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Abstract

X-ray photoelectron spectroscopy (XPS) has been used to obtain structural information on the xPbO Æ ð1� xÞV2O5

glass system where x ¼ 0:22, 0.35, 0.43, and 0.54. The binding energies from the Pb 4f7=2 and Pb 4f5=2 core levels decrease

with increasing PbO content while the full-width at half-maximum of these peaks increase. The O1s spectra show an

asymmetry for samples having composition x < 0:5, which results from oxygen atoms in the V–O–V configuration

(bridging oxygens) and from oxygen atoms in the V–O–Pb and Pb–O–Pb configurations (non-bridging oxygens). The

number of non-bridging oxygens was found to increase from 81% to 92% with increasing PbO content. For x ¼ 0:54,
the O1s spectrum was symmetric indicating that all three oxygen configurations have essentially the same binding

energy. This behavior in addition to the decreasing binding energies of the Pb 4f levels with increasing PbO content

suggest that the Pb–O bonds are becoming more covalent in nature and that eventually PbO changed its role from a

glass modifier to a glass former for x > 0:5. The asymmetric V 2p3=2 peaks for the x < 0:4 glasses indicate the presence of
a small concentration of V4þ ions in addition to V5þ ions, while the symmetric V 2p3=2 peaks for the more concentrated

PbO vanadate glasses indicate only V5þ being present. The concentration of V4þ ions (0–4%) from the XPS data is

consistent with determinations from magnetic susceptibility measurements on the same glass samples. In addition to the

paramagnetic contribution (Curie–Weiss temperature-dependent behavior) from the V4þ ions, the susceptibility for

these oxide glasses consisted of a positive, constant contribution arising from the temperature-independent paramag-

netic V2O5 exceeding the diamagnetism from the core ions.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

The glass structure of lead oxide glasses is es-

pecially interesting since a level of up to 70 mol%
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of lead oxide can be incorporated in the glass

network of binary glasses even though PbO by

itself does not form a glass. For example, an early

investigation of the local glass structure in lead
silicate glasses using X-ray photoelectron spec-

troscopy (XPS) by Smets and Lommen [1] found

that the number of bridging oxygens decreased

with increasing PbO content such that PbO be-

haves as network modifier for PbO 6 0.5 mol%.

At higher lead concentration, the number of

bridging oxygen decreases less rapidly indicating
ed.
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the presence of polymerized silicate anions. More
recent studies by Wang and Zhang [2] and Gee

et al. [3] on the lead silicate glass system concluded

that SiO2 is the glass former for the low concen-

tration regime (PbO<40 mol%). The glass former

consists of a SiO4 tetrahedra network while PbO4

pyramids form a separate network structure. For

the high concentration regime (PbO>40 mol%),

the PbO4 pyramid polymeric chains connect to-
gether through the SiO4 tetrahedra to form the

glass structure network. Likewise, the local struc-

ture of binary lead vanadate glasses as a function

of PbO composition has been investigated by a

variety of techniques. For example, infrared spec-

troscopy (IR) [4] and X-ray radial distribution

function [5] studies on 50PbO–50V2O5 glasses

have concluded that the glass contains only VO5

units. A neutron diffraction study [6] on a 41PbO–

59V2O5 glass came to a similar conclusion that the

network consists of VO5 tetragonal pyramids. A

more recent IR study [7] of lead vanadate glasses

indicated that the glass network structure is made

up of unaffected VO5 groups as in crystalline V2O5

and affected VO5 groups as in crystalline

Pb(VO3)2. However, a study on lead vanadate
glasses using a combination of IR and static and

magic angle spinning nuclear magnetic resonance

(MAS-NMR) [8] arrived at a different conclusion

for the local structure. The local vanadate struc-

ture for x6 0:5 consisted of both VO5 trigonal

bipyramids and VO4 tetrahedra which are com-

posed of V2O
4�
7 , (VO3)n single chains, branched

VO4, and (V2O8)n zigzag chains depending on the
PbO content. For the highest PbO content, the

glass mainly consisted of VO4 tetrahedra com-

posed of V2O
4�
7 and (VO3)n single chains. PbO3

trigonal pyramids and PbO4 square pyramids are

determined to be the local structure around the Pb

atoms in these lead vanadate glasses. Thus, there

remains some uncertainty as to the local structure

in the lead vanadate glasses from these various
studies.

