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Abstract

Vanadium–sodium silicate glasses with the chemical composition [ðV2O5Þx(Na2O)0:30ðSiO2Þ0:70�x] ð0:06 x6 0:10Þ
have been studied by X-ray photoelectron spectroscopy (XPS) and magnetization measurements. The core-level binding

energies of O 1s, V 2p and Si 2p in these glasses have been measured for surfaces produced by in vacuo fracture. The

peak position and width of the V 2p3=2 peak are independent of the V2O5 content while the O 1s core-level spectra show

significant composition-dependent changes. Two distinct peaks are resolvable arising from the bridging oxygen and

non-bridging oxygen (NBO) atoms in the silicate glasses. The fraction of NBO, determined from these spectra is found

to increase with increasing V2O5 content in the glass and are consistent with the formation of predominantly alkali

metavanadate species. The magnetic susceptibility data of these glasses indicate a large, temperature-independent

diamagnetic contribution arising from the glass matrix as well as small paramagnetic contribution from the V4þ ions.

The V4þ content deduced from the magnetization results (�2%) is below the detection limit of XPS analysis.
� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

In recent years there have been several examples

where X-ray photoelectron spectroscopy (XPS) has
been used to study the electronic structure and

spectral characteristics of transition metal oxides

[1,2]. Specifically, XPS has been used to measure

the chemical shifts associated with core level

photoemission spectra when non-equivalent atoms

of the same element in a solid give rise to core level

peaks with measurably different binding energies.

XPS has also proved to be a useful tool for inves-

tigating the structure of oxide glasses [3]. For ex-

ample, XPS is able to differentiate between bridging
oxygen (BO) and non-bridging oxygen atoms

(NBO) in the glass structure for binary glasses [4–6]

as well as more complex systems [7–10]. Satellite

structures associated with the 2p core level peaks of

transition metals which have been introduced into

oxide glasses have been observed and used quali-

tatively to identify the oxidation state of the TM

ion [11]. More recently, XPS has successfully de-
termined the content of different oxidation states of

transition metals in oxide glasses, such as iron,
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vanadium and copper in sodium silicate, phosphate
and borate glasses [12–18].

Studies of oxide glasses containing transition-

metal (TM) oxides continue to be of technological

interest because of the semiconducting properties

that arise from electron hopping between two TM

ions having different valence states in these glasses

[19–22]. Structural and electronic properties of

these glasses as well as their optical, magnetic and
mechanical properties depend on the relative pro-

portions of the different valence states of the TM

ions present [23–25]. In order to account for the

effect of valence state on the structure and prop-

erties of these glasses, it is important to control

and measure the proportions of the TM ions in the

different valence states in these oxide glasses. In

previous studies [26–29], electron paramagnetic
resonance (EPR) has been found to be a useful

technique for examining the states of dissimilar

TM ions in these glasses as well as the interactions

between unlike magnetic ions in disordered solids.

In the present work, conclusions on the valence

state of V ions in vanadium sodium silicate glasses

will be presented based on XPS spectra in combi-

nation with magnetization measurement data.
Generally, when vanadium is introduced in large

quantities in oxide glasses, it acts as a glass former;

however, very little work has been done on glass

systems containing small quantities of V2O5

(<10%). The objective of the present work is to
measure the NBO content, to identify the different

oxidation states of vanadium ions and to identify

the nature of the magnetic interaction in these low-
concentration vanadium sodium silicate glasses.

2. Experimental procedure

2.1. Glass preparation

The glass compositions studied have the general
formula [ðV2O5Þx(Na2O)0:30ðSiO2Þ0:70�x] with nom-

inal x ¼ 0; 0:025, 0.050, 0.075 and 0.100 values.
Analytical grade powders of V2O5, Na2CO3 (for

Na2O) and SiO2 in the required stoichiometric

ratios were melted in platinum crucibles at tem-

peratures ranging from 1300 to 1400 �C, depend-
ing on the composition. The melts were cast into

preshaped graphite coated steel moulds yielding
glass rod specimens with dimensions of 6� 6� 30
mm3. The bars were annealed at a temperature 50

�C below their glass transition temperature (Tg
determined from differential thermal analysis

DTA) for 2 h and then cooled to room tempera-

ture at a rate of 30 �C per hour. X-ray powder

diffraction patterns were taken for the five com-

positions to check for the presence of crystalline
phases and none were detected. After preparation,

the samples were stored in a desiccator in order to

minimize water absorption. Chemical composi-

tions were determined by inductively coupled

plasma (ICP) emission spectroscopy and the re-

sults of the analysis are shown in Table 1. The

small differences between the batch and the ana-

lyzed glass compositions indicate that very little
material evaporated during the melting process.

