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Abstract

A novel compound Ba,ZnV,0g has been synthesized in high temperature solution reaction and its crystal structure has been
characterized by means of single crystal X-ray diffraction analysis. It crystallizes in monoclinic system and belongs to space group
P2,/c with a = 7.9050(16), b = 16.149(3), ¢ = 6.1580(12) A, = 90.49(3). It builds up from 1-D branchy chains of [ZnV,0%].., and
the Ba?" cations are located in the space among these chains. The IR spectrum, ultraviolet-visible diffuse reflection integral
spectrum and fluorescent spectra of this compound have been investigated. The calculated results of energy band structure by the
density functional theory method show that the solid-state compound of Ba,ZnV,Oyg is an insulator with direct band gap of 3.48 eV.
The calculated total and partial density of states indicate that the top valence bands are contributions from the mixings of O-2p, V-
3d, and Zn-3d states and low conduction bands mostly originate from unoccupied antibonding states between the V-3d and O-2p
states. The V-O bonds are mostly covalence characters and Zn—O bonds are mostly ionic interactions, and the ionic interaction
strength is stronger between the Ba—O than between the Zn-O. The refractive index of n,, n,, and n. is estimated to be 1.7453,
1.7469, and 1.7126, respectively, at wavelength of 1060 nm for Ba,ZnV,Og crystal.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

During the past decades, numerous investigations
have been published about the compounds found in
ternary systems AO-M"O-V,05 (4=Mg, Sr, Ba;
M"=Ni, Mn, Cu, Zn). For example, many compounds
of the AMYV,0Og family were synthesized and the
magnetic properties of these compounds were studied
[1-5]. However, the compounds with formula of
A>M"V,0y4 are rarely found in these systems. To our
knowledge, only Mg,CuV,Og and Mg,NiV,Og were
found [6,7]. On the other hand, the vanadates containing
zinc in combination with alkaline-earth metals are
inadequately studied [8-10]. In this paper, we report
the synthesis of a new compound Ba,ZnV,Og (1) in high
temperature solution reaction and the determination of
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its crystal structures by single crystal X-ray diffraction
(XRD). Since many zinc compounds usually have good
luminescent properties, the ultraviolet-visible diffuse
reflection integral spectrum (UV-Vis DRIS) and fluor-
escent spectra of the title compound have been studied.
Furthermore, the calculations of crystal energy band
structure and optical response functions have done in
order to understand the chemical bonding properties
and electronic origins of optical transition for Ba,Zn-
V,0g5 crystal.

2. Experimental and computional procedures
2.1. Synthesis and analysis
Polycrystalline samples of Ba,ZnV,0g were synthe-

sized by solid-state reactions of stoichiometric amounts
of Ba(NO;) (Analytical reagent), ZnO (Analytical
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reagent), and V,0s (Analytical reagent). The mixtures
were ground into fine powder in a mortar of agate under
ethanol and heated at 773K for 24h in a platinum
crucible, reground, and then allowed to react at 1133 K
for 48h with several intermediate grindings. The
products were analyzed by powder XRD.

Single crystal of compound 1 was grown with the
compound B>Oj; as a flux. A solute-flux mixture, 4:1 by
mass, was heated in a Pt crucible to 1153 K, cooled at
3K/h to 1033K, and then rapidly cooled to room
temperature. The yellow needle like crystal was physi-
cally separated from the melt for structure determina-
tions.

2.2. X-ray determination

Crystal data, collected reflections and parameters of
the final refinement are reported in Table 1. Intensities
data were collected using Siemens SMART CCD
diffractometer with graphite-monochromated Mo-Ko
(A =0.71073 A) radiation in the w and ¢ scanning mode
at room temperature. An empirical absorption correc-
tion was applied using SADABS program. The structure
of the title compound was solved using direct methods
and refined on F* by full-matrix least-squares methods
using the SHELX97 program package [11]. The final

Table 1

Crystal data and structure refinement for Ba,ZnV,0g
Formula Ba,ZnV,0q
Formula weight (gmol™") 569.93
Temperature (K) 293(2)
Wavelength (A) 0.71073

Crystal system Monoclinic

Space group P2y/c

Unit cell dimensions a = 7.9050(16) A
b=16.1493) A
¢=6.1580(12) A

= 90.49(3)°
Volume, Z 786.1(3), 4
Dcalc (ng73) 4.816
u (mm™h 15.174
F(000) 1008

Crystal size (mm) 0.22 x 0.04 x 0.04

0 range (deg) 2.52~25.10

Limiting indices —6<h<9; —19<k<17; —7<I<T

Reflections collected 2392

Independent reflections 1328 (Rint = 0.0662)