As alluded to previously, XPS has proved to be

an important tool in the study of the local struc-

ture of oxide glasses [9] as it can distinguish be-

tween bridging oxygen (BO) and non-bridging

oxygen (NBO) [10,11] and even determine the
concentration of a particular oxidation state of
the transition metal(s) in the glass [12–14].

Moreover, since XPS has been successfully used

to investigate the local structure in silicate glasses

containing PbO, an XPS investigation of the lead

vanadate glass system should be beneficial in

elucidating the local structure in these vanadate

glasses. The Pb 4f and O1s spectra should be able

to distinguish between the different roles that lead
and oxygen play in the glass network structure.

Also the V 2p spectra can provide information

about the concentration of the various oxidation

states of the vanadium anions. Magnetic suscep-

tibility results will also be presented in order to

provide an independent measure of the relative

amounts of the different valence states of vana-

dium as well as to characterize the nature of any
magnetic interaction between the magnetic species

in these glasses.
2. Experimental details

2.1. Sample preparation

The glass samples were prepared using com-

mercially available reagent grade powders of PbO

and V2O5. Calculated amounts of these powders

for x ¼ 0:2, 0.3, 0.4, and 0.5 were mixed and

melted in alumina crucibles at 1200 �C for 1 h. The

glass, obtained by fast quenching of the melt, was

cast into preshaped graphite-coated steel molds

yielding rod specimens with dimensions 5 · 5 · 30
mm3. After casting, the specimens were transferred

to another furnace maintained at 50 �C below the

glass transition temperature (as determined from

the differential thermal analysis) for 2 h and then

cooled to room temperature at a rate of 30 �C/h.
X-ray powder diffraction analysis indicated that

the glasses were completely amorphous. After

preparation, the samples were stored in a desic-
cator to prevent any further oxidation or degra-

dation. The chemical compositions of the samples

were determined by inductively coupled plasma

emission spectroscopy (ICP) and are listed in

Table 1. It should be noted that no trace of alu-

mina was detected by the ICP technique indicating



Table 1

Nominal and analytic composition of xPbO Æ ð1� xÞV2O5 glass samples

Nominal composition (mol%) Analytic composition (mol%) x

PbO V2O5 PbO V2O5

0.20 0.80 0.22 0.78 0.22

0.30 0.70 0.35 0.65 0.35

0.40 0.60 0.43 0.57 0.43

0.50 0.50 0.54 0.46 0.54

The relative uncertainty in the ICP results is ±5%.
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that the glasses did not react with the crucible
during the melting process.

2.2. XPS measurements

The XPS experiments were carried out in a

spectrometer equipped with a dual aluminum-

magnesium anode X-ray gun and a 150-mm con-

centric hemispherical analyzer. Photoelectron
spectra from Pb 4f, V 2p, O 1s, and C 1s core levels

were recorded using a computer-controlled data

collection system described elsewhere [15]. X-ray

photoemission measurements were performed

using non-monochromatic AlKa (1486.6 eV) ra-

diation from an anode operating at 130 W. The

energy scale of the spectrometer was calibrated

with the Cu 2p3=2 (¼ 932.67 eV), Cu 3p3=2 (¼ 74.9
eV), and Au 4f7=2 (¼ 83.98 eV) photoelectron lines.

The electron energy analyzer was operated with a

pass energy of 10 eV for the high-resolution XPS

studies with an analyzer energy resolution of 1.0

eV, whereas a pass energy of 50 eV was used for

routine survey scans.

For XPS measurements, a glass rod from each

composition was cleaved in the analysis chamber
at a base pressure 2 · 10�9 mbar before being

transferred to the analysis chamber where the

pressure was maintained at <2 · 10�10 mbar. The

glass bars were notched to guide the fracture,

yielding flat uncontaminated surfaces. Since XPS

is sensitive to surface contamination, each sample

was fractured in this manner as fracturing in UHV

is considered to be the optimum method for pro-
ducing a clean surface. For consistency, all binding

energies are reported with reference to the C 1s

transition at 284.6 eV, which arises from minor

hydrocarbon contaminants in the vacuum and is
generally accepted to be independent of the
chemical state of the sample under investigation.

All spectra reported have been corrected for the

charging effect and show the raw data as collected.

