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Abstract

We report the first Raman spectra for the vanadates with chemical formula

MV2O6 (M =Mn, Co, Ni, Zn) crystallized in a columbite-type structure (Pbcn

space group). The columbite-type structure, which is quite unusual for the

compounds MV2O6, was obtained by synthesis at high temperature and pres-

sure from precursor powder samples in either P1 or C2/m structures. The cell

parameters, interatomic distances, and distortion indexes of the octahedra in

the Pbcn structure, were obtained from the Rietveld refinement of powder X-

ray diffraction patterns measured at room temperature for each sample. The

Raman modes were obtained from high quality spectra recorded in the range

of wavenumbers between 50 and 1170 cm−1; these were assigned by compari-

son with the known spectra of the isostructural niobates MNb2O6. Common

sequences of peaks can be identified in the Raman spectra of all the studied

samples, but the position of those peaks in wavenumber ω̄ does not follow the

behavior that is expected from looking only at the interatomic distances between

the atoms involved in the vibration. The influence of the electronegativity of

the atoms M in the force constants of the V-O bonds is proven in the evolution

of the Ag Raman mode observed at the highest wavenumber.
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1. Introduction

It is well known in condensed matter that changing the crystal structure of

one compound can radically change its physical properties even though the stoi-

chiometry remains the same. For this reason, in the search for new technological

capabilities and physical phenomena, studying the polymorphism of materials5

can be a complete field of study. The macroscopic properties of a chemical

compound depend on how the atoms interact at the microscopic level, and so

the study of the structural arrangements which are the result of transforming

the crystal form is the first step to understand and control those properties.

The Raman spectrum acts as a fingerprint for both purity in chemical composi-10

tion and crystal structure of one compound [1, 2], and so it can be extensively

used for characterizing new materials and phase transitions as the works in Refs.

[3, 4, 5, 6, 7, 8] show. Even though both, infrared (IR) and Raman spectroscopy

probe the interatomic interactions through the phononic modes of vibration, in

the oxides, the IR active modes are in general broader and impose bigger data15

treatment to extract their positions when compared to Raman spectroscopy.

Thus, to follow the modification of phonon modes from one material to another

or from the responses to one or other external parameter in these materials,

Raman spectroscopy is more suitable. Moreover, Raman spectra do not suffer

interference from extrinsic factors as the humidity of the environment, and it20

does not need an extensive sample preparation or exposition time, thus letting

process and classify several samples in a short period of time. Here we will study

the vibrational spectrum of some transition-metal oxides of the family MB2O6

(M and B are divalent and pentavalent cations, respectively) crystallised in a

new structural form which is not conventional for these compounds.25

When B =V in the formula MB2O6, these compounds are part of the so

called “vanadate” phases. When synthesised at room pressure these vanadates
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are found to adopt low symmetry structures such as triclinic P1 for M =Cu,

Ni or monoclinic C2/m for M =Mg, Mn, Cd and Zn [9, 10]; when M =Co

the structure can be triclinic or monoclinic depending on the temperature of30

synthesis [11, 12, 13]. By high pressure and temperature (HPHT) synthesis,

some of these vanadates can be obtained in an orthorhombic structure with

the Pbcn space group [14, 15, 16]; this is the columbite-type structure, typical

of the room-pressure synthesised niobates (MB2O6, B =Nb). Previously, we

reported the first Raman spectrum for the Pbcn NiV2O6 [16], and here we35

report the Raman spectra of Pbcn MnV2O6, CoV2O6 and ZnV2O6. To the

best of our knowledge, this is the first report on the Raman spectra of these

compounds crystallised in this specific structure. As we will expose below in this

manuscript, different ions in the M position confer different physical properties

that imply different uses for each of these compounds. With this study, we40

intend to explore the differences observed on the Raman spectrum when the M

position is occupied by ions of magnetic (mainly Co and Ni) and not magnetic

nature (Zn). Here, it is also possible to verify if the changes provoked in the

interatomic vibrations by ions with different atomic numbers and electronic

distribution are or not systematic which can be useful at the time of tuning45

properties for specific technological applications.