2.2. X-ray photoelectron spectroscopy

The XPS spectra of C 1s, V 2p, O 1s, Si 2p and

Na 1s core levels were recorded with a VG Scien-

tific ESCALAB MK II system described elsewhere

[30] with a base pressure <5� 10�10 mbar in both
the preparation and spectrometer vessels. The XPS

spectra were obtained using non-monochromatic

AlKa radiation operating at 130 W. The analyzer
was operated in a constant resolution mode with a

pass energy of 10 eV and a reduced exit slit for high

resolution spectroscopy (the analyzer energy reso-

lution is 0.9 eV), while a pass energy of 50 eV was

used for routine survey scans. The energy scale of
the spectrometer was calibrated using the following

photoelectron lines: Cu 2p3=2 ¼ 932:67 eV and Au
4f7=2 ¼ 83:98 eV. Binding energies are subse-

Table 1

Nominal and ICP analyzed compositions of the vanadium–

sodium silicate glasses

x Nominal Analyzed

Na2O SiO2 V2O5 Na2O SiO2 V2O5

0.000 0.300 0.700 0.000 0.310 0.690 0.000

0.025 0.300 0.675 0.025 0.291 0.683 0.026

0.050 0.300 0.650 0.050 0.284 0.668 0.048

0.075 0.300 0.625 0.075 0.293 0.632 0.075

0.100 0.300 0.600 0.100 0.292 0.610 0.098

The relative uncertainty in the ICP results is �5%.
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quently referenced to the carbon 1s line at 284.6 eV
in other XPS spectra, resulting in a �0.2 eV un-

certainty in the binding energy determinations. The

C 1s peak in the XPS spectra arises from hydro-

carbon contaminants in the vacuum and is gener-

ally accepted to be independent of the chemical

state of the sample under investigation. Each

sample was fractured in the preparation chamber

under ultra-high vacuum (UHV) conditions prior
to XPS analysis in order to (i) reduce the signal

from surface contamination due to oxygen and

carbon from the atmosphere and (ii) minimize any

differences between the surface investigated by XPS

and the actual bulk state of the glass.

All high-resolution spectra have been shifted to

correct for the charging effects associated with in-

sulating samples. Information concerning oxygen
bonding and the valence state of vanadium were

obtained by resolving the O 1s spectrum and the V

2p spectrum into the weighted sums of two

Gaussian–Lorentzian peaks representing bridging

and NBO atoms and V4þ and V5þ, respectively.

The reproducibility of these quantitative spec-

tral decompositions for both V 2p and O 1s

spectra was checked by repeating the analysis on
spectra taken from other surfaces of the glass

samples with the overall uncertainty estimated to

be to �10% and �5%, respectively.

2.3. Magnetization 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.

3. Results

XPS survey scans for two glass compositions

obtained on newly fractured surfaces are shown in

Fig. 1. The XPS and Auger core level peaks from
the constituent elements in the glass are easily

identifiable as well as the presence of a very weak

C 1s peak. High resolution scans in the vicinity of

the C 1s peak show a single narrow and symmetric

peak at a binding energy of 284.6 eV, which is

usually associated with carbon contamination

from the vacuum chamber. In comparison, the C

1s peak associated with Na2CO3 has a higher
binding energy of 289.3 eV [31]. The absence of

this higher binding energy transition in all C 1s

spectra for these glasses indicates that there are no

bonded carbons in our glass samples and that all

Na2CO3 has decomposed into Na2O with the CO2

evaporating from the melt.

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

orbit doublet spectra for the vanadium-containing
glass samples. The peak intensity increases with

increasing V2O5 content in the glasses, while the

peak position and width of the V 2p3=2 peak at

�517 eV do not vary with composition.
The O 1s core level high-resolution spectra for

the 0:0266 x6 0:098 glasses displayed in Fig. 3

show three distinct peaks. The highest binding

energy peak, located at 535 eV, corresponds to the
sodium KL1L23 Auger transition and the intensity

of this peak does not vary with glass composition

since the Na2O content is essentially constant. The

Fig. 1. XPS survey scans of two fractured vanadium sodium

silicate glasses.
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other two peaks, one at �530 eV corresponding to
a contribution from NBO atoms and the other at

�532 eV attributed to BO atoms, do have a

compositional dependence, with the relative in-

tensity of the 530 eV peak increasing as more V2O5

is added to the 0.30Na2O–0.70SiO2 base glass

system.

The magnetic susceptibility results for these

glasses are displayed in Fig. 4 as plots of the

magnetic susceptibility, M=H , as a function of the
temperature T . The susceptibility data do not ap-
pear to follow a Curie–Weiss behavior ðM=H ¼
C=ðT � hÞÞ as the susceptibility becomes negative
and nearly temperature independent at tempera-

tures above 100 K. After attempting several other

fitting possibilities, it was found that the data for

each sample could be satisfactorily fitted to a
negative temperature-independent constant plus a

simple Curie temperature-dependent contribution.