A non-linear, least-squares algorithm [15] deter-

mine the best fit to each of the Pb 4f, O 1s, and

V 2p spectra with either a single Gaussian–

Lorentzien curve or two Gaussian–Lorentzien

curves representing two different coordination geo-
metries for lead, bridging and non-bridging oxy-

gen, and two possible vanadium oxidation states

(V5þ and V4þ), respectively. The fraction of non-

bridging oxygen and V4þ were determined from

the respective area ratios from these fits. Addi-

tional samples for each composition were analyzed

in this manner and the quantitative XPS analysis

of Pb 4f, O 1s, and V 2p were reproducible to ±5%
with the overall accuracies in the determination of

the peak position and chemical shift being 0.2 eV.

A period of approximately 2 h was required to

collect the data set for each sample and there was

no evidence of any X-ray induced reduction of the

vanadium or lead in the glasses during this period.

2.3. Magnetic measurements

The temperature-dependent dc magnetic sus-

ceptibility was measured using a Quantum Design

SQUID magnetometer (model MPMS-5S) in a

magnetic field of 5000 Oe over a temperature range

of 5–300 K. The susceptibility of the sample holder

is negligible below 100 K for all samples and

constitutes less than a 2% correction at the highest
temperature for all samples. The overall accuracy

of the magnetic measurements is estimated to be

approximately 3% due to the uncertainty of the

magnetometer calibration.
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3. Results

3.1. Survey scans

Relatively low-resolution X-ray photoelectron

survey scans taken from fractured surfaces in the

binding energy region 0–1200 eV were recorded for

each glass sample and two such spectra are shown
in Fig. 1. While a small C 1s core level peak arising

from hydrocarbon contamination in the analysis

chamber is observable, no aluminum signal is de-

tected in these spectra which provides additional

evidence that the glass did not react with the alu-

mina crucible during the melting process. Each

spectrum includes the photoelectron and X-ray

induced Auger peaks from the constituent ele-
ments of the glass. It is clear from these spectra

that the Pb 4f core level doublet increases in in-

tensity with increasing PbO content in the glass

while that of the V 2p core level decreases relative
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Fig. 1. Survey scans of the XPS spectra for PbO vanadate glass

samples with x ¼ 0:35 and 0.54.
to the Pb 4f peak. Each core level peak of interest,
i.e., Pb 4f, O 1s, and V 2p, was also recorded under

high-resolution conditions and are presented in the

next sections.

3.2. Lead spectra

The high-resolution Pb 4f spin–orbit doublet

spectra for all the glass samples are collectively
shown in Fig. 2. The peak positions of the spin–

orbit doublet Pb 4f5=2 and Pb 4f7=2 for these lead

vanadate glasses are in excellent agreement with

the corresponding values of 143.4 eV (4f5=2) and

138.6 eV (4f7=2) reported for PbO [16]. Qualita-

tively, the binding energies (BE) of these two peaks

decreases with increasing PbO content while the

intensities of the peaks and the full-width at half-
maximum (FWHM) increase. As no clear asym-

metry could be found in either of the two peaks in
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Fig. 2. High-resolution Pb 4f spectra for all four xPbO Æ
ð1� xÞV2O5 glass samples.
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each spectrum, the Pb 4f5=2 and Pb 4f7=2 peaks are
each fitted to a single Gaussian–Lorentzian curve.

3.3. Oxygen spectra

The O1s core level high-resolution spectra for

the 0.22 6 x 6 0.54 glasses displayed in Fig. 3

show a single peak for all glasses samples. In ad-

dition to the observation that the O 1s peaks for
the glasses shift towards lower binding energy with

increasing lead oxide content, the peak intensity

also decreases slightly. This decrease in the peak

intensity can be easily understood by the fact that

the replacement of V2O5 by PbO should lead to a

decrease in the total number of oxygen atoms in

the glass, and therefore a decrease in the intensity

of the O 1s signal. In addition, a slight asymmetry
in the O 1s core level peak is apparent in several of

the spectra, which is indicative of two different

types of oxygen sites in these glasses. Conse-
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Fig. 3. High-resolution O1s spectra for all four xPbO Æ
ð1� xÞV2O5 glass samples.
quently, all O 1s spectra were fitted to two
Gaussian–Lorentzian peaks in order to determine

the peak positions and relative abundance of the

different oxygen sites.

