Available online at www.sciencedirect.com

. MATERIALS
scmncs@mnsc-r CHEMISTERIS
S asiles PHYSICS
ELSEVIER Materials Chemistry and Physics 95 (2006) 300-306

www.elsevier.com/locate/matchemphys

Structural and other physical properties of barium vanadate glasses
A. Al-Hajry, A. Al-Shahrani, M.M. El-Desoky

Physics Department, Faculty of Science, King Khalid University, PO Box, 9004 Abha, Saudi Arabia

Received 29 January 2005; received in revised form 19 May 2005; accepted 12 June 2005

Abstract

XRD, IR spectra, DTA, density, oxygen molar volume and dc conductivity of barium vanadate glasses of compeBitiOrs
(100— x)V,0s, 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 VO, polyhedra. The glass transition temperatures are observed to increase with an increase of BaO content in the compositions. Th
cross-linking density decrease with increasing BaO content in the compositions. Introduction of BaO inf@ihmatrix changes the 2D
layer structure of the crystalline,;®@s 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 consiste
with glass composition. The conduction is attributed to non-adiabatic hopping of small polaron.
© 2005 Published by Elsevier B.V.

Keywords: Vanadate glasses; XRD; IR spectra; DTA; Conductivity; SPH

1. Introduction anism. Studies of the infrared (IR) properties of a number
of vanadate glasses have been repdit@d15] It has been
Extensive studies have been carried out on semiconduct-observed that the structure of these glasses depends on the
ing oxide glasses containing transition metal oxides (TMO) nature of the network formers as well as the network modi-
owing to interests in their conduction mechanism and glassfiers. In this paper, we have studied the glass formation and
structurg[1-7]. These glasses have been given considerablethe composition dependence of the structure and electrical
attention because of their technical application, namely opti- properties of the Ba@V 05 glasses. Interestingly, we have
cal and electrical memory switching, cathode materials, and recently showr[9] single phase amorphous materials with
so on[8,9]. The structures of vanadate semiconductor glassesrandom structure in the Ba&>0s system can be obtained
play a significant role in the transport. One or more ions sur- for a wide composition rang, where TMO,Ws acts as a
rounding vanadium-oxygen polyhedra may lead to changesunique glass network former and BaO as a modifier. How-
in the hopping of electron. The semiconducting nature of ever, the polarizing power strength (ratio of valance charge
these glasses arises from the presence of two valance statesf the cation divided by the square of its ionic radius) of bar-
of TMO. Glasses containing vanadium process bdthand ium cation is lower than that of other alkali and alkaline-earth
V®*ions and electrical conduction occurs due to the hopping such as strontium and sodium cation, respectively.
of an unpaired 3Helectron from a \¥* site to \P* site. How-
ever, there exists a controversy over the nature of hopping .
mechanism in different temperature and composition regions 2+ Experimental
[10,11] There are also contradictory repdit2] on the effect

of the network formers and modifiers on the hopping mech-  Glass samples were prepared using analytical reagent
grade chemicals according to the formuBaO-(100— x)

. ) V205, wherex=30, 35, 40, 45 and 50 mol%. Batches that
* Corresponding author at: Physics Department, Faculty of Education, d d 20 f al db . BaO d
Suez Canal University, El-Arish 1854, Egypt. Tel.: +20 24529840; fax: +20 produce go _g ass were prepare y m'X'”Q al an
24529840. V205 dry crystalline powder that were melted in a plat-
E-mail address: mmdesoky@yahoo.com (M.M. El-Desoky). inum crucible in an electrical furnace for 1 h at temperatures
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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

45 mol% Ba0 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.

50 mol% BaO

40 mol% BaO

35 mol% BaO
3.2. IR spectra
30 mol% BaO
In Fig. 2 we show the room temperature IR spectra in
the range 400-1500 cm for different glass compositions.
The spectra show a strong band at about 1070-109% cm
which has been assigned to the vibration of isolatedDV
vanadyl groups in V@trigonal bi-pyramidg416]. With the
introduction of BaO, anew band is observed at 910-920'cm
Fig. 1. XRD of BaG-V,0s glasses. with reduced intensity in the spectra. Dimitiev and coworkers
[13] reported that in glasses containing® and MgO the

