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Structural and other physical properties of barium vanadate glasses
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Abstract

XRD, IR spectra, DTA, density, oxygen molar volume and dc conductivity of barium vanadate glasses of compositionsxBaO
(100− x)V2O5, wherex = 30, 35, 40, 45 and 50 mol%, are reported. The IR studies of the glasses suggest the glass network is built up
of mainly VO4 polyhedra. The glass transition temperatures are observed to increase with an increase of BaO content in the compositions. The
cross-linking density decrease with increasing BaO content in the compositions. Introduction of BaO into the V2O5 matrix changes the 2D
layer structure of the crystalline V2O5 into a more complicated 3D structure. Analysis of the electrical properties has been made in the light
of small polaron hopping model. The parameters obtained from the fits of the experimental data to this model are reasonable and consistent
with glass composition. The conduction is attributed to non-adiabatic hopping of small polaron.
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. Introduction

Extensive studies have been carried out on semiconduct-
ng oxide glasses containing transition metal oxides (TMO)
wing to interests in their conduction mechanism and glass
tructure[1–7]. These glasses have been given considerable
ttention because of their technical application, namely opti-
al and electrical memory switching, cathode materials, and
o on[8,9]. The structures of vanadate semiconductor glasses
lay a significant role in the transport. One or more ions sur-
ounding vanadium–oxygen polyhedra may lead to changes
n the hopping of electron. The semiconducting nature of
hese glasses arises from the presence of two valance states
f TMO. Glasses containing vanadium process both V4+ and
5+ ions and electrical conduction occurs due to the hopping
f an unpaired 3d1 electron from a V4+ site to V5+ site. How-
ver, there exists a controversy over the nature of hopping
echanism in different temperature and composition regions

10,11]. There are also contradictory reports[12] on the effect
f the network formers and modifiers on the hopping mech-

∗

anism. Studies of the infrared (IR) properties of a num
of vanadate glasses have been reported[13–15]. It has bee
observed that the structure of these glasses depends
nature of the network formers as well as the network m
fiers. In this paper, we have studied the glass formation
the composition dependence of the structure and elec
properties of the BaOV2O5 glasses. Interestingly, we ha
recently shown[9] single phase amorphous materials w
random structure in the BaOV2O5 system can be obtain
for a wide composition rang, where TMO V2O5 acts as
unique glass network former and BaO as a modifier. H
ever, the polarizing power strength (ratio of valance ch
of the cation divided by the square of its ionic radius) of
ium cation is lower than that of other alkali and alkaline-e
such as strontium and sodium cation, respectively.

2. Experimental

Glass samples were prepared using analytical re
grade chemicals according to the formulaxBaO (100− x)
V2O5, wherex = 30, 35, 40, 45 and 50 mol%. Batches t
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uez Canal University, El-Arish 1854, Egypt. Tel.: +20 24529840; fax: +20
4529840.
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produced 20 g of glass were prepared by mixing BaO and
V2O5 dry crystalline powder that were melted in a plat-
inum crucible in an electrical furnace for 1 h at temperatures
254-0584/$ – see front matter © 2005 Published by Elsevier B.V.
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Fig. 1. XRD of BaO V2O5 glasses.

ranging from 950 to 1100◦C, depending on the composi-
tion. It was observed that the melting temperature decreased
with increasing the V2O5 content in the compositions. The
melts were rapidly quenched between two brass plates to
obtain glass samples of thickness∼1 mm. The amorphous
nature of the glasses was examined using a Shimadzu X-
ray diffractometer XRD-600. IR spectra of the glass samples
were measured from 400 to 4000 cm−1 by a conventional KBr
pellet method on a Fourier transform infrared (FT-IR) spec-
trometer (Perkin-Elmer 1760X). The density of the glasses
was measured by the Archimedes method using toluene as the
immersion liquid. Differential scanning calorimeter (DSC)
of the samples was investigated using a Shimadzu DSC-50
with heating rate 30◦C min−1. For the conductivity measure-
ments, disk shaped samples of 8 mm diameter were cut and
polished with very fine lapping papers. Silver paste elec-
trodes were painted on both faces of the polished sample. The
dc conductivity was measured under a constant dc voltage,
employing the potential probe method. Before the measure-
ments, the ohmic behavior (I–V) was ascertained from the
linearity of the voltage current characteristic. The dc con-
ductivity was also observed to be independent of time, which
indicates no dc polarization due to ionic current.
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3

n in
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o The

second smaller peak differs in height as a function of BaO
content in the specimens. It is very weak for the 30 mol%
BaO sample, but it develops to a sharper peak as the BaO
content increases, reaching a maximum at the 45 mol% BaO
sample, then starts to decrease again in the 50 mol% BaO
sample. Similar behavior is observed for the first main peak,
although not as pronounced. The overall features of these
XRD curves confirm the amorphous nature of the present
samples. A more detailed structural study is underway, to elu-
cidate the real space structure of these samples on an atomic
scale.