3.4. Vanadium spectra

Fig. 4 shows the high-resolution V 2p spin–orbit

doublet spectra for the lead vanadate glass sam-
ples. The peak intensity decreases with increasing

PbO content in these glasses, while the peak po-

sition and width of the V 2p3=2 peak at �517 eV do

not vary much with composition. Although the

V 2p3=2 peaks are rather narrow for all glass sam-

ples, a closer inspection of the V 2p3=2 peak reveals

a slight asymmetry toward the low binding energy

(BE) side of the core level peak for the x ¼ 0:22
and 0.35 glass samples. Since this asymmetry is

indicative of V existing in more than one oxidation
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Fig. 4. High-resolution V2p spectra for all four xPbO Æ
ð1� xÞV2O5 glass samples.
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state for these two glass samples, these spectra
were subsequently fitted to two Gaussian–

Lorentzian peaks. The V 2p3=2 peaks for the glass

samples with xP 0:43 are very symmetric as no

shoulder or asymmetry could be seen in these two

spectra and correspondingly they are fitted with a

single Gaussian–Lorentzian curve.

3.5. Magnetic susceptibility measurements

The magnetic susceptibility results for these

glasses are displayed in Fig. 5 as plots of the

inverse of the magnetic susceptibility, M=H , as a

function of the temperature T . The susceptibil-

ity data do not appear to follow a Curie–Weiss

behavior ðM=H ¼ C=ðT � hÞÞ as the susceptibility

becomes nearly temperature independent in the
high temperature region (200–300 K). After at-

tempting several other fitting possibilities, it

was found that the data for each sample could

be satisfactorily fitted to a positive temperature-

independent constant plus a Curie–Weiss like

temperature-dependent contribution. The temper-

ature-independent constants are determined from

a high-temperature extrapolation of M=H -vs-1=T
plots for temperatures above 200 K (see Fig. 6)

After subtracting these temperature-independent

constants from the measured susceptibility data,
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Fig. 5. The inverse of the mass magnetic susceptibility M=H as

a function of temperature T for the xPbO Æ ð1� xÞV2O5 glass

samples in a magnetic field of 5000 Oe.
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Fig. 7. The inverse of the �corrected� magnetic susceptibility

(M�=H ¼ M=H � ðM=HÞconstant) as a function of temperature

for the PbO vanadate glasses.
the resulting M�=H (¼ M=H � ðM=HÞconstant) data
follow a Curie–Weiss behavior ðM�=H ¼ C=
ðT � hÞÞ as shown in Fig. 7 with the Curie con-

stant C and the paramagnetic Curie temperature

h determined from least-square fits of the H=M�-
vs-T data. These three parameters (ðM=HÞconstant,
C, and h) determined from this fitting procedure

are displayed in Table 2 for each of the glass

samples.



Table 2

Magnetic susceptibility results for the xPbO Æ ð1� xÞV2O5 glass samples and the concentration of V4þ ions to total vanadium ions

x ðM=HÞconstant (10�7 emu/Oe g) C (10�7 emu/Oe g) h [V4þ]/[Vtotal]

0.22 1.81 9.67 )4.16 3.15

0.35 1.11 10.57 )0.79 4.25

0.43 0.575 6.99 )1.44 3.26

0.54 0.178 4.48 )0.21 2.65

The experimental uncertainty in the magnetic determinations is ±3%.
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4. Discussion

As described in the preceding section, the peak

positions of the Pb 4f5=2 and Pb 4f7=2 core levels

decrease while their FWHM increase with in-

creasing PbO content. (See Table 3 for values of

the binding energies and corresponding FWHM
based on a single Gaussian–Lorentzian curve fit to

each Pb 4f peak.) Since changes in the binding

energy are associated with a change in the local

chemical environment, the decrease in the BEs of

the Pb 4f core levels results from an increase in the

effective electronic charge density around the Pb

atoms due a change in the type of PbOn polyhedra

present or a change in the role of Pb in the glass
network structure. Network structural terms such

as glass former and modifier are just a reflection of

this electron localization. A modifier cation typi-

cally has a low electronegativity and forms an io-

nic bond as electronic charge is transferred to the

neighboring oxygen. This electron transfer de-

creases the electron density of the cation and cor-

respondingly increases the electron binding energy.
On the other hand, a glass former has a relatively