. . . band at 1020-1070 cm exists along with formation of new
ranging from 950 to 1100C, depending on the composi- (Pands in the range 920-915 ch

tion. It was observed that the melting temperature decrease
with increasing the ¥Os content in the compositions. The
melts were rapidly quenched between two brass plates to
obtain glass samples of thicknesd 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 thby 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 th
immersion liquid. Differential scanning calorimeter (DSC)
of the samples was investigated using a Shimadzu DSC-50
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Itis known that from pure YOs toward the orthovanadates
[14,15] a trend is observed of an increase in the symmetry
of the polyhedra, the length of the chemical bonds and a
decrease in the coordination number of the vanadium with
respect to the oxygen. We observe from IR studigg.(2
that there is a pronounced effect of the introduction of BaO
on the \=0 bonds that are present in the ¥@olyhedra in
crystalline \bOs5 [14,15] According to the structural model
reported earlief16], BaO ions may either occupy positions
% the vanadate chain itself or may be located between vana-

with heating rate 30C min—1. For the conductivity measure- 50 mol% Bao
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 45 mol% BaO
dc conductivity was measured under a constant dc voltage,
employing the potential probe method. Before the measure-  _
ments, the ohmic behaviol<V) was ascertained from the 2 40 mol% BaO
linearity of the voltage current characteristic. The dc con- g
ductivity was also observed to be independent of time, which @ 38 mol% Ba0
indicates no dc polarization due to ionic current. g 30 mol% BaO
3. Results and discussion
3.1. XRD

1 I 1 I 1 I 1 | 1 I 1 I 1 I 1 | 1 I 1 I 1

The XRD patterns of the present samples are shown in 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Fig. L These patterns show a broad main pealbat 26.5, Wavenumber (cni')

a second much smaller peak @&~239.5°. Beyond the sec-
ond peak no further strong oscillations are observed. The Fig. 2. Room temperature IR spectra of Ba®,Os glasses.
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Fig. 3. Composition dependence of densityand oxygen molar volume, BaO (mol%)

Vm, for BaO—V,0s glasses.

Fig. 4. Composition dependence of glass transition temperafyrefor
date chains and layers. In the first case, Ba ions will break Ba0-V20s glasses.
up some of V-O-V bands and form new ¥YO—Ba bridges.
The influence of Ba ions on the=xD bonds in the glasses the composition which indicates that the topology of the net-
is restricted and it may have an indirect manifestation. On work does not significantly change with composition. On the
the other hand, in the second case Ba ions interact directlyother hand, these trends can be explained rather simply as
with the V=0 bonds, as a result of which these bonds will be due to the replacement of a lighter cation (V) by a heavier
longer and the frequencies of the vibration should be shifted one (Ba)[14,15]
towards lower wave numbers. The shift of the bands for the
glasses towards the lower wave numbers implies that Baionsz; 4 pgc
in these compositions are located between vanadate chains

and layers and the glass structure consists of p@yhedra The composition dependence of glass transition tempera-
[14-16} ture (Ty) is shown inFig. 4andTable 1 It is observed that

Tq gradually increases with decreasingQ®4 content in the
3.3. Density and molar volume composition. Previous studies of differential thermal analy-

sis (DTA) of several glassg44,15] have shown thaly is

The composition dependence of the density of the presentstrictly related to the coordination number of the network
glass samples is shown Fig. 3 and Table 1 It may be former, density of cross-linking, tightness of packing in the
observed that density, increases gradually with the increase network, formation of non-bridging oxygen atoms, etc. The
of the barium oxide content in the glass compositions. The studies offy of some vanadate glasgég,15]indicated that
relationship between density and composition of an oxide the increase ofy with the increase of the network former
glass system can be expressed in terms of an apparent vol¢V,0s) arises mainly from the higher cross-linking density in
ume V, occupied by 1 g atom of oxygen. The valuelgf the glasses than in the vitreous® itself. From the present
has been calculated from the density and composition usingbarium vanadate glasses similar arguments are applicable. As
the formula reported earli¢t 7] and its composition depen-  the content of the network former,®s is decreased, there
dence is shown ifrig. 3andTable 1 It is observed thaV, is a continuous change in the glassy matrix from 2D layer
decreases monotonically with an increase of BaO content instructure of the crystalline 305 to more complicated 3D

Table 1

Density @), molar volume ¥r), concentration of vanadium ion&) and average distanc®)(for BaO—V,0s glasses

Nominal composition (mol%) d(gend) Vi (cm® mol%1) N (x10%2cm™3) R (nm)
BaO 05

30 70 3.69 46.96 1.76 0.384
35 65 3.79 45.30 1.69 0.389
40 60 3.84 44.36 1.62 0.395
45 55 3.88 43.56 1.51 0.405

50 50 3.91 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 Ba€V,0s glasses.

structureg[14,15] On the other hand, the increase of oxygen
molar volume (se€ig. 4) with increase of \YOs content in
the composition supports this conclusidd,15]

3.5. dc conductivity

The dc conductivity for different glass compositions is
shown inFig. 5 as a function of reciprocal temperature.
All glass compositions show a smooth variation of the con-
ductivity with reciprocal temperature, indicating temperature
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Fig. 6. Variation of the dc conductivity at 413K and the high-temperature
activation energy for BaBV,0s glasses.

the glass increases the bridging oxygen ifBis 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 conductj4ii§].