3.2. IR spectra

In Fig. 2 we show the room temperature IR spectra in
the range 400–1500 cm−1 for different glass compositions.
The spectra show a strong band at about 1070–1090 cm−1

which has been assigned to the vibration of isolated VO
vanadyl groups in VO5 trigonal bi-pyramids[16]. With the
introduction of BaO, a new band is observed at 910–920 cm−1

with reduced intensity in the spectra. Dimitiev and coworkers
[13] reported that in glasses containing V2O5 and MgO the
band at 1020–1070 cm−1 exists along with formation of new
bands in the range 920–915 cm−1.

It is known that from pure V2O5 toward the orthovanadates
[ etry
o nd a
d with
r
t aO
o
c el
r ns
i ana-
. Results and discussion

.1. XRD

The XRD patterns of the present samples are show
ig. 1. These patterns show a broad main peak at 2θ ≈ 26.5◦,
second much smaller peak at 2θ ≈ 39.5◦. Beyond the sec

nd peak no further strong oscillations are observed.
14,15] a trend is observed of an increase in the symm
f the polyhedra, the length of the chemical bonds a
ecrease in the coordination number of the vanadium
espect to the oxygen. We observe from IR studies (Fig. 2)
hat there is a pronounced effect of the introduction of B
n the V O bonds that are present in the VO5 polyhedra in
rystalline V2O5 [14,15]. According to the structural mod
eported earlier[16], BaO ions may either occupy positio
n the vanadate chain itself or may be located between v

Fig. 2. Room temperature IR spectra of BaOV2O5 glasses.



302 A. Al-Hajry et al. / Materials Chemistry and Physics 95 (2006) 300–306

Fig. 3. Composition dependence of density,d, and oxygen molar volume,
Vm, for BaO V2O5 glasses.

date chains and layers. In the first case, Ba ions will break
up some of V O V bands and form new VO Ba bridges.
The influence of Ba ions on the VO bonds in the glasses
is restricted and it may have an indirect manifestation. On
the other hand, in the second case Ba ions interact directly
with the V O bonds, as a result of which these bonds will be
longer and the frequencies of the vibration should be shifted
towards lower wave numbers. The shift of the bands for the
glasses towards the lower wave numbers implies that Ba ions
in these compositions are located between vanadate chains
and layers and the glass structure consists of VO4 polyhedra
[14–16].

3.3. Density and molar volume

The composition dependence of the density of the present
glass samples is shown inFig. 3 and Table 1. It may be
observed that density,d, increases gradually with the increase
of the barium oxide content in the glass compositions. The
relationship between density and composition of an oxide
glass system can be expressed in terms of an apparent vol-
umeVm occupied by 1 g atom of oxygen. The value ofVm
has been calculated from the density and composition using
the formula reported earlier[17] and its composition depen-
dence is shown inFig. 3andTable 1. It is observed thatVm
d nt in

Fig. 4. Composition dependence of glass transition temperature,Tg, for
BaO V2O5 glasses.

the composition which indicates that the topology of the net-
work does not significantly change with composition. On the
other hand, these trends can be explained rather simply as
due to the replacement of a lighter cation (V) by a heavier
one (Ba)[14,15].

3.4. DSC

The composition dependence of glass transition tempera-
ture (Tg) is shown inFig. 4 andTable 1. It is observed that
Tg gradually increases with decreasing V2O5 content in the
composition. Previous studies of differential thermal analy-
sis (DTA) of several glasses[14,15] have shown thatTg is
strictly related to the coordination number of the network
former, density of cross-linking, tightness of packing in the
network, formation of non-bridging oxygen atoms, etc. The
studies ofTg of some vanadate glasses[14,15]indicated that
the increase ofTg with the increase of the network former
(V2O5) arises mainly from the higher cross-linking density in
the glasses than in the vitreous V2O5 itself. From the present
barium vanadate glasses similar arguments are applicable. As
the content of the network former V2O5 is decreased, there
is a continuous change in the glassy matrix from 2D layer
structure of the crystalline V2O5 to more complicated 3D
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ecreases monotonically with an increase of BaO conte

able 1
ensity (d), molar volume (Vm), concentration of vanadium ions (N) and a

ominal composition (mol%) d (g cm−3)

aO V2O5

0 70 3.69
5 65 3.79
0 60 3.84
5 55 3.88
0 50 3.91
distance (R) for BaO V2O5 glasses

Vm (cm3 mol%−1) N (×1022 cm−3) R (nm)

46.96 1.76 0.384
45.30 1.69 0.389
44.36 1.62 0.395
43.56 1.51 0.405
42.86 1.40 0.415
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Fig. 5. Temperature dependence of dc conductivity as a function of recip-
rocal temperature for BaOV2O5 glasses.

structure[14,15]. On the other hand, the increase of oxygen
molar volume (seeFig. 4) with increase of V2O5 content in
the composition supports this conclusion[14,15].