Refinement method Full-matrix least-squares on F~

Weighting details w = 1[e>(F2)+ (0.0700P)* +
0.5000P] where P = (F2 +2F2)/3

GOF 1.007

Final R indices [/ >20(])] R; =0.0516, wRy = 0.1134

R indices (all data) R; =0.0909, wR, = 0.1339

Largest diff. peak and hole (e A3) 2.183 and —1.697

Rl = Z ||Fobs| - |Fcalc||/2Z: |FObS|a
WRy = [Z W(F?)bs - Fgalc) /ZW(Fg)]I/z'

Ry =0.0516 and wR, =0.1134 for 1328 reflections
(I>2a(I)) are acceptable, while the R; = 0.0909 and
wR, = 0.1339 for all 2392 reflections are rather high,
which may be caused by the I <20([) reflections. The
atom coordinates and thermal parameters are listed in
Table 2. The selected bond distances and angles are
listed in Table 3.

2.3. Physical measurement

Powder XRD data were obtained using Philips
X’Pert-MPD diffractometer with Cu-Ko radiation
(1.5406). Fluorescent spectra were measured on an
Edinburgh Instrument F920 fluorescent spectrometer
using Xe lamp. The UV-Vis DRIS spectra were recorded
on a Perkin-Elmer Lambda 900 UV-Vis spectrometer.
The IR spectrum was recorded in the 4000-400 cm ™"
region by using KBr pellet on a Nicolet Magna 750FT-
IR spectrophotometer.

2.4. Computational descriptions

The crystallographic data of compound 1 determined
by X-ray were used to calculate electronic band
structure of this compound in solid state. The calcula-
tions of electronic band structure were made within the
density functional theory (DFT) using one of the three
nonlocal gradient-corrected exchange-correlation func-
tionals (GGA-PBE) and performed with the CASTEP
code [12] which uses a plane wave basis set for the
valence electrons and norm-conserving pseudopotential
[13] for the core states. Pseudo atomic calculations were
performed for Ba-5s25p6632, Zn-3d104s2, V-3d’4s* and
0-25*2p°. The number of plane waves included in the
basis was determined by cutoff energy E. = 450eV. The
calculating parameters and convergence criterion were

Table 2
Atomic coordinates and equivalent isotropic displacement parameters
(A?) for Ba,ZnV,0g

Atom X y z Ueq

Bal 0.63811(14) 0.04421(7) 0.23915(17) 0.0113(4)
Ba2 0.14077(14) 0.12918(7) 0.27305(18) 0.0128(4)
Zn 0.7241(3) 0.25014(13) —0.0016(3) 0.0117(6)
Vi 0.8762(4) 0.09120(18) —0.2464(5) 0.0106(7)
V2 0.5975(4) —0.17008(18) 0.2636(5) 0.0101(7)
(0) 0.5763(16) 0.2557(7) 0.2485(19) 0.012(3)
02 0.8536(15) 0.1450(7) 0.5078(18) 0.011(3)
04 0.9491(17) —0.0328(8) 0.262(2) 0.020(3)
08 0.6034(17) —0.1133(8) 0.034(2) 0.019(3)
06 0.2186(17) 0.2846(8) 0.188(2) 0.018(3)
03 0.2821(18) —0.0249(8) 0.233(2) 0.021(3)
o7 0.8688(17) 0.1520(8) —0.009(2) 0.019(3)
05 0.5769(16) —0.1006(8) 0.4665(19) 0.016(3)

a —_ I U
Ug = 32[2/'[] o o didy.
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Table 3