The columbite structure is formed by chains of oxygen octahedra surrounding

both the M+2 and B+5 cations which run along the crystallographic c axis.

Along the a axis, the MO6 and BO6 octahedra are stacked in a sequence M −

B − B − M as shown in Fig. 1 for the case M =Co. The oxygen atoms are50

located in the structure at one of the three non-equivalent positions, O1, O2,

O3, signaled by different colors in Fig. 1, and three types of B−O bonds can

be distinguished [17]:

� Chain-type: bonding between two BO6 octahedra belonging to different

chains.55

� Bridge-type: bonding between two BO6 octahedra along one chain.

� Terminal-type: bond between one BO6 and one MO6 octahedra.
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As it can be seen in the right inferior corner of Fig. 1, in the columbite

structure the VO6 octahedra are formed by one bond of terminal-type (V-Ot),

two of bridge-type (V-Ob), and three of chain-type (V-Oc). The distortion of60

these octahedra can be measured by the polyhedral distortion index which is

defined in Ref. [18, 19] as ∆ = n−1
∑n

i (
di−d
d

)2; n is the coordination number

of the polyhedron central atom (n = 6 in our case), and d is the mean distance

between the central atom (M or V) and its first neighbors, i.e. the oxygen atoms

forming the octahedron.65

Figure 1: Unit cell of columbite-CoV2O6. Note the stacking Co-V-V-Co along the a axis. The
small figure at top-right shows the chain of VO6 octahedra along the c axis; the polyhedron
at low-right shows the VO6 octahedron with oxygen atoms forming bonds of type terminal,
Ot, bridge, Ob, or chain, Oc (see text) drawn in red, green and yellow, respectively.

Vanadium is a multivalent metal that forms a large number of different sta-

ble oxides and metastable phases with a huge range of technological applications

[20]. Among the transition metal vanadates, monoclinic MnV2O6 [21] has been

investigated with success in the search for a single band-gap material that ab-

sorbs visible light and efficiently drives the photocatalytic hydrogen and oxygen70

production from hydrolysis. Recent studies on the triclinic form of NiV2O6

have also proved it as a visible- light-active photoanode for photoelectrochemi-

4



cal (PEC) water oxidation [22]. The monoclinic forms of MnV2O6 and ZnV2O6,

this last in micro/nanostructures, have been synthesized as anode materials for

lithium batteries [23, 24]. Besides, nanosheets of ZnV2O6 allow an enhanced75

photocatalytic CO2 reduction with H2O to solar fuels [25]. It can be inferred

from the results in Ref. [26] that, while keeping ambient temperature, these

properties of the of ZnV2O6 could be exploited at pressures up to 15 GPa since

its monoclinic C2/m crystal structure remains stable at least up to that value;

at higher pressures, Tang et al. showed that a C2 phase appears to coexist with80

the C2/m ZnV2O6 when the pressure is kept between 16.6 and 16.9 GPa, and

it is only C2 at pressures P&17 GPa [5], where probably some of the physical

properties are modified. To finish, studies on the magnetic properties of both

monoclinic and triclinic forms of CoV2O6 propose it as a suitable material for

magnetic refrigeration due to its larger magnetic entropy and adiabatic tem-85

perature change when submitted to magnetic fields of moderate intensity [27].

Motivated by this rich phenomenology, we present here the first study on the

atomic vibrations spectra in a new structural phase of these oxide vanadates;

with this we hope motivating further research on the physical phenomena oc-

curring in these compounds and their possible uses.90

2. Experimental details

Polycrystalline samples of MV2O6 (M =Mn, Co, Ni, Zn) with columbite-

type crystal structure were produced by submitting pure-phase precursor pow-

ders with the same chemical formula of the products to temperatures between

700 and 900 � and pressures between 5.5 and 6.7 GPa in presses of Belt95

and Conac types [28]. The specific synthesis conditions for each sample are pre-

sented in Table 1. In all cases the processing was done in 60 min at the maximal

temperature and pressure followed by a rapid cooling to room temperature.

