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also carried out to investigate the optical properties of this material. The
synchrotron powder X-ray diffraction data refined by Rietveld refinement
method revealed a stable monoclinic structure from 140K to room
temperature with space group P2,/n (a non standard setting of P2,/c No 14).
The lattice constants showed slight variation with increasing temperature.
The lattice constants at room temperature; a = 7.0051(1) A; b = 7.2414(2)A;
. c=6.6843(1) A; B =104.86(1)°, V = 339.07(3) A®, Z = 4, D, = 5.03 gm.cm’
*Corresponding Author ® are in good ﬂagreement with the earlier single crystal and bulk
"""""""""""""" polycrystalline X-ray diffraction results. The materials showed superior
optical properties when compared with the earlier published data on bulk and
nonmaterial of this system.

I. Introduction

Rare earth compounds are widely used in many practical applications because of their peculiar properties originating
from unique electronic structure and numerous transition modes involving 3d and 4f shell of lanthanide [1-8]
Lanthanide (Ln*") orthovanadate possessing chemical formula ABO, (where A is lanthanide and B = vanadate) are
technologically important materials with immense applications as catalysis, efficient phosphors, low threshold laser
host, solid-state protonic conductor and polarizer [9-11]. Lanthanum orthovanadate LaVO, has attracted much
interest of the researchers for the last one decade both from a fundamental point of view and from the prospect of
applications due to its surface catalytic properties. Being the binary oxide of vanadium it is effectively utilized as
catalysts for vapour phase dehydrogenation of parafins [12, 13]. La,Sr;.,VO; doped lanthanum vanadates have been
extensively studied for their structural, magnetic and conductive properties [14-17], whereas vanadates containing
V°* are being studied for the selective oxidative dehydrogenation of propane, butane and ethylbenzene [18-20].
Reduced and oxidized lanthanum vanadates doped with strontium have been studied by Trikalitis et al [21] for their
surface catalytic properties.

Lanthanum orthovanadates crystallizes in two polymorphs; a metastable tetragonal phase (t) and monoclinic
phase (m). It is now well established that due to much larger ionic radii of La®" ion in all lanthanide group, monazite
(m-LaVO,) are thermodynamically more stable than the metastable tetragonal (t-LaVO,) due to its higher oxygen
coordination number 9 compared with 8 of the t-orthovanadate, a much resolved problem with the structure of this
materials over the last few years [22-24]. Previously it has been reported that m-LaVO, is neither a suitable host for
luminescent activators nor a promising catalyst [25, 26] while t-LaVO, is anticipated to possess some excellent
properties [27]. Selective synthesis of m- and t-LaVO, nanocrystals was performed recently to address issue like
phase change processes, structure-dependent properties, and their potential applications but no appreciable
improvement in either of the properties have been achieved in nanocrystalline t-LaVO, structure [28-30].
Lanthanum orthovanadate is considered to play a crucial role in optics, magnetic and catalytic field in future [31-
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34]. The lanthanide compounds reveal interesting structural and magnetic transformations at low temperatures and
exceptionally few undergo John-Teller distortions [35, 36]. The 3d electron configuration of La** (3d™°) is reported
to exhibit antiferromagnetism at certain temperatures range below room temperature down to 140K. Therefore the
interplay of orbital, spin and vibrational motions of VV** and La** ions may lead to a sequence of phase transitions
involving changes in the structural magnetic and optical properties of this compound [37]. In order to reveal such
phenomenon in monazite LaVO,, low temperature synchrotron X-ray diffraction measurements were carried out to
study structural phase transition in this material along with Raman and photoluminescence studies at room
temperature to characterize the structure-property relationship and its potential applications.