Selected bond distances (A) and angles (°) in Ba,ZnV,0g

Bond Dist. Bond Dist. Bond Dist.
Bal-O5' 2.656(4) Ba2-06 2.638(13) Zn-O1"t 1.926(31)
Bal-O4 2.758(1) Ba2-02f 2.714(38) Zn-01 1.943(30)
Bal-Og'" 2.768(4) Ba2-03 2.740(14) V1-04vi 1.676(14)
Bal-05 2.770(2) Ba2-05' 2.776(41) V1-02™ 1.753(12)
Bal-0O8 2.852(1) Ba2-O71 2.777(42) V1-07 1.762(13)
Bal-02 2.870(32) Ba2-0g8! 2.792(43) V1-03t 1.649(14)
Bal-O7 2.956(31) Ba2-06" 2.97(2) V2-06™ 1.652(16)
Bal-03' 2.997(22) Ba2-04 3.023(13) V2-08 1.686(13)
Bal-03 3.027(14) Zn-07 1.955(13) V2-05 1.688(13)
Bal-03' 3.321(22) Zn-02'i 1.979(12) V2-014 1.824(13)
Angle ) Angle ©) Angle )
o1'izn-01 105.71(5) 031V 1-04Vi 105.28(7) 0641-v2-08 111.19(65)
01'izn-07 107.01(5) 03'v1-02* 107.05(6) 08-V2-05 105.23(61)
01-Zn-07 114.32(5) 04y 1-02ix 107.9(6) 064i-v2-0 1 112.18(63)
01-Zn-02't 104.57(49) 03-v1-07 106.83(6) 08-V2-014 110.44(60)
o1'izn-02*t 112.04(49) 02*-V1-07 115.86(6) 05-v2-014 112.92(59)

Symmetry codes: 1) 1 — x, —y, | —z; (i) | —x, —p, —z; (ili)) =1 + x, y, z; (V) x, 0.5 = »,0.5+ z; (V) =1 + x, y, 1 + z; (vi) | — x, 0.5+ p, 0.5 — z; (vii) x,
05—y, =054z (vi) 2 —x, =y, —z; (iX) X, y, =l +z X) 1 +x,p, =1 +z xi) | +x, p, z; xii) | —x, —=0.54y, 0.5 — z; (xiii) x, y, | + z.

set by the default values of CASTEP code [12]. The
calculations of linear optical properties were also made
in this study. There were 36 conduction bands (CBs)
included in the calculation of the imaginary part of the
dielectric function, &(w),. The &(w), be thought of as
detailing the real transitions between occupied and
unoccupied electronic states. Since the dielectric con-
stant describes a causal response, the real and imaginary
parts are linked by a Kramers—Kronig transform. This
transform is used to obtain the real part of the dielectric
function, &(w);.

3. Results and discussion
3.1. Description of the crystal structure

The crystallographic analysis reveals that the asym-
metric independent unit of compound 1 contains two
VO, tetrahedra, two Ba atoms and one Zn atom. In this
structure, there is no detectable disorder among Ba, Zn,
and V atoms. The formal oxidation state of 2+, 2+,
5+ may be assigned to Ba, Zn, and V atoms,
respectively. The Zn>* cation is tetrahedrally coordi-
nated by four O atoms with the bond distances ranging
from 1.926(31) to 1.979(12) A. The O-Zn-O bond
angles are close to 109°, showing that the ZnO,
tetrahedron is relatively regular. The V-O bond
distances can be divided into three groups: the longest
one is 1.824(13)1& of the V—u5-0O, and this type of V-O
bonds also can be observed in the compound SrZnV,0;,
(1.822 A) [8]; the next one is the bond distance (averaged
1.757 A) of V—»-O, which is consistent with the V—y,-O
bond distance in the MMYV,04 and M,M"V,0q

series; the shortest distance of the V-O, bond (averaged
1.670 A) is also in common with BaZnV,05 [9] in which
V-0, bonds exist.

The structure of this crystal is composed of 1-D chains
of [ZnV,0¢7],. separated by Ba’" cations. The
[ZnV>0%7]., chain in Ba,ZnV,0y is like a branchy chain
composed of ZnO4 and VO, tetrahedra (Fig. 1). The
ZnO, tetrahedra are connected together to form 1-D
straight chains through corner shared Ol atoms. And
these O1 atoms are the us-oxo bridges branched by the
V(2)O4 groups. In contrast, each V(1)O4 joins two
adjacent ZnQ, tetrahedra through two uy-oxo bridges
(02 and O7). The two unique Ba atoms Bal and Ba2 are
surrounded by ten O atoms and eight O atoms,
respectively with the Ba—O bond distances ranging from
2.638(13) to 3.321(22)A, as shown in Fig. 2. The Bal
atom links to the surrounding VO, and ZnO, units
through eight O, atoms of different VO, tetrahedra and
two ur-O atoms (02, O7), and the Ba2 atom links
through six O, atoms of VO, and two p,-O atoms(O2,
O7). It can be seen that the branchy chains of
[ZnV,087],, are arranged along a and b directions
alternatively from the view projected along c-axis (Fig. 3).
The Ba®>" cations reside among these branchy chains and
join them through Coulombic action of Ba®* cations and
O’~ anions to form three dimensions framework. The
structure type of compound 1 is similar to compound
Ba, V504 or Sr,V30y, which also possesses 1-D V50871,
columns separated by Ba®>* or Sr*>" cations [14,15].