higher electronegativity such that the bond to ox-

ygen is more covalent, which constrains the elec-

tron density to the region between the atoms. This

results in an enhancement of the average electron
Table 3

Peak positions, FWHM, and peak separation from the curve fitting

glasses

x Pb 4f5=2 (eV) FWHM (eV) Pb 4f7

0.22 143.47 1.54 138.6

0.35 143.44 1.56 138.5

0.43 143.28 1.70 138.4

0.54 143.18 1.74 138.3

The experimental uncertainty in the energy measurements is ±0.2 eV
density on the cation and a corresponding decrease

in its electron binding energy. Therefore the

gradual decrease in binding energies of the Pb 4f

levels with increasing PbO is consistent with a

gradual transition in the nature of the Pb–O bond

from ionic to covalent. In addition, the intensities

of both P 4f peaks increase at a rate faster than a

linear dependence on the Pb concentration indi-
cating that the average Pb electron density is in-

creasing and becoming more covalent in nature.

Similarly, the increase in the FWHM of both Pb 4f

peaks from 1.5 eV for the two smaller PbO con-

taining glasses (x6 0:35) to 1.7 eV for the two

larger PbO containing glasses is in accordance

with this speculation. More definitive evidence for

this change in the role of Pb from a glass modifier
to a glass former would be the appearance of an

asymmetry in the Pb 4f peaks as the binding en-

ergies for each role should be different. As seen in

Fig. 8, however, very good fits to each of the Pb 4f

peaks can be accomplished by a single Gaussian–

Lorentzian curve for both the x ¼ 0:35 glass sam-

ple as well as the x ¼ 0:54 glass sample. Thus any

shift in the binding energy from an ionic Pb–O
bond to a more covalent Pb–O bond is below the

resolution of the present XPS measurements.

Likewise, the XPS resolution is insufficient to

distinguish between the PbO3 trigonal and PbO4
s of the Pb 4f5=2 and Pb 4f7=2 core levels for the PbO vanadate

=2 (eV) FWHM (eV) DEPb 4f 5=2�Pb 4f 7=2 (eV)

2 1.53 4.85

8 1.52 4.86

3 1.68 4.85

3 1.74 4.85

.



Fig. 8. High-resolution Pb 4f spectra for (a) x ¼ 0:35 and (b)

0.54 PbO vanadate glass samples and the resulting single

Gaussian–Lorentzian peak (smooth line) from the least-squares

fitting routine. The smooth solid line is the resultant sum of

fitting both Pb 4f peaks simultaneously.
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square pyramid structures suggested to be present
in these lead vanadate glasses from previous NMR

studies [2].

In most XPS studies of oxide glasses, the O 1s

spectra are more informative with respect to the

structure of the glass than the cation (Pb) spectra.

Specifically, the binding energy of the O 1s elec-

trons is a measure of the extent to which electrons

are localized on the oxygen or in the internuclear
region, a direct consequence of the nature of the

bonding between the oxygen and different cations.

As a small asymmetry was observed in the high-

resolution O1s spectra, all O 1s spectra were fitted

to two Gaussian–Lorentzian peaks. This fitting

procedure resulted in two distinct, but overlapping

peaks for the glasses with x6 0:43 while the fitting

software would always converge to a single peak
for the O 1s spectra of the x ¼ 0:54 glass sample as

seen in Fig. 9. (See Table 4 for numerical values

resulting from the fits.) Owing to the higher BE

peak indicating a smaller electron density at the

oxygen site, this peak is associated with a �bridging
oxygen� (BO) atom of the V–O–V configuration

while the lower BE peak is associated with �non-
bridging oxygen� (NBO) sites having V–O–Pb, Pb–
O–Pb, and V@O configurations. This assignment

is similar to those of an earlier XPS study on lead

silicate glasses [2].

The change in the relative concentration of

NBO versus PbO content is also consistent with

this O 1s peak assignment, as the number of BO

sites (V–O–V bonds) should gradually decrease

with increasing PbO content. Assuming that va-
nadium ions enter the glass network just as a tri-

gonal bipyramid (VO5) structure with three BO

and two NBO per vanadium ion, the number of

NBO can be quantitatively determined from

NBO

TO
¼ 4ð1� xÞ þ x

5� 4x
¼ 4� 3x

5� 4x
; ð1Þ

where TO represents the total oxygen content in

the glass. Table 4 shows that while the experi-

mental NBO/TO ratio increases from 81% to 92%

with increasing PbO, the calculated ratio from Eq.