1. EXPERIMENT

Polycrystalline sample of LaVO, was prepared through solid-state reaction technique. The mixture of
appropriate amounts of 99.99% La,05 and V,0s was first heated at 1000 °C for 17 hours followed by two 13 hours
heating at 1200 "C with intermediate grinding after each step. Once the single-phase material was obtained, it was
annealed at 1250 °C for 17 hours to improve the crystallinity. Synchrotron X-ray powder diffraction measurements
were performed on XRD1 beam line at ELETTRA, Trieste, Italy, which is equipped with a double- Si(111) crystal
monochromator in non-dispersive configuration followed by a toroidal focusing mirror with a horizontal acceptance
of 2.8 mrad. The sample was contained in quartz capillary (0.3 mm dia). MARS345 imaging plate was used to
record the diffraction pattern with sample to detector distance of 200mm. The wavelength was 0.70A. The series of
two dimensional powder diffraction data were converted into one dimensional powder patterns (26 versus intensity)
by using Fit2D [38]. Wavelength and distance calibration were carried out from LaBg. Oxford Cryosystems (series
700) was employed to measure the low temperature diffraction data down to 140K. To investigate different phonon
modes and phases in the sample, vibrational spectroscopy was carried out using Raman spectroscopy system model
MST-4000A Dongwo Optron Ltd. To focus the sample, it was illuminated by ordinary flash light through objective
lens (100X/0.70, f = 200). After focusing in image mode, the sample was shined by intense He-Cd laser source with
wavelength 442 nm/80.0 mW and beam diameter 2.00 mm. The signals were collected and detected in scan mode by
the same objective lens and air cooled at the rate -50°C CCD detector. The Rayleigh peak at 442nm was eliminated
by using 442nm cut-off filter. The spectrum was taken in the range from 200 cm™ to 1000 cm™ using DM320
monochromator and ANDOR DV 401A-BV CCD software. The accumulate acquisition mode was used to reduce
noise and thermal fluctuation greatly with improved S/N ratio. For photoluminescence measurements same setup
was used except that the sample was shined with same laser source with wavelength 325 nm.

I1l. DATA ANALYSIS

The Synchrotron X-ray powder diffraction data were analyzed by Rietveld profile analysis technique using
programme Rietica [39]. Peak shapes were described by Pseudo-Voigt function and background was fitted by a fifth
order polynomial. Refined parameters included unit cell parameters, position and individual thermal parameters as
well as the usual profile parameters describing the pseudo-Voigt peaks shape function. For diminishing the severe
peak overlap, intensities within five times of the full width at half maximum (FWHM) were considered to contribute
to a particular reflection.

As a starting point of the refinement, structural parameters were taken from previous published papers [24, 40] in
space group P2/n that is a non-standard setting of P2;/c (No.14). A total of 37 parameters were refined which
included four background parameters, the instrument zero point, six profile parameters, cell dimensions, scale factor,
fractional atomic coordinates and thermal parameters of each atom in their respective valence state. The preferred
orientation (001) correction due to presence of platy crystallites in the sample was carried out according to W.
Pitschke et.al and Dollase [41-42].*~**The Raman shift and damping factors for different modes of vibrations was
extracted from the observed spectra by describing the different modes as damped harmonic oscillator (DHO) and
was fitted by DHO equation below;
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The first term in the above equation is the Lorenztian function for Rayleigh peak, the second term represents the
Debye related functions. By is the background and the third term is damped harmonic oscillator functions
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considering non -coupled modes. Rests of the notations in the equation are related to amplitude, peak position, full
width and half maxima of peaks etc.

IV. RESULTS AND DISCUSSION
The refined synchrotron X-ray diffraction patterns at 140 and 300 K are shown in Fig. 1. In the same figure,
satisfactory matching of experimental with calculated values of the synchrotron X-ray diffraction data can be
appreciated from the curve shown at the bottom of figure that corresponds to the difference between the observed
and calculated diffraction patterns. The refined unit cell parameters and unit cell volume along with mean bond
distances are listed in Tables 1& 2.
The refinement results revealed a stable flexible MXO, structure type containing approximately tetrahedral XO,
units and M cations with irregular nine-fold coordination with anion atoms down to 140 K and are in agreement to
the earlier findings [24, 40, 41, 43]. Fig. 2 shows the lattice constants variation with temperature showing a linear
tendency with temperature without any appreciable change in the unit cell volume. The structure at 300 K with view
in (001) direction is shown in Fig. 3. The bond distances has been labelled at respective VO, tetrahedral (numeric in
parenthesis) and LaOy polyhedral (numeric underlined) with the respective oxygen atoms. Each vanadium atom is at
the centre of distorted tetrahedron of oxygen atoms with four V-O distances ranging from 1.639(1) A to 1.747(1) A,
while La exhibits an irregular coordination by nine oxygen atoms in the range of 2.455(1)A to 2.906(1) A. In the
crystal structure of LaVO, shown in Fig. 3 the VO, tetrahedra are isolated from each other, showing limited strong
bonding between La and VO, tetrahedra. Each lanthanum atom is coordinated with two vanadium atoms at a
distances of 3.371(1) A and 3.824(2) A. Further each La cation links with one of the O atom of the two VO,
tetrahedra in the (001) direction showing strong bonding in this direction. The nature of bonding in both LaOg
polyhedra and VO, tetrahedra are partially covalent due to the Pauling electronegativities of the La, V and O atoms.
The four oxygen atoms around each vanadium atom in tetrahedral arrangement possess different bond lengths and
tetrahedral are considerably distorted showing the O-V-O angles of 102.30(2)° to 115.70(2)° as can be revealed by
data in Table 2.