Also, an increase in dc conductivity and decrease in acti-
vation energy for the present glass samples suggests some

dependent activation energy. The high temperature activationchanges in conduction mechanisms. It has been previously
energy was computed from the slopes of the curves at in thereported4,8] that in vanadate glasses the dc conductivity is

highest rang of temperature measured {&d®e J. The vari-
ation of the conductivity and the high temperature activation
energy with the glass composition is shownFig. 6. It is
clear from the figure that the conductivity increases while the

electronic and depends strongly upon the average disgynce
between the vanadium ions. The average dist&heas cal-
culated for the present glasses (§ég 7) from the relation
R=(1IN)13, whereN is the concentration of vanadium ions

activation energy decreases with the decrease of the BaO conper unit volume, calculated from batch composition and the
tent in the glass. Such behavior is a feature of small polaron measured density. The densityand the average distandg,

hopping (SPH)[1,2]. The high value of activation energy
and low value of electrical conductivity are similar to those
for MgO—V>0s glasse$8]. This change in conductivity and

are given infable 1 The addition of BaO obviously increases
the distance between the vanadium ions. Assuming that the
conductivity is due to electron hopping frondito V°* then

activation energy may help to detect the structural changes aswith increasingR from R=0.384 nm for 30Ba©70V,0s5

a consequence of increasing BaO and decreasj@y \¢on-
tent. Generally, it is known that addition of barium oxide to

Table 2

(mol%) glass tak =0.415 nm for 50Ba©50V>0s5 (mol%)
glass, it is reasonable to expect an decrease in dc conduc-

Activation energy W), glass transition temperaturgy), polaron radiusr,) and density of stat&(Er) for BaO—V,0s glasses

Nominal composition (mol%) W (eV) Ty (°C) rp (Nm) N(EF) (x10%tev-1cm3)
BaO 05

30 70 0.34 291 0.172 12.40

35 65 0.52 297 0.170 7.79

40 60 0.61 303 0.169 6.35

45 55 0.72 310 0.168 4.99

50 50 0.89 325 0.166 3.75
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0420 —T—T— 717 LI B B explained the dependence of the-®@-V site distance for
B . vanadate glasses on activation energy. This study indicted
0.415 1= — that the electronic conduction is due to electrons hopping
I - from V4* to V°* on vanadium ions is probable.
0410 1= - We note inFig. 5that the magnitude of the conductivity
i i tend to be highest for those compositions having the low-
0.405 — e S
—_ N _| est activation energy. Such a behavior is a feature of SPH
E 0.400 | [1,2]. So we first discuss the thermal variation of conductiv-
x L ] ity assuming SPH mod¢l,2] based on a strong coupling of
0.395 |- i electron with the lattice by a single phonon. This model gives
- o in the non-adiabatic regime for TMO glasses as follows:
080 | voNe? R? W
2285 L ] o=—0 C(1— C)exp(—2aR) exp( kT) (1)
0.380 T e | The activation energy can be written as
28 32 36 40 44 48 52 Wo oo
BaO (mol%) W =Wy+ > (for T > 2) (2a)
Fig. 7. Composition dependence of average distaRcéor BaO—V,05 b
glasses. W = Wp (forT< 4) (2b)

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

tivity. At the same time, the activation energy appears to
increase with increasing distance between the vanadium ionsU0 — woN2R2C(1— C) exp (_Z‘XR> 3)
Clearly, the small value of activation energy (0.34 eV) for the kT
30BaG-70V20s5 (Mol%) glass suggests that the dc conduc- where g is the optical phonon frequency (generally ~
tiyity is controlled by electron h.oppi.ng and depends upon the 10*3s1) [19], C the fraction of reduced transition metal
distancer, between the vanadium ions. _ ion (C=V*/Vota), @ the tunneling factor (the ratio of wave

The relation between the average distaRcand activa- function decay)Wy the hopping energy anip is the dis-

tion energyW, is illustrated inFig. 8 The activation energy  orger energy defined as the difference of electronic energies
clearlyincreased with anincrease in the average distance simygtween two hopping sitd&9].

