0 0 f

0 f 0

2
64

3
75:

As the present crystal system is an orthogonal system
and these matrices are mutually orthogonal, it is possible
to orient the single crystal such that both the laboratory
frame and crystal frame can have common axes. From the
non‐zero entries in thesematrices, it is clear that the Raman
spectra recorded in the geometriesX (YY)X ,X (ZZ)X , Y (XX)

Y , Y (ZZ)Y , Z (XX)Z, and Z (YY)Z will have modes of only
Ag symmetry. To get the modes of symmetries B1g, B2g, and

B3g, we need to record the Raman spectra inZ (XY)Z, Y (ZX)

Y , and X (YZ)X geometries, respectively.
4.2 | Polarized Raman spectroscopy and
symmetry of Raman active modes in NVO

Raman spectra of single crystal NVO in different geome-
tries are shown in Figure 1 along with the Raman spectra
of polycrystalline NVO at ambient conditions. The spectra
match well with the reported.[22–24] In our present study
with better resolved spectra, we have identified the sym-
metries of 30 observed modes using polarized Raman spec-
troscopy. The modes between 500 and 900 cm−1are
predominantly due to V‐O stretching but because O‐atoms
are also connected to Ni atoms, these modes are mixed
with some Ni‐O stretching/bending. The modes between
200 and 500 cm−1 are O‐V‐O and O‐Ni‐O bending modes.
The modes below 200 cm−1 are rigid motions of NiO6

octahedra and VO4 tetrahedra.
For identifying the symmetric modes (Ag), we have

recorded the Raman spectra in three geometries X (YY)

X , Y (ZZ)Y , and Z (XX)Z, and the normalized spectra
are shown in Figure 1. Raman spectra in these three
geometries clearly provided us all the expected modes of
Ag symmetry, which are indexed as shown. Some very
weak peaks appearing in these three spectra are due to
leakage of strong antisymmetric modes, which could be
due to slight mis‐orientation.

http://wileyonlinelibrary.com


TABLE 2 The calculated wavenumber of ungerade modes and

their comparison with reported[6] infrared data and ab initio

calculations

Reported[6] Calculated
(ungerade
modes at

zone
centre)Experiment (IR) Ab initio calculation

B1u N.O. 143 129

B1u 188 185 186

B1u 219 213 212

B1u 257 253 259

B1u 303 302 296

B1u 323 314 346

B1u N.O. 331 355

B1u 373 376 396

B1u N.O. 455 485

B1u 629 665 650

B1u 787 816 794

B1u 825 833 827

B2u 174 172 155
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For identifying the B1g, B2g, and B3g symmetry modes,

we have recorded the Raman spectra in Z (XY)Z, Y (ZX)Y ,

and X (YZ) X geometries, respectively, which are also
represented in Figure 1. It is clear from Figure 1 that
we have identified six out of eight expected modes of
B1g symmetry, six out of seven expected modes of B2g

symmetry, and eight out of 11 expected modes of B3g

symmetry. The modes are indexed with the integers as
shown in Figure 1. In all these spectra, the appearance
of symmetric mode can also be seen but are weak. The
mode wavenumbers along with the symmetries of these
modes are listed in the Table 1.

Figure 2 represents Raman spectra of single crystal

NVO in X (YY)X and X (YZ)X geometries along with poly-
crystalline NVO at 77 K. There is not much difference
between the Raman spectra at 77 K and at ambient condi-
tions except for the mode separation, which is consistent
with the report that there is no structural change in NVO

up to 77 K. The Raman spectra recorded in X (YY)X and

X (YZ)X geometries at 77 K have given the same number
of modes of symmetries Ag and B3g, respectively, as
obtained at ambient conditions. In this case, the peaks
are better resolved, which clearly confirms the existence
of nearly overlapping modes at ambient conditions. The
modes are indexed similar to that at ambient conditions.