The structure of the samples was probed by reducing them to a fine powder

to perform powder X-ray diffraction (XRD) measurements at room tempera-100

ture. For samples with M =Co and Ni the measurements were performed in a
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Table 1: Synthesis parameters used to obtain samples of MV2O6 in the Pbcn phase. The
space group of the precursor powder (Precursor sym.) is indicated in each case.

M Precursor sym. P (GPa) T (�)
Mn C2/m 5.8 800
Co P1̄ 5.5 700
Ni P1̄ 5.9 900
Zn C2/m 6.7 900

Bruker D8 Endeavor diffractometer in the Bragg-Brentano geometry; for sam-

ples with M =Mn and Zn, these were done in a Siemens D5000 diffractometer

in transmission geometry. In both cases, bichromatic Cu-Kα1,2 radiation was

used. To obtain the structural parameters, the diffraction patterns were refined105

using FULLPROF program [18] by using the Rietveld method and considering

pseudo-Voigt shaped peaks. The used refinement method followed the proce-

dure described in Ref. [29] The figures showing the crystalline structure were

made in VESTA [30] using the atomic position parameters derived from the

Rietveld analysis.110

The micro-Raman measurements were carried out at room temperature and

pressure in a custom-built spectrometer at the “Institut Néel”. The monochro-

mator used was an ACTON Spectra Pro 2750 with a 1800 mm−1 grating blazed

at 500 nm and a Pylon eXcelon CCD camera with 50 µm entrance slit provid-

ing a resolution of 0.03 nm, or 1.09 cm−1; a set of three Bragg filters BNF-115

Optigrate was used in order to reject the excitation of the 514.4 nm (Cobolt

Fandango) laser. The spectra were recorded in backscattering geometry with a

40x objective used both to focus the incident laser beam and to collect the scat-

tered light. The spectrometer was calibrated in wavenumber by using the lines

540.056, 585.249, 588.190, 594.483 and 597.553 nm of the Princeton-Instrument120

Ne-Ar lamp. The measurements were carried out with a laser power of around

W ∼ 0.6 mW; this value was measured on the collimated laser beam before the

objective with a silicon power head calibrated at 514 nm. The laser power was

set in order to avoid any influence of laser heating on the Raman spectra. This
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was done by monitoring that not visible changes with time were observed in125

the spectrum while the data were being acquired, and by verifying the repro-

ducibility of the spectrum when measured at different values of the laser power.

The samples with M =Mn, Co, were measured by performing a mean of two

acquisitions of 120 s each. In the case M =Ni we used two frames of 240 s

each, and in the case M =Zn three frames of 205 s were taken. In all cases130

measurements at several spots on the sample were taken in order to assure that

the spectra were reproducible.

3. Results and discussion

The Rietveld refinement of the XRD data was completed in all cases by

including only one columbite-type structural phase. The cell parameters and135

their standard deviation deduced from Rietveld refinements as defined in Ref.

[31] are reported in Table 2. Note that the parameters reported here are the ones

that serve to interpret the Raman spectroscopy data, which will be presented

further in this manuscript. A more complete set of structural information for

orthorhombic MnV2O6 and NiV2O6 is in Refs. [15] and [16], respectively, while140

the atomic positions and other structural parameters for orthorhombic CoV2O6

and ZnV2O6 will be reported elsewhere. Among the three cell parameters of

the orthorhombic cell, the main change occurs along the a axis which reduces

by 3.1% between the vanadate with M =Mn and the one with M =Ni. The

lengths of the b and c axes reduce by around 1.3% when going from MnV2O6145

to NiV2O6 while the volume of the cell reduces by 5.6%. The values of ionic

radii calculated in Ref. [32] for divalent cations with coordination number six

are 0.83, 0.75, 0.69 and 0.74 Å for Mn+2, Co+2, Ni+2 and Zn+2, respectively;

then, Mn+2 and Ni+2 correspond to the two extreme values of ionic radius of

the series studied here and so the reduction of the cell volume can be explained.150

However, it is curious to observe that the length of the a and b−axes, and the

volume of the cell, depend linearly not on the ionic, but on the covalent radius

of cation M ( rM ) as it is shown in Fig. 2.
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Table 2: Cell parameters of the studied samples of MV2O6 (M = Mn, Co, Ni, Zn) crystallised
in the Pbcn-space group. The data are derived from room temperature XRD patterns. The
errors are the statistical ones coming from the Rietveld refinement; experimental errors are
not included.