(1) ranges between 81% and 83%. This small un-

derestimation indicates that other VOn polyhedra

could be present, especially as the PbO content

approaches 50 mol% in these vanadate glasses.



Fig. 9. (a) High-resolution O1s spectrum for the x ¼ 0:22 PbO

vanadate glass sample and the resulting NBO and BO peaks

(dotted and dashed lines) from the least-squares fitting routine.

(b) High-resolution O1s spectrum for the x ¼ 0:54 PbO vana-

date glass sample and the resulting single peak (smooth line)

from the least-squares fitting routine.
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According to the IR and NMR structural studies

on lead vanadate glasses [8], both VO5 trigonal
bipyramids and VO4 tetrahedra are present for the

x6 0:5 glasses while higher PbO concentrated

glasses consist mainly of VO4 tetrahedra. Assum-
ing that all oxygen sites for the VO4 tetrahedra are

NBO, then the difference in the experimental

NBO/TO ratios and those determined from just

VO5 trigonal bipyramids could be accounted for

by VO4 tetrahedra (100% NBO) replacing the VO5

trigonal bipyramids (�80% NBO) with increasing

PbO.

The appearance of a single, symmetric peak in
the O 1s spectrum for the x ¼ 0:54 glass indicates

that all oxygen bonds (V–O–V, V–O–Pb, Pb–O–

Pb) must have essentially the same binding energy.

Correspondingly, the effective electron density

surrounding each oxygen anion must be very

similar. Thus the most plausible explanation for an

identical electron density for these differing types

of bonds is if the oxygen bonds are more covalent
than ionic in nature. This would be consistent with

PbO becoming a glass former for x > 0:5.
Although vanadium can exist in more than one

oxidation state, the observation that the peak po-

sition and the width of the V 2p3=2 peak do not

change appreciably with the PbO content in these

glasses (see Table 5) suggest that one oxidation

state of vanadium is predominant in these glasses.
It is known [17,18] that the core level spectrum of

V4þ has a 2p3=2 binding of 515.95 eV while the core

level spectrum of V5þ has a 2p3=2 binding energy of

517.2 eV for vanadium oxides. Thus deconvoluting

the V 2p3=2 core level peak into two contributions

with an energy separation of �1.25 eV should

permit a more quantitative estimate of the ratio of

V ions in V4þ and V5þ states. Two Gaussian–
Lorentzian peaks centered at approximately 515.9

and 517.2 eV are subsequently fitted to the ex-

perimental data. Figs. 10(a) and (b) show the

V 2p3=2 high-resolution spectra for the x ¼ 0:35
and 0.54 glass samples. It is found that the V 2p3=2

core level peak for the glass with composition

x ¼ 0:35 can be satisfactorily fitted with two

Gaussian–Lorentzian peaks, one centered at
517.14 eV corresponding to a contribution from

V5þ ions, and the other centered at 515.82 eV

corresponding to a contribution from V4þ ions.

However, the V 2p3=2 core level peak for the glass

composition xP 0:43 can be easily fitted with only

one peak at a binding energy of 517.10 eV, which

would correspond to a contribution solely from

the V5þ ions. Thus there would be negligible V4þ



Table 5

Peak positions, FWHM, peak separation, and relative concentration of V4þ resulting from the curve fittings of the V 2p3=2 core level for

the PbO vanadate glasses

x V2p3=2 (eV) FWHM (eV) DEV5þ�V4þ (eV) [V4þ]/[Vtotal] (%)

V5þ V4þ V5þ V4þ

0.22 517.08 515.82 1.70 1.60 1.26 4.1

0.35 517.14 515.89 1.70 1.65 1.25 3.7

0.43 517.10 – 1.57 – – 0.0

0.54 517.05 – 1.57 – – 0.0

The experimental uncertainty in the energy measurements is ±0.2 eV.