3.2. Spectral properties of Ba,ZnV,0g

The powder XRD pattern of the as-synthesized
compound is in well accord with the one simulated on
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cations.

Fig. 2. The coordinated environment of the Ba®"

the basis of the single-crystal structure, indicating the
phase purity of the sample. In the IR spectrum of title
compound, the strong bands at 910, 876, 844 cm~! are
due to the terminal V-O stretching vibrations. The
bands at 751, 677cm™! are attributed to V-O-Zn
stretching vibrations and the absorption band with the
peak at 453cm™! probably results from the stretching
vibrations of Zn—-O. The UV-Vis DRIS spectrum of
compound 1 shows that this compound has no
absorption ranging from 400 to 1800nm (Fig. 4). At
below 400 nm there is a strong absorption band with one
main peak at 319nm. From the fluorescent spectra of
title compound (Fig. 5) we can see that the excitation at
352nm the sample gives a broad emission band at
Amax = 526 nm. The cut-off edge of the observed
absorption is at about 390nm (3.18¢eV) as shown in
Fig. 4, and the observed emission peak is at about

DO
adad
TeIt
alad

Fig. 3. Projection of the structure of Ba,ZnV,Og in (00 1) plane.
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Fig. 4. The UV-Vis DRIS of compound 1.

526 nm (2.36¢eV) as shown in Fig. 5. By comparison
these two values, we can deduce that the emitted
fluorescence probably originates from defects or ex-
citons due to emission energy of 2.36eV is less than the
optical absorption edge of 3.18¢V.

3.3. Band structure, density of states and chemical bond

The calculated band structure of Ba,ZnV,0Og at the
Brillouin zone is plotted in Fig. 6. It is observed that the
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Fig. 5. The excitation spectra (solid line) and emission spectra (dotted
line) (excited at 352nm) of compound 1.

top of valence bands (VBs) appears to be very flat, and
the lowest energy (3.48eV) of CBs and the highest
energy (0.00eV) of VB are both localized at B point. The
Ba,ZnV,0g shows an insulator with direct band gap of
3.48eV. The bands can be assigned according to total
and partial densities of states (DOS), as plotted in Fig. 7.
The states of Ba-5s form the VB lying near —25.0eV,
while the states of O-2s create the VB ranging from
—16.5 and —14.8eV. The VB between —10.2 and
—9.5¢V, and between —6.3 and —5.5¢V, are mostly
derived from the Ba-5p and Zn-3d states, respectively.
For the VB between —4.2¢V and the Fermi level
(0.0eV), they are largely formed by the mixings of O-
2p and V-3d states. The top of VB originates from the O-
2p states, and the CB between 3.5 and 4.2 eV are mainly
due to antibonding states between the V-3d and O-2p
states. Accordingly, the absorption edge of UV-Vis
DRIS spectrum that is observed at 390 nm (3.18 eV), as
shown in Fig. 4, is assigned as the electron transitions
from the bonding to antibonding states between the V-
3d and O-2p states. The calculated band gap (3.48¢V,
not including shift energy) is as compared with the
experiment value of 3.18¢eV.

Now, we elucidate the feature of chemical bonding
from the nature of total and angular momentum
projected DOS. Comparing the total DOS with the
angular momentum projected DOS of V-3d and O-2p
states displayed in Fig. 7, we observe that the DOS, the
range from about —3.0-0.0eV, is larger for O-2p states
(60—clectrons/eV) than for V-3d states (21 electrons/eV),
and the range from —7.0 to —5.0eV that the DOS is
much larger for Zn-3d states (48 electrons/eV) than for
O-2p states (6electrons/eV). These results show that
some electrons from V-3d transfer into the VBs and take
part in the covalence interactions between V and O

E-Eg (6V)

-5 -

z ry A B DE C

Fig. 6. The band structure for Ba,ZnV,Og crystal (The bands below
—7.5eV have been cut).
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Fig. 7. The partial DOS of Ba,ZnV,0Os.