M Mn Co Ni Zn

a (Å) 13.7722(7) 13.4785(2) 13.3518(2) 13.590(2)
b (Å) 5.6004(3) 5.5495(1) 5.5252(1) 5.6012(9)
c (Å) 4.8779(3) 4.8344(1) 4.8145(1) 4.8371(8)

Vol (Å3) 376.24(4) 361.61(1) 355.166(8) 368.2(1)
RP (%) 6.6 6.16 9.71 18.7
RWP (%) 8.1 7.85 12.4 9.2
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Figure 2: Evolution of the unit cell size with covalent radius of atom M . Statistical errors are
below the size of the markers.
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Table 3: Interatomic V-O, and M−O, distances in the columbite-type MV2O6 samples studied
here. Ot, Ob, and Oc correspond to oxygen atoms in position terminal, bridge, and chain,
respectively (see text for more details). The distortion indexes ∆V,M of the VO6 and MO6

octahedra are also presented.

M Mn Co Ni Zn

dV-Ot
(Å) 1.47(1) 1.75(3) 1.65(2) 1.77(7)

< dV-Ob
> (Å) 1.97(2) 1.93(4) 1.92(2) 2.09(2)

< dV-Oc
> (Å) 1.96(2) 1.97(4) 1.97(4) 1.96(2)

∆V (10−3) 10.7(1) 4.3(1) 7.0(1) 15.0(1)

< dM-O > (Å) 2.264(3) 2.046(8) 2.073(7) 2.04(3)
∆M (10−3) 6.3(1) 0.8(1) 0.1(0) 6.2(1)

We calculated the set of interatomic distances and distortion indexes ∆ re-

ported in Table 3 which are useful to interpret the data. For the VO6 octahedra155

the reported interatomic distances are: the distance between the vanadium atom

at the center and the oxygen atom in the terminal position, dV-Ot
, the mean

distance of the two V-Ob bonds, < dV-Ob
>, and the mean distance of the three

V-Oc bonds, < dV-Oc
>. For the MO6 octahedra, the reported value is the

mean distance between the central M−cation and its six first neighbor oxygen160

atoms, < dM-O >.

Looking at the values reported in Table 3, one can note that taking into ac-

count the error, distances < dV-Oc
> and < dV-Ob

> remain essentially the same

for all cationsM . On the other hand, dV-Ot
show variations which do not change

systematically with the ionic radius of the cation M . This non-systematic vari-165

ation is also observed in distance < dM-O >; however, it is interesting to note

that the variation of < dM-O > is opposite to the one observed in dV-Ot
. This

puts in evidence the influence of the cation M on the V-O bonds, specially on

the V-Ot one. In addition, the distortion indexes of the octahedra, ∆V and

∆M indicate that the octahedral units of the vanadates MV2O6 in the Pbcn170

structure exhibit a more regular shape when M =Co or Ni than when M = Mn

or Zn. In the case of M = Mn+2 it is straightforward to think that there is a

cost on the symmetry of the basic units of the structure to accommodate such

a large ion. As seen in the previous paragraph, the ionic size of Zn+2 is almost
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the same than that of Co+2 (∼ 0.75 Å) and so the penalty in distortion index175

of the VO6 and MO6 octahedra in the ZnV2O6 with respect to CoV2O6 must

be due to different physicochemical factors.

The measured Raman spectra for the Pbcn MnV2O6, CoV2O6, NiV2O6 and

ZnV2O6 are presented in Fig. 3. From top to bottom the mass of M cation

tends to increase whereas its size decreases from M =Mn to M =Ni and it180

increases again for M =Zn [32]. The spectra for samples with M =Mn, Co

and Zn are reported for the first time, while that for M =Ni is recalled from

our previous work recently published in Ref. [16]. We can first observe in Fig.