3.5. dc conductivity

The dc conductivity for different glass compositions is
shown in Fig. 5 as a function of reciprocal temperature.
All glass compositions show a smooth variation of the con-
ductivity with reciprocal temperature, indicating temperature
dependent activation energy. The high temperature activation
energy was computed from the slopes of the curves at in the
highest rang of temperature measured (seeTable 2). The vari-
ation of the conductivity and the high temperature activation
energy with the glass composition is shown inFig. 6. It is
clear from the figure that the conductivity increases while the
activation energy decreases with the decrease of the BaO con-
tent in the glass. Such behavior is a feature of small polaron
hopping (SPH)[1,2]. The high value of activation energy
and low value of electrical conductivity are similar to those
for MgO V2O5 glasses[8]. This change in conductivity and
activation energy may help to detect the structural changes as
a consequence of increasing BaO and decreasing V2O5 con-
tent. Generally, it is known that addition of barium oxide to

Fig. 6. Variation of the dc conductivity at 413 K and the high-temperature
activation energy for BaOV2O5 glasses.

the glass increases the bridging oxygen ions[5]. This may
decrease the open structure (i.e. the non-bridging oxygen
ions), through which the charge carriers can move with lower
mobility. On the other hand, this result provides an explana-
tion to why the coulombic binding force of the barium ion
is affected by the type of TMO which is located at a neigh-
boring site. The change in the binding force may cause the
change in the barium ion mobility, due to the large difference
in ionic sizes of Ba, V leading to smaller values of mobility
an increase in stability and a decrease in conductivity[4,8].

Also, an increase in dc conductivity and decrease in acti-
vation energy for the present glass samples suggests some
changes in conduction mechanisms. It has been previously
reported[4,8] that in vanadate glasses the dc conductivity is
electronic and depends strongly upon the average distanceR,
between the vanadium ions. The average distanceR, was cal-
culated for the present glasses (seeFig. 7) from the relation
R = (1/N)1/3, whereN is the concentration of vanadium ions
per unit volume, calculated from batch composition and the
measured density. The densityd, and the average distance,R,
are given inTable 1. The addition of BaO obviously increases
the distance between the vanadium ions. Assuming that the
conductivity is due to electron hopping from V4+ to V5+ then
with increasingR from R = 0.384 nm for 30BaO70V2O5
(mol%) glass toR = 0.415 nm for 50BaO50V2O5 (mol%)
glass, it is reasonable to expect an decrease in dc conduc-

T
A and d

N

B

3
3
4
4
5

able 2
ctivation energy (W), glass transition temperature (Tg), polaron radius (rp)

ominal composition (mol%) W (eV)

aO V2O5

0 70 0.34
5 65 0.52
0 60 0.61
5 55 0.72
0 50 0.89
ensity of stateN(EF) for BaO V2O5 glasses

Tg (◦C) rp (nm) N(EF) (×1021 eV−1 cm−3)

291 0.172 12.40
297 0.170 7.79
303 0.169 6.35
310 0.168 4.99
325 0.166 3.75
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Fig. 7. Composition dependence of average distance,R, for BaO V2O5

glasses.

tivity. At the same time, the activation energy appears to
increase with increasing distance between the vanadium ions.
Clearly, the small value of activation energy (0.34 eV) for the
30BaO 70V2O5 (mol%) glass suggests that the dc conduc-
tivity is controlled by electron hopping and depends upon the
distanceR, between the vanadium ions.

The relation between the average distanceR, and activa-
tion energyW, is illustrated inFig. 8. The activation energy
clearly increased with an increase in the average distance sim-
ilar to the other vanadate glasses[4,8]. A prominent positive
correlation betweenW and R agrees with the results sug-
gested by Sayer and Mansingh[2]. Austin and Garbet[18]

F ion
e

explained the dependence of the VO V site distance for
vanadate glasses on activation energy. This study indicted
that the electronic conduction is due to electrons hopping
from V4+ to V5+ on vanadium ions is probable.