Table 4

Peak positions, FWHM, peak separation, and relative concentration of NBO resulting from the curve fittings of the O 1s core level for

the PbO vanadate glasses

x O1s (eV) FWHM (eV) DEBO–NBO (eV) [NBO]/[TO] (%)

BO NBO BO NBO Measured Eq. (1)

0.22 531.66 529.95 3.10 1.65 1.71 81 81

0.35 531.31 529.98 2.33 1.58 1.32 88 82

0.43 530.92 530.08 1.62 1.47 0.84 92 83

0.54 530.15a 1.63a

The experimental uncertainty in the energy measurements is ±0.2 eV.
a The single O1s peak for x ¼ 0:54 is associated with all oxygen bonds having essentially the same binding energy.
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ions present in these higher concentrated PbO
vanadate glasses. Ratios of the relative areas under

the fitted V5þ and V4þ peaks provide a measure of

the relative concentration of the two V ions and

are summarized in Table 5. Thus even for the

smaller PbO containing glass samples, only about

4% of the vanadium atoms are in the V4þ oxida-

tion state, which has a non-zero magnetic moment.

As described previously, the best fit to the
magnetic susceptibility data was found to consist

of a positive temperature-independent term plus

a Curie–Weiss-like temperature-dependent beha-

vior. The temperature-independent term can be

understood in terms of two contributions: a dia-

magnetic one arising from the core ions in the glass

matrix, and a temperature-independent paramag-

netic contribution arising from the presence of
V2O5 in vanadate glasses (�5 · 10�7 emu/Oe g

V2O5) [19]. Thus, the temperature-independent

susceptibility (a constant background) can be ei-

ther positive or negative depending on the relative

size of these two contributions. In these glasses the

paramagnetic V2O5 contribution dominates the

core diamagnetic contribution arising from Pb, O,

and V, such that the resulting background is pos-
itive. Moreover, the linear decrease in the
ðM=HÞconstant values with increasing PbO content

is consistent with the temperature-independent

paramagnetic V2O5 contribution decreasing with

decreasing V2O5 content. On the other hand, the

Curie temperature-dependent behavior observed

in these glasses must be associated with a fraction

of the vanadium ions being in another oxidation

state other than V5þ since V5þ ions are non-
magnetic. The most probable oxidation state is

V4þ which has a magnetic moment, peff ¼ 1:73lB.

Thus, from the Curie constant C in conjunction

with the vanadium concentration determined by

chemical analysis on these oxide glasses, 2.5–4.0%

of the total V concentration for these glasses are in

the V4þ state as shown in Table 2. These very low

percentages are consistent with XPS determina-
tions from the V 2p spectra as well as with the

V4þ concentrations determined from susceptibility

results on lead silicate glasses [20]. The negative

paramagnetic Curie temperature values in the

range of )0.2 to )4.2 K indicate a weak antifer-

romagnetic interaction between the V4þ ions.

These small values are not surprising since h
is proportional to the number of neighboring



Fig. 10. (a) High-resolution V2p3=2 spectrum for the x ¼ 0:22

PbO vanadate glass sample and the resulting V5þ and V4þ peaks

(dotted and dashed lines) from the least-squares fitting routine.

(b) High-resolution V 2p3=2 spectrum for the x ¼ 0:54 PbO

vanadate glass sample and the resulting single V5þ peak

(smooth line) from the least-squares fitting routine.
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magnetic ions (negligible for these low V4þ con-
centrations) as well as the strength of the magnetic

interaction.
5. Conclusions

XPS and magnetic susceptibility studies were

used to investigate the structural and the magnetic
properties of the lead vanadate glasses. It was
found that the polarizability of Pb is concentration

dependent and grows with increasing PbO content

in the vanadate glasses. At low PbO content, V2O5

acts as the glass former while PbO behaves like a

glass modifier with over 80% of the oxygen being

in non-bridging oxygen sites. For x > 0:5, all ox-
ygen bonds have essentially the same binding en-

ergy indicating that all oxygen in the glass network
are covalently bonded and that the role of PbO

switches from that of a glass modifier to that of a

glass former. The decrease in the binding energies

for both Pb 4f7=2 and Pb 4f5=2 core levels, the in-

crease in intensities of both peaks, and the increase

in the peaks� FWHM with increasing PbO content

are also consistent with this change in the struc-

tural role of PbO from a glass modifier to glass
former for x > 0:5. Vanadium is found to be pre-

dominantly in the V5þ state for x6 0:35 glasses,

while no V4þ ions are detectable in the XPS spectra

for the xP 0:43 glasses. V4þ concentrations of

about 4% are in good agreement with the deter-

minations from magnetic susceptibility results.

The magnetic behavior of these glasses consists of

a Curie–Weiss temperature-dependent behavior
from the V4þ ions plus a positive temperature-in-

dependent contribution from V2O5.
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