3 that the four recorded Raman spectra present strong similarities both in the

position in wavenumber (ω̄) of bands as well as in their intensity. In all cases185

the tallest peak occurs in the region ω̄ ≥ 500 cm−1 and, as it is much taller than

any of the peaks in the region ω̄ < 500 cm−1, these two regions are presented

separately in Fig. 3, and the vertical axis is normalised to the height of the

tallest peak in each region. In the low-wavenumber part of the spectra, even if

we expect to observe many Raman modes that can make difficult to follow a190

specific mode, the global shape is preserved and it is still possible to identify

modes which are common to all spectra independently of the cation M .

From group theory and atomic positions in the MB2O6 compounds (atom

M Wyckoff position 4c, atoms B and O Wyckoff position 8d) with columbite

structure, we expect 54 Raman active modes distributed in 13 symmetric modes195

(Ag), and 41 asymmetric modes (14 modes B1g, 13 modes B2g and 14 modes

B3g). This calculation was performed by Husson et al. in Ref. [17] by following

the Bhagavantam method described in its internal reference number eighteen.

We investigated the 7 most intense Raman modes, mainly of symmetry Ag, that

could unequivocally be identified as common in the spectra of all the four sam-200

ples; these are presented in Table 4 (a tentative identification of another modes

are presented in the supplementary file). The frequency reported in Table 4 for

the Raman peaks is the one corresponding to the point of maximum intensity of

each peak. For ZnV2O6, the Raman signature of its different polymorphs was

investigated by ab-initio calculations in Ref. [33]. When we compare, the posi-205
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tion of the modes for the orthorhombic Pbcn structure coincides approximately

with the experimentally found by us for the modes in the region ω̄ < 500; how-

ever, in the higher wavenumbers region, neither the intensity or the position of

the predicted Raman modes, which are shifted by more than 70 cm−1, agree

with the experimentally observed spectrum. At this point, it is of worth to210

say that we are able to identify common characteristics in the spectra of our

ZnV2O6 sample with the other three measured ones, and specially with that

reported in Ref. [34] for columbite MgV2O6, and so we can be sure that the

experimentally recorded spectrum is the true spectrum of the columbite phase

of ZnV2O6. A discrepancy between theoretically calculated and experimentally215

observed values for the Raman modes is actually expected since the calcula-

tions are performed in interaction free environments which are not the ones

found in real compounds. Additional sources of discrepancy between the theo-

retical calculations and the experiments probably come from the differences in

the calculations of the cell parameters and the interatomic distances, mainly in220

the length of the a parameter and dV-Ot
, which, as it will be commented below,

is responsible for the vibrations at the higher wavenumbers region of the Raman

spectrum. The same shift at high wavenumbers was observed in the main text

of Ref. [33] for the C2/m polymorph of ZnV2O6; thus indicating that the ab

initio calculations can have a bias at high wavenumber in both C2/m and Pbcn225

structures.

The infrared and Raman spectra of the columbite-type niobates MNb2O6

was rigorously studied, theoretically and experimentally, by Husson et al. in a

series of articles [17, 35, 36]. Thus, taking into account that the niobates are of

the same family of oxides and have the same crystal structure than the samples230

we are studying here, we took those studies as a basis to make the assignment

of the vibrations corresponding to the Raman peaks observed in our samples.

As in the niobates, it is expected that the peaks at the highest wavenumbers

(ω̄ & 500 cm−1) in the vanadates are related to stretching vibrations of the

VO6 octahedra implying oxygen atoms mainly located in the bridge or terminal235

positions. At lower wavenumbers (100 < ω̄ < 500 cm−1) the peaks observed
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Figure 3: Raman spectra for all the studied samples ofMV2O6. The vertical axis is normalized
by the most intense peak in each of the two separated regions 0 ≤ ω̄ ≤ 500 cm−1 and ω̄ > 500
cm−1. The vertical solid line at ω̄ ∼ 200 cm−1 separates the region where the lattice vibrations
manifest.

Table 4: Position of some peaks identified in the Raman spectra of the MV2O6 samples studied
here. This position is given in units of the relative wavenumber ω̄ in cm−1. The symmetry of
the modes was found by comparison with the known spectrum of the isostructural compounds
MNb2O6 (see text). Stretching and bending are written as “(st)” and “(bd)”, respectively.