Finally, we have identified 30 out of 36 expected
Raman active modes and assigned their symmetries.
The reason of not observing the remaining modes
(2B1g, 1B2g, and 3B3g) could be due to of their weak
intensity or their overlapping with other modes due to
accidental degeneracy.
B2u 201 196 198

B2u 224 221 249

B2u 290 291 285

B2u 329 320 350

B2u 323 327 355

B2u 407 405 437

B2u 453 449 476

B2u 631 676 654

B2u 810 829 819

B2u 881 892 851

B3u N.O. 148 132

B3u 203 197 189

B3u 240 243 244

B3u 309 313 346

B3u 335 337 371

B3u 370 376 403

B3u 424 425 439

B3u 787 808 795
4.3 | Ab initio calculations of zone centre
phonons in NVO

The compound NVO is known to exhibit a rich magnetic
phase diagram with temperature. It shows high‐ and low‐
temperature incommensurate (IC) phases (HTI and LTI)
and two commensurate (C and C′) spin structures.[1,7]

The magnetic structure in these phases is noncollinear.
Yildirim et al[6] have performed the calculation in collin-
ear magnetic structure, but we have found that in antifer-
romagnetic configuration, collinear calculation breaks
the symmetry of the structure. In order to preserve the
symmetry, we have performed magnetic structure calcu-
lation in noncollinear spin configuration. There are only
a few antiferromagnetic configurations other than ferro-
magnetic configuration allowed to retain the orthorhom-
bic structure of NVO. In Figure S1, we have described the
antiferromagnetic structure used in the calculation where
the spin direction of Ni1 is along a‐axis, whereas Ni2 spin
lies along b‐direction to retain the orthorhombic
symmetry. We have relaxed the structure in this antifer-
romagnetic configuration, and the relaxed structural
parameters are given in Table S2. We have found a good
agreement with the reported measurements.[26] Some of
the zone centre phonon wavenumbers show marginal
change in wavenumber in different magnetic states.



FIGURE 3 Computed atomic displacement for some of the prominent modes of NVO. The structure consists of three types of polyhedral

units. VO4 tetrahedral units are shown by yellow colour, and two different nickel octahedral units Ni1O6 and Ni2O6 are shown by blue and

green colour, respectively. V: yellow; Ni1: blue; Ni2: green; O: red [Colour figure can be viewed at wileyonlinelibrary.com]

KESARI ET AL. 593
The mode wavenumbers with gerade symmetry are
tabulated in Table 1 and compared with the present
polarized Raman measurements. The ungerade symmetry
modes other than optically inactive Au modes are tabu-
lated in Table 2, which is compared with the previous
available measurements and calculations.[6] We have
found a fair agreement between calculation and present
measurements. The calculated optically inactive modes
of symmetry Au are tabulated in Table S3. In Figure 3,
we have shown the displacement pattern of a few phonon
modes prominently observed in Raman measurements.
The displacement pattern of the highest energy Ag mode
at 839 cm−1 shows the stretching of V‐O bonds in VO4

polyhedral units. As structure of Ni3V2O8 consists of
corner‐shared polyhedral units of Ni1O6 (blue octahedral
units in Figure 3), Ni2O6 (green octahedral units
in Figure 3), and of VO4 (yellow tetrahedral units in
Figure 3), the dynamics of V‐O stretching will also rotate
the nickel octahedral units. Another high energy mode
that is prominent in Raman measurements is at 685 cm
−1 of B3g character. This mode involves the
displacement of one tetrahedral oxygen, whereas other
oxygens are almost at rest. This kind of dynamics will
form asymmetric stretching of VO4 polyhedral units. This
will also cause distortion and rotation of nickel octahe-
dral units. The B1g mode at 359 cm−1 will involve bending
of O‐Ni‐O bonds as well as rotation of Ni1O6 units and
stretching of Ni‐O bonds in Ni2O6 units. However, the
VO4 units show distortion due to V‐O stretching and
O‐V‐O bending. Interestingly, the B2g mode at 163 cm−1

involves only Ni dynamics in Ni2O6 unit, whereas other
atom displacements are insignificant. The displacement
of Ni will form asymmetric stretching of O‐Ni‐O linkage.
The displacements of all the 75 optical modes are shown
in the Supporting Information as in Figure S3. This visu-
alization of Raman modes will be useful in interpreting
changes taking place across magnetic transitions and to
investigate spin–lattice coupling.
5 | CONCLUSION

With polarized Raman spectroscopic studies, we have
assigned 30 out of 36 Raman active modes in NVO. These
measurements are further supported by ab initio calcula-
tions of zone‐centred phonon wavenumbers. Calculated
wavenumbers are in fair agreement with Raman and IR
measurements. We have identified symmetries of various
Raman and IR active modes and provided the displace-
ment pattern of these vibrational modes. The information
of symmetries of these Raman and IR active modes will
be useful for predicting phonon behaviour and hence
the properties of the compound under different thermo-
dynamic conditions.

http://wileyonlinelibrary.com
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