atoms, and the electrons from Zn-3d transfer into the
VBs and take part in the ionic interactions between Zn
and O atoms. It is also found that the peaks of total
DOS around —25.0eV and —9.8eV are completely
originated from Ba-5s and Ba-5p states, which implies
that there are pure ionic bonds between Ba and O
atoms. The chemical bonding properties are also
evidenced from the population analysis. The calculated
bond orders of the V-O bond, Zn-O bond and Ba-O
bond are from 0.53 to 0.85e, 0.34 to 0.37e and 0.00 to
0.11e in a unit cell of Ba,ZnV,0Og (covalence single bond
order is generally 1.0e), respectively. Accordingly, we
can also say that the covalence strength is stronger for
the V-0 bond than the Zn—O bond, and ionic strength is
stronger for the Ba—O bond than the Zn—O bond in
I332;ZII\/2()8.
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3.4. Optical properties

The calculated imaginary &(w) and the real & (w)
parts of the frequency-dependent dielectric function
without the scissor-operator approximation are dis-
played in Fig. 8. The part & (w) can be used to describe
the real transitions between occupied and unoccupied
electronic states. It is found from the dispersion of the
calculated &;(w) spectra that there is the first absorption
peak localized at about 4.55 (272nm), 4.58 (270 nm),
and 4.91eV (252nm), and the second absorption peak
localized at about 6.68, 6.53, and 6.74eV in Xx, y, z
polarization directions for Ba,ZnV,Og crystal, indivi-
dually. The crystal is transparent while the wavelength is
larger than 470 nm or photon energy is less than 2.65eV.
The first and second absorption peaks originate from
charge transfers from O to V and to Zn atoms,
respectively. Comparing the calculated first absorption
peak with the observed absorption peak of power shown
in Fig. 4, we can say that the observed peak is originated
from O to V charge transfers. The calculated dielectric
constant of static case, £(0), i.e., £1(>0), is about 2.9410,
2.9491, and 2.8395 in x, y, and z directions, respectively.
The dispersion curves of refractive index are also
calculated by the relation of n> =¢ and plotted in
Fig. 9. The refractive index of n,, n,, and n. is 1.7453,
1.7469, and 1.7126 at a wavelength of 1060nm. The
refractive index of Ba,ZnV,Og crystal has not been
measured and reported, therefore, our calculated results
only compare with the observed results of the other
vanadate crystals. It is reported that the observed
refractive index of alkali metal or alkaline earth vanadate
is generally ranging from 1.7 to 2.0. For example, the
average refractive index of CaMg(VO4)(OH) and
KoMnV40q, are 1.806 and 1.958 respectively [16,17].
Comparing with the observed refractive index of the
other vanadate crystals, our calculated refractive index of

x direction polarization

Dielectric Function

LR = PV AL S = P SR LT U = P NN S L]

I

[ TN IS PO S PO AP P S0 PN B S P P |

Energy (e

Fig. 8. The calculated dielectric function in different polarization
direction of Ba,ZnV,0g crystal.
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Fig. 9. The calculated dynamic refractive index of Ba,ZnV,0g.

the vanadate crystal Ba,ZnV,Oyg is reasonable and it
may be underestimated about 5-10% at static case.

4. Conclusions

At the present work, compound Ba,ZnV,0Og has been
synthesized by high temperature solution reaction, and
its crystal structure has been determined. The compound
crystallizes in monoclinic system with space group P2,/
¢. The UV-Vis DRIS and fluorescent spectra have been
measured, and they show the lowest energy absorption
peak at about 319nm, and emission peak at 526 nm,
respectively. The band structure of the solid state has
been calculated using CASTEP code based on the
density functional theory, and the obtained results show
that the compound is an insulator with direct band gap
at about 3.48eV. The absorption peak that is observed
at about 319 nm is assigned as the charge transfers from
the O-2p to V-3d state. The calculated total and partial
density of states indicate that the top valence bonds are
most contributions from the mixings of O-2p, V-3d, and
Zn-3d states, and low conduction bands mostly origi-
nate from unoccupied V-3d states. The calculated
populations show that the interactions between V and
O atoms are the significant covalence and those between
Zn and O are mostly ionic characters, and the strengths
of ionic bond are stronger for the Ba—O bonds than the
Zn—0O bonds. The linear optical response function of
Ba,ZnV,0y crystal has been calculated in terms of the
obtained results of band structures. The refractive
indices are estimated to be 1.7453, 1.7469, and 1.7126
in x, y, and z direction, respectively.

5. Supplementary material

The supplementary materials have been sent to
Fachinformationszentrum Karlsruhe Abt. PROKA,
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76344 EggensteinLeopoldshafen, Germany, and can be
obtained by contacting the FIZ (quoting the article
details and the corresponding CSD numbers: 414009.)
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