Mode Mn Co Ni Zn Vibration
Ag(1) 864 850 859 906 V-Ot(st)
Ag(3) 581 571 579 586 V-Ob(st)
Ag(7) 265 279 288 276

O-M -O(bd) + V-O-M(bd) + V-V(st)
Ag(8) 229 238 249 239
B1g(11) 155 144 173 130
Ag(11) 138 130 152 111 Lattice-related modes
Ag(12) 68 71 81 58
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in the spectra are due to bending modes and torsion modes that imply V-Oc

bonds and displacements of the M cations. Finally, at very low values of the

wavenumber (ω̄ < 100 cm−1) the modes that manifest are due to the relative

vibrations of the M and V sub-lattices.240

In the region ω̄ > 500 cm−1, the peaks Ag(1) and Ag(3) stand out and are

easily recognizable in the spectra of all the four samples (see Fig. 3). The

highest wavenumber peak, Ag(1), appears in the niobates at ω̄ ∼900 cm−1. In

the vanadates, this is the tallest peak of the spectrum for samples with M =Mn,

Co, Ni, and it occurs at wavenumbers around ω̄ ∼ 860 cm−1 for those samples.245

For sample ZnV2O6, peak Ag(1) occurs at a higher frequency, ω̄ ∼ 906 cm−1

and it exhibits a lower intensity than peak Ag(3). This is also a characteristic

of the Raman spectrum of Pbcn MgV2O6 reported in ref. [34].

The intense symmetric stretching mode observed at high frequency is not

exclusive of the niobates and vanadates with stoichiometry 1:2:6; it is also ob-250

served in the Raman spectra of the rare-earth orthovanadates with chemical

formula AVO4 (A = Sm, Ho, Yb, Lu, Tb, Nd) [37, 38, 39]. In those compounds

the Ag(1) peak appears at frequencies between ∼ 870 and ∼ 920 cm−1, and it

is related to internal VO4 bonds [39]. In those compounds, the frequency of the

internal VO4 vibrations increases with the mass of the ion A because the A-O255

distances decrease as Z increases; it is interpreted as an increase in the force

constant of the atomic bonds in the VO4 tetrahedron as the A ion changes. In

the case of the AB2O6 vanadates investigated by us, the highest wavenumber

mode, Ag(1), is also related to the vibration of the V-Ot bond; however, changes

in the size and shape of the VO6 octahedra induced by the M cations does not260

produce the changes in wavenumber of mode Ag(1) that are predicted by the

Badger rule. With increasing atomic number Z, dV-Ot
increases from 1.47 to

1.76 Å when passing from M =Mn to Co, then it decreases to 1.64 Å when

M =Ni, and finally it increases up to 1.77 Å when M =Zn. From the Badger’s

rule it is expected that shorter interatomic distances produce higher wavenum-265

bers for the Raman peaks. The plot of ω̄2/3 for the position in wavenumber

of mode Ag(1) as a function of the inverse of dV-Ot
is presented in Fig. 4.
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Figure 4: Variation of the position of the Raman mode Ag(1) with the inverse of the distance
of the V-Ot bond in a series of vanadates MV2O6 crystallized in the Pbcn space group. The
solid, red line evidences that the points corresponding to M =Mn, Co, and Ni approximately
follow the Badger’s rule. ∗The data for M =Mg were taken from Ref. [34]. Errors are the
size of the points.

There, it is revealed that the classical Badger’s rule is approximately obeyed

in the columbites MV2O6 when M =Mn, Co and Ni but not when M =Zn or

Mg which exhibits a far too high wavenumber position. This result implies the270

effect of additional factors, others than only the geometrical ones, determining

the position of the Raman peaks of the Ag(1) mode along the series of vanadates

MV2O6 when crystallized in the columbite form.

The unexpected results described in the precedent paragraph with respect

to the position of peak Ag(1) in the Raman spectra of ZnV2O6 and MgV2O6275

reveals the effect of the cation M on the force constant of the V-Ot bond.