Fig. 4 shows the Raman spectra of the sample at room temperature. The positions assigned to intense
Raman bands are 849 cm™and 365 cm™ having shoulders at 792 cm™ and 339 cm™ respectively. Besides this three
weaker bands are visible at 243, 206 and 157 cm™. The Raman spectra of crystalline LaVO, reflect the VO, type
tetrahedral structure that consist four different V—O bonds in agreement to the synchrotron x-ray diffraction data
results (Fig. 3) . According to the interpretation of Hardcastle et al. [44], the most intense Raman band at about 849
cm™ can be assigned to the symmetric V-O stretching mode (Aq symmetry), while the weak shoulder around 792
cm™ is assigned to antisymmetric V-O stretching mode (B, symmetry), the symmetric (A,) and antisymmetric (By)
bending modes are at 365 and about 3397 cm™, respectively, and external modes (rotation/translation) occur at 243,
206 and 157 cm™. The Raman bands and their assignments have been reported in Table 3. The position for the
assigned Raman bands shown in this study has a similarity to the bismuth vanadate samples with similar monoclinic
structure also containing VO, tetrahedron [45].

Table 1. Comparison of unit cell parameters with literature

Bashir et al Baran & Aymonino Present Work
[24] [43]

Space Group P2:/n (14) P2,/m (11) P2,/n (14)
a(A) 7.0434(1) 7.07 7.0051(1)
b(A) 7.2801(1) 7.29 7.2414(2)
c(A) 6.7224(1) 6.77 6.6843(1)
5 104.865(1) 105 104.87(1)
Density (gm cm™) 5.07 5.0 5.03(2)
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Table 2. Bond distances (A) for LaVO, at room temperature

Lanthanum polyhedron Vanadium tetrahedron
La-03 2.488(1) V-01 1.747(1)
La—- 04 2.479(1) V-02 1.644(1)
La- 01 2.476(1) V-04 1.715(1)
La— 04 2.556(1) V-03 1.639(1)
La-01 2.455(1) Average 1.6863(1)
La-02 2.588(1) £02-V-04 115.70°
La-02 2.615(1) 203-V-04 102.30°
La- 02 2.906(1)
La-03 2.646(1) La-V 3.371(1)
Average 2.5788(1) La-V 3.824(2)
Table 3: Raman and PL data of LaVO, at room temperature
Peaks Position FWHM Assigment Symmetry
Raman Data
L 157 11.89 La-O External
Rot/trans
2. 206 46.33 La-O External
Rot/trans
3 243 14.94 La-O External
Rot/trans
4. 339 48.12 Antisymmetric V-O By
bending mode symmetry
5. 365 78.41 Symmetric V-O Agsymmetry
bending mode
6. 792 34.15 Antisymmetric V-O By
stretching mode smmetry
7. 849 30.88 Symmetric V-O Aq
stretching mode symmetry
Photoluminescence Data
1. 338nm (3.67eV) intravanadate transition
2. 365nm (3.3%V) VO43’ group emissions
3. 454nm (2.74eV) VO43" group emissions

Rot. (Rotational) & Trans. (translational)
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Fig. 1: Refined Synchrotron X-ray diffraction patterns for LaVO, (a) 140 K (b) 300 K, observed (+), and
calculated (-). Bottom curve shows appreciable matching between observed and calculated pattern. The

reflections positions are also marked.
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Fig. 2: Variation of the lattice constants with temperature
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Fig. 3: Crystal structure of LaVO,, at 300 K with view in (001) direction showing that each vanadium atom is
at the centre of distorted tetrahedron of oxygen atoms.
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Fig. 5: Room temperature photoluminescence spectrum of bulk m-LaVvO,
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The position of the more intense Raman band at 849 cm™ at higher wave numbers reveals that the average short-
range symmetry of the VO, tetrahedra is not regular [43], and is agreement with the synchrotron X-ray diffraction
data where the VO, tetrahedron are well isolated and bond lengths varies in all the three axes showing highly
distorted structure (Fig 3). On the contrary, lower values of FWHM of the band for the sample prepared by solid-
state reaction at higher temperature reveal better crystallinity of the sample. These Raman results are not in
contradiction, because the Raman band positions are very sensitive to the short range order, whereas the Raman
widths are more sensitive to the degree of crystallinity, defects and disorders, particle size and/or aggregation of
particles. Therefore, the Raman results imply that sample prepared at high temperature by solid state reaction consist
of less symmetric but distorted VO, tetrahedra but possess better crystallinity.