We note inFig. 5 that the magnitude of the conductivity
tend to be highest for those compositions having the low-
est activation energy. Such a behavior is a feature of SPH
[1,2]. So we first discuss the thermal variation of conductiv-
ity assuming SPH model[1,2] based on a strong coupling of
electron with the lattice by a single phonon. This model gives
σ in the non-adiabatic regime for TMO glasses as follows:

σ = ν0Ne2R2

kT
C(1 − C) exp(−2aR) exp

(
− W

kT

)
(1)

The activation energyW can be written as

W = WH + WD

2

(
for T >

θD

2

)
(2a)

W = WD

(
for T <

θD

4

)
(2b)

The pre-exponential factorσ0 in Eq.(1) is given by

σ0 = ν0Ne2R2C(1 − C) exp

(
−2αR

kT

)
(3)

whereν is the optical phonon frequency (generallyν �
1 tal
i ve
f
o rgies
b
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v ental
ig. 8. Variation of average distance,R, and the high-temperature activat
nergy for BaO V2O5 glasses.
0 0
013 s−1) [19], C the fraction of reduced transition me

on (C = V4+/Vtotal), α the tunneling factor (the ratio of wa
unction decay),WH the hopping energy andWD is the dis-
rder energy defined as the difference of electronic ene
etween two hopping sites[19].

In the adiabatic hopping regime, however,αR in Eq. (3)
ecomes negligible[1,2,19], then the conductivityσ, and the
re-exponential factorσ0 in Eq. (1) is expressed by the fo

owing equations[1,2]:

= ν0Ne2R2

kT
C(1 − C) exp

(
− W

kT

)
(4)

nd

0 = ν0Ne2R2C(1 − C)

kT
(5)

or adiabatic hopping conduction the term ofσ0 in Eq. (4)
oes not depend on the BaO concentration, and hardly

ng [1,2,4]. Therefore the dominant factor contributing to
onductivity should beW in adiabatic regime[1,2]. Fig. 9
resents the effect of BaO concentration onσ0, indicating a
ecrease inσ0 with BaO content from 30 to 70 mol%. Fro

his result, we conclude that the conduction in the pre
lasses is to be due to non-adiabatic hopping of pola

19].
In the framework of Mott’s model[1,19], the nature o

opping mechanism in the high temperature range, wh
early activated behavior of the conductivity was obser
an be ascertained from the plot of logarithmic conduct
ersus activation energy at an arbitrarily chosen experim
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Fig. 9. Composition dependence of pre-exponential factor,σ0, for
BaO V2O5 glasses.

temperature in this range. It has been suggested[1,19] that
the hopping would be in the adiabatic regime if the temper-
ature estimated from such a plot is close to the experimental
temperature. Otherwise, the hopping would be in the non-
adiabatic regime. In this way, the hopping of small polarons
was inferred to be in the adiabatic regime for the TMO glasses
formed with traditional glass formers[4,8]. A plot of logσ

at 413 K versusW is shown inFig. 10for different composi-
tions of the present barium vanadate glasses. A least square
straight line fit of the data yields a temperature of 2706 K,
indicating non-adiabatic hopping in the present glasses in
contrast to traditional vanadate glasses[8,9].

Holstein [20] has suggest a method for calculating the
polaron hopping energyWH

WH = 1

4N
Σp[γp]2h̄ωp (6)

where [γp]2 is the electron–phonon coupling constant and
ωq is the frequency of the optical phonons of wave number.
Bogomolov et al.[21] have calculated the polaron radiusrp
for a nondispersive system of frequencyν0 for Eq.(6) as

rp =
(π

6

)1/3R

2
(7)

The values of the polaron radiirp, calculated from Eq.(7),
usingR fromTable 1is shown inTable 1for all compositions.
Although the possible effect of disorder has been neglected
in the above calculation, the small values of polaron radii
suggest that the polarons are highly localized. These results
are very similar to the magnesium vanadate glasses[8].

Besides,W is expressed in terms of the density of states
at Fermi levelN(EF) as follows[19]:

N(EF) = 4

3πR3W
(8)

we obtainedN(EF) = 3.75× 1021 to 12.4× 1021 eV−1 cm−3,
as shown inTable 2with the estimatedW andR data. The
values ofN(EF) are reasonable for localized states.
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Fig. 10. Plots of logσ at 413 K vs.W for BaO V2O5 glasses.
s

. Conclusions

Several properties carried out on the barium vana
lasses in the composition range of 30–50 mol% BaO,
est that these glasses are single phase and homogeneo

ncrease of the glass transition temperature with the inc
f the BaO content indicates the formation of complica
etwork structure in the glassy matrix. The cross-link
ensity decreases with the increase of BaO content i
ompositions. The infrared studies of the glasses sugge
he glass network is built up of mainly VO4 polyhedra. Th
nalysis of high-temperature dc conductivity for the pre
lasses is adequately explained by Mott’s small polaron
ry. The conduction in the high-temperature region ca
xplained by the non-adiabatic hopping of polarons.
verage distanceR, evaluated as 0.384–0.415 nm increa
ith increasing BaO content. The values ofN(EF) are rea
onable for the localized states.
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