This influence is probably related to electronic more than geometric factors as

pointed before by the similar effects already observed in the series of niobates

MNb2O6 studied in Ref. [35] and in some polymorphs of ZnV2O6 under hy-

drostatic pressure [33]. In Ref. [33] a pressure-induced mechanism of charge280

transference from the ZnO6 to the VO6 octahedra was used to explain the in-

fluence of the electronic properties of Zn+2 in the position of the Raman modes

attributed to vibrations only involving V+5 and O−2 atoms, and so the violation

of Badger’s relation when a pressure of 30 GPa was applied to the monoclinic
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forms (C2/m, C2, C2/c) of the ZnV2O6. Similarly, in Ref. [35] it was found285

that in the MNb2O6 compounds, the Nb-Ot bond is easily influenced by the

exterior electrostatic field and so its force constant reduces linearly with the

electronegativity of the cations M [35]. In this way, cations M with higher elec-

tronegativity tend to reduce the wavenumber where the mode Ag(1) is observed

along one series of MNb2O6 compounds. In summary, we can assume that290

both in the monoclinic and columbite forms of the M(Nb,V)2O6 compounds,

the position in wavenumber of the modes related only to Nb/V and O atoms

(mode Ag(1) in the columbites) depend both on the (Nb/V)-Ot distance and

the electronegativity of cation M . Taking this into account, and assuming that

the difference between the electronegativity of the cations is the same than that295

in the neutral atoms, the increase in wavenumber of the mode Ag(1) observed

here in the columbites MV2O6 when passing from M =Ni to M =Zn can be

explained by the reduction of the electronegativity which goes from 1.91 in Ni to

1.65 in Zn. This argument also applies when we include in our analysis the data

reported in Ref. [34] for the Pbcn-MgV2O6. In that case the mode Ag(1) was300

observed at ω̄ ∼ 915 cm−1, while the reported V-Ot distance is 1.692 Å. That

wavenumber is approximately 50 cm−1 higher than the wavenumber observed

by us for the MnV2O6, even though the reported distance of the V-Ot bond is

larger (see Table 3); however, the electronegativity of the Mg is 15% smaller

than that of the Mn and so it can be responsible for the step increase in the305

frequency of the Ag(1) mode in MgV2O6 with respect to the MnV2O6.

The difficulty of interpreting the variation of the position of the Ag(1) mode

only with basis on the interatomic distances of the V-Ot bond in the columbites

MV2O6 had also been evidenced in the analysis of the whole series of samples

NiNb2−xVxO6 studied in Ref. [16]. There, it was concluded that the relative310

wavenumber of the highest intensity Raman peak is very sensitive to the specific

details of the crystalline structure as a whole and apparently this mode tends

to appear at lower wavenumbers in more symmetric structures. We corroborate

that result for all samples studied here as can be seen in Fig. 5. This result

lead us to deduce that the lower distortion index ∆V calculated for MnV2O6315
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Figure 5: Variation of the position of the mode Ag(1) with the distortion index of the VO6

octahedra, ∆V , in a series of MV2O6 compounds crystallised in the columbite-type structure.
∗The point for M =Mg was calculated from data in Ref. [34]. Errors are the size of the points.

with respect to that of ZnV2O6 (see Table 3) could be responsible for reducing

the wavenumber of mode Ag(1) in the former with respect to the last one even

though dV-Ot
is smaller in MnV2O6 than in ZnV2O6. When we include the

point for one sample of Pbcn-MgV2O6 calculated from data in Ref. [34], a

trend similar to that observed in Fig. 4 appears in the sense that Mg and Zn320

seem to conform to a different group of compounds. The characteristic that

makes them different from the compounds with M =Mn, Co and Ni is maybe

in the specific characteristics of the electronic structure, for example, the fact

of having closed shells of electrons, 2p6 in the case of Mg+2 and 3d10 in the case

of Zn+2.325

Still in the region ω̄ ≥ 500 cm−1 we observe the mode Ag(3). This mode is

observed at ω̄ ∼ 580 cm−1 is mainly ruled by the stretching of the bonds V-Ob

[35, 36]. However as here we see that it displays the same dependence with M

cation that the mode Ag(1), we could think that it is also sensitive to the V-Ot

bond and so to the electronegativity of the M cation. However in this case the330

effect is less pronounced than in the case of Ag(1) because the force constant of

the V-Ob bonding is less sensible to the surrounding electric field than that of

the V-Ot bonding [35].
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With respect to the isostructural columbite-niobates, MNb2O6, the mode

Ag(1) is observed at higher wavenumbers in those compounds than in the vana-335

dates MV2O6 when M =Mn [35], Co (own measure, not shown), and Ni [16].