Fluorescence spectroscopy is another valuable tool providing information about the intermolecular interactions of
different atoms in crystals and monolayers [46]. Room-temperature photoluminescence (PL) spectra of the high
temperature synthesized LaVO, monoclinic polycrystalline sample was measured with excitation wavelength of 325
nm using He-Cd laser and are shown in Fig. 5. Two well defined sharp and prominent emissions, peaking at 365nm
(3.39 eV) and 454 nm (2.74 eV), were observed along with a shoulder at nearly 338nm (3.67eV) in agreement to the
PL emission spectra of monoclinic LaVO,4 nanoparticles. PL peaks shape and intensities are for better in our sample
when compared to the data of nanoparticles of the same material with similar monoclinic structure [47-48]. The

band at 338 nm (3.67 €V) identified as the intravanadate transition, V °*OF~ — V **O, providing information

about the band gap of the material and is the symmetry forbidden 1A;—1T; (t; — €) defining the band gap energy as
the energy between the top of the valence band and bottom of the conduction and is in agreement to the earlier

finding of A. H. Krumpel et. al [49]. The peaks at 365nm and 454nm are the characteristic VO43_ group emissions

due to the self absorption in this material.

From the PL and Raman spectroscopy results we elucidate that optical properties shown in our work by
monazite LaVO, are comparable to that of the tetragonal zircon type LaVO, [47-48] as the structure of monazite is
similar to that of zircon in several ways. In monazite, isolated VO, tetrahedra share corners and edges with LaOqg
polyhedra, which superficially resemble LaOg dodecahedra in zircon. The La polyhedra in monazite share edges
with each other to form chains parallel to the a-axis (Fig. 3) that resemble analogous LaOg dodecahedral chains in
zircon. The La atom in monazite is coordinated by nine O atoms as described by synchrotron x-ray diffraction data.
The four axial O atoms (two each forming the shared edge with two adjacent VO, tetrahedra) and five equatorial O
atoms. The equatorial O atoms are each part of five neighboring VO, tetrahedra that share their corners with the La
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polyhedron. Thus the La polyhedron in monazite shares corners and edges with seven neighbouring VO, tetrahedra,
whereas the LaOg polyhedron in zircon shares polyhedral elements with six VO, tetrahedra. The four axial O atoms
define a distorted LaO, tetrahedron elongated along [001], analogous to the LaO, tetrahedron in zircon. The edge-
sharing V and La polyhedral chains along [001] in monazite closely resemble the [001] polyhedral chains in zircon,
although the chains in monazite are twisted compared to those in zircon. The zircon structure can be visualized as
two interpenetrating arrays of alternating, corner-sharing VO, and LaO, tetrahedra. Owing to nine O atoms being
coordinated to La in monazite, the LaOy polyhedron cannot be adequately described as two interpenetrating
tetrahedra. The ninth La-O bond in monazite can be seen as arising from a twisting of polyhedra in monazite relative
to analogous polyhedra in zircon, which results in an additional bond between VO, group and the LaOg polyhedron.
The arrays of VO, and LaO, tetrahedra, which are independent in the zircon structure, are no longer independent in
monazite, due to the ninth La-O bond. Thus, monazite has greater overall structural connectivity than does zircon.
The structure of monazite is more densely packed and space filling than zircon and it lacks the interstitial voids and
channels present in the zircon structure as can be seen from the Raman and photoluminescence data of this high
temperature synthesized monazite LavVO, sample when compared to data of t-LaVO,. The interstitial voids and
channels usually present is nanocrystalline t-LaVO, may be a possible reason for a slight red shift in the PL data for
the t-LaVO, [47-48].

V. CONCLUSION

The present study concludes that LaVO, is monoclinic with space group P2./n with tetra-molecular cell is stable
down to low temperature of 140K. The lattice constants determined by Rietveld refinement method did not show
any appreciable change showing nearly a constant volume down to 140K temperature. No phase transition was
found in the measured temperature range. The average V-O distances slightly changes with temperature mainly due
to the arrangement of oxygen atom around V and La ion in this structure. The monazite LavVO, has close
resemblance to t-LaVO, in the corner and edge sharing mechanism of isolated VO, and La-O polyhedron and can
be equally regarded as potential materials for optical applications as revealed from the Raman and photoluminescent
studies on this material.
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