ilar to the other vanadate glasgés3]. A prominent positive In the adiabatic hopping regime, however in Eq. (3)

correlation betweerwv and R. agrees vv_ith the results sug-  pacomes negligiblEL,2,19] then the conductivity, and the
gested by Sayer and Mansinfltj. Austin and Garbef18] pre-exponential factorg in Eq. (1) is expressed by the fol-

lowing equationg1,2]:

1.0 voNe? R? w
T I 1 I 1 I T _ 2 1 _ e _ 4
I ] o= 0 a0 xp( kT) @)
09 — and
I ] Ne2R2C(1— C
0.8 — 00 = rofve ( ) (5)
I 1 kT
07k - For adiabatic hopping conduction the termogfin Eq. (4)

does not depend on the BaO concentration, and hardly vary-
ing [1,2,4] Therefore the dominant factor contributing to the
conductivity should bé¥ in adiabatic regim¢g1,2]. Fig. 9

° presents the effect of BaO concentrationognindicating a

W (eV)

0.6 . -

05 = T decrease imrg with BaO content from 30 to 70 mol%. From
i ) this result, we conclude that the conduction in the present
04— I glasses is to be due to non-adiabatic hopping of polarons
- e . [19].
0.3 TR S S IS — In the framework of Mott’s mode]1,19], the nature of
0.38 0.39 0.40 0.41 0.42

hopping mechanism in the high temperature range, where a
nearly activated behavior of the conductivity was observed,
Fig. 8. Variation of average distandg,and the high-temperature activation ~ Can be asc;ertfained from the plot _Of |anrithmic CondU_CtiVity
energy for BaG-V,0s glasses. versus activation energy at an arbitrarily chosen experimental

R (nm)
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AS—T— T — T T T T T Holstein [20] has suggest a method for calculating the
" . . polaron hopping energyWy
20 — 1 ”
i : Wh = 7 Zplvpl “hep ©)
25 1
_ ° | N ] where ﬁ/p]2 is the electron—phonon coupling constant and
& 30l | wq is the frequency of the optical phonons of wave number.
o Bogomolov et al[21] have calculated the polaron radits
o I ’ for a nondispersive system of frequengyfor Eq. (6) as
2 351 -
S i . 1 L ( E)1/3 R @)
a0l . 7 \6/ 2
L g The values of the polaron radip, calculated from Eq(7),
45 - usingR from Table 1is shown inTable 1for all compositions.
L J Although the possible effect of disorder has been neglected
sob— 1 o 1 o 11 1 in the above calculation, the small values of polaron radii
28 32 36 40 4 48 52 suggest that the polarons are highly localized. These results
BaO (mol%) are very similar to the magnesium vanadate glages

Besides W is expressed in terms of the density of states
at Fermi levelN(EF) as follows[19]:
N(ER) = — ®
F= 37R3W
temperature in this range. It has been suggeldtd®] that we obtainedV(Eg) = 3.75x 10?1 to 12.4x 107 eV-1cm—3

the hopping would be in the adiabatic regime if the temper- g shawn inTable 2with the estimatedv andR data. The
ature estimated from such a plot is close to the experimental, 5| a5 ofN(Er) are reasonable for localized states.

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 4, Conclusions

formed with traditional glass formefd4,8]. A plot of logo

at 413 K versusV is shown inFig. 10for different composi- Several properties carried out on the barium vanadate

tions of the present barium vanadate glasses. A least squareglasses in the composition range of 30-50 mol% BaO, sug-

straight line fit of the data yields a temperature of 2706 K, gestthatthese glasses are single phase and homogeneous. The

indicating non-adiabatic hopping in the present glasses inincrease of the glass transition temperature with the increase

contrast to traditional vanadate glasg&S)]. of the BaO content indicates the formation of complicated
network structure in the glassy matrix. The cross-linking
density decreases with the increase of BaO content in the

-3.0 — — T T 7 compositions. The infrared studies of the glasses suggest that

Fig. 9. Composition dependence of pre-exponential factay, for
BaO—V,0s glasses.

r 1 the glass network is built up of mainly \@olyhedra. The
38 N 7] analysis of high-temperature dc conductivity for the present
-4.0 — ® — glasses is adequately explained by Mott's small polaron the-
s [ N ory. The conduction in the high-temperature region can be
Tt | explained by the non-adiabatic hopping of polarons. The
e 50 — average distanc®, evaluated as 0.384-0.415nm increased
12 B . with increasing BaO content. The valuesN(EF) are rea-
o S5 l sonable for the localized states.
2 60 __ theoretical slope __
(tane = - 1/2.303KT)
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