In contrast, the frequency of the mode Ag(1) reported for the ZnNb2O6 in Ref.

[35] is ∼ 13 cm−1 lower than the one measured by us for the columbite ZnV2O6.

On the other hand, the mode Ag(3) is always observed at lower wavenumbers

in the niobates than in the respective vanadates. Nevertheless, the variation340

in wavenumber of the peak Ag(1) when going from one cation M to another is

the same along the series of vanadates than along the series of niobates. All

these facts show that in the columbite compounds of the MB2O6 family, both

geometrical and physicochemical factors have to be taken into account in order

to explain the position of the Raman peaks.345

In the region ω̄ < 500 cm−1, the position in wavenumber of modes Ag(7) and

Ag(8) increases with Z when going from M =Mn to M =Ni, and then it reduces

when going from M =Ni to M =Zn, i.e. they display the same tendency of

1/< dV-Ob
> or the inverse of the cell volume or the electronegativity of cations

M . This reveals that these modes are connected with VOb chain bounds through350

global octahedra chain in the orthorhombic structure. As the lower wavenumber

modes are generally associated to M and V lattices modes, they should be the

ones to be influenced by the change of the mass of the M cations. The Mn,

Co and Ni have masses which are quite close with a slight increase from Mn

to Co or Ni. However the Zn mass is 19% larger than that of Mn. This mass355

effect is clearly observed for the modes with wavenumber lower than 200 cm−1

i.e. Ag(12) Ag(11), and B1g(11). Because the global volume is reduced we can

expect that the M − M distance will decrease also and thus the increase of

wavenumber from Mn to Co and Ni is reflecting this cell contraction because

the mass is roughly the same for these cations.360
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4. Conclusions

We present here the first report on the Raman spectra of the oxide-vanadates

MnV2O6, CoV2O6 and ZnV2O6 crystallized in the columbite-type structure.

We succeed to have one single structural phase of all these compounds by syn-

thesis in extreme conditions of high pressure and temperature. In order to have365

a more complete set of data, we also present data for the columbite NiV2O6 and

so we were able to identify the characteristics that are common in the Raman

spectra of all these compounds. Thanks to this systematic comparison of the

vanadates Raman spectra, several peaks were assigned ranging from bending

and stretching modes of vibration of the V-O and M−O bonds present in the370

columbite structure. We could see that the force constants of both the V-Ot and

V-Ob bonds are strongly influenced by the force constant of the M−O bonds. It

is probably the interplay between geometric and electronic factors that makes

that the M−O distance does not vary linearly with the electronegativity of the

cation M . This is a crucial difference between the niobates and the vanadates of375

the AB2O6 family and could be the basis to analyze the subsequent differences

in physical properties among these two series of compounds.

In the higher wavenumber region of the Raman spectra (ω̄ > 500 cm−1) the

evolution of the Raman peaks with the atomic number of cation M is ruled by

both electronic and structural factors. The changing in the position of mode380

Ag(1) with different M reveals the strong influence of the electronegativity of

cation M in the force constant of the V-Ot bonds. Another important factor

that rules the position of mode Ag(1) is the symmetry of the VO6 octahedra;

less distorted octahedra reduce the wavenumber where mode Ag(1) is observed.

At wavenumbers ω̄ < 500 cm−1 several of the identified modes behave according385

to the expected by the change in mass of cation M .

The analysis of the Raman spectra gives information about the influence of

some specific chemical characteristics can open the door for studying of new

physical interesting properties, specifically the optical ones which have been

the most studied recently. We hope that the present study will stimulate some390
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theoretical work to predict the full Raman spectrum of this new MV2O6 series

of compounds and that the results described above will add some value to the

previously reported Raman spectroscopy investigations for other Pbcn oxide

vanadates thus helping to the understanding of such complex spectra.
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