The temperature-independent constants are de-

termined from a high-temperature extrapolation

of M=H -vs-1=T plots for temperatures above 200

K (see Fig. 5). After subtracting these tempera-

ture-independent constants from the measured

susceptibility data, the resulting M	=Hð¼ M=H �
ðM=HÞconstantÞ data follow a simple Curie behavior
ðM=H ¼ C=T Þ as demonstrated in Fig. 6. The re-
sulting parameters––ðM=HÞconstant and the Curie

constant Cexpt obtained from this fitting procedure

are listed in Table 2 for all samples. Note that the

temperature-independent term, ðM=HÞconstant, is of
the same order as the Curie contribution at

room temperature. Moreover, it was found that
fitting the M	=Hð¼ M=H � ðM=HÞconstantÞ data to
a Curie–Weiss behavior with the inclusion of the

non-zero paramagnetic Curie temperature h did

not significantly improve the fit over the simple

Curie behavior ðh ¼ 0Þ.

Fig. 2. High-resolution core level spectra of the V 2p transition

for fractured glass samples with varying V2O5 content.

Fig. 3. High-resolution O 1s core level spectra for the V2O5

sodium silicate glass samples.

Fig. 4. The magnetic susceptibility M=H as a function tem-

perature T for the ðV2O5Þx(Na2O)0:30ðSiO2Þ0:70�x glass samples.
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4. Discussion

The observation that the peak position and the

width of the V 2p3=2 peak do not change with the

V2O5 content in these glasses (Table 3) suggests

that vanadium probably exists in only one oxida-

tion state. It is known [32,33] 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 oxide

surfaces. Thus deconvoluting the V 2p3=2 core level

peak into two contributions, one from the V4þ ions

at a binding energy of 515.95 eV and the other due

to V5þ ions at a binding energy of 517.2 eV, should

permit a more quantitative estimate of the relative

V concentration for these two oxidation states of
vanadium. The sum of two weighted Gaussian–

Lorentzian peaks centered at 
515.9 and 517.2 eV
is then fitted to the experimental data. It is clear

from Fig. 7(a) and (b) that the V 2p3=2 high-reso-

lution spectra for the x ¼ 0:098 and 0.048 glass
samples can be satisfactorily fitted with a single

Gaussian–Lorentzian peak centered at 517.2 eV

which indicates no V4þ ions are present beyond the
5% detection limit of the technique. Similar

quantitative fits are found for the other two glass

compositions.

The observation that the relative intensities of

the double-peak structure in the O 1s core level

spectra (see Fig. 3) change with V content indicates

that the local structure surrounding the O atoms

changes with the addition of vanadium to these
sodium silicate glasses. For sodium silicate glasses,

it is known that the SiO4 tetrahedral network is

broken up as the introduction of Na2O causes

some of the oxygen atoms to be bonded to only

Fig. 5. The magnetic susceptibility M=H as a function of the

inverse temperature 1=T for ðV2O5Þx(Na2O)0:30ðSiO2Þ0:70�x glass

samples. The solid lines are the high-temperature extrapolations

for determining ðM=HÞconstant.

Fig. 6. The inverse of the magnetic susceptibility H=M	 as a

function of the temperature for ðV2O5Þx(Na2O)0:30ðSiO2Þ0:70�x

glass samples. The solid lines represent fits to a Curie temper-

ature-dependent behavior. Table 3

Parameters derived from analysis of the V 2p core level spectra

for the V-doped sodium silicate glasses

x V 2p3=2 binding

energy (eV)

V 2p3=2
FWHM (eV)

½V5þ�=Vtotal
(%)

0.026 517.11 1.87 100

0.048 517.21 1.85 100

0.075 517.19 1.84 100

0.098 517.17 1.90 100

The experimental uncertainty in the energy measurements is

estimated to be �0.2 eV.

Table 2

Magnetic susceptibility results and determinations of V4þ=Vtotal
for vanadium–sodium-silicate glasses

x ðM=HÞconstant
(emu/Oe g)

Cexpt
(emuK/Oe g)

V4þ=Vtotal
(%)

0.026 �2:90� 10�7 7:28� 10�6 2.5

0.048 �2:60� 10�7 9:39� 10�6 1.7

0.075 �2:64� 10�7 16:76� 10�6 2.1

0.098 �0:693� 10�7 23:74� 10�6 2.4
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one silicon atom instead of two Si atoms as they

are in silica. These atoms (Si–O�Naþ) are termed

�non-bridging� oxygens, while those linking two
silicon atoms (Si–O–Si) are termed �bridging� oxy-
gens. Since the chemical shift associated with the

photoelectron transitions is intimately linked with

the effective atomic charge on the oxygen atoms

probed, an increase in the electron density on the

relevant atom screens the core electrons and cor-

respondingly decreases their measured binding

energy. Therefore, the lower binding energy peak
in the O 1s spectrum is assigned to the NBO since

the effective electronic charge on the oxygen atom

in that environment is higher than that on the BO

atom. Subsequently, each O 1s spectrum is fitted

to a sum of Gaussian–Lorentzian peaks similar to

those shown in Fig. 8(a) and (b) (corresponding to

x ¼ 0:075 and 0.026) with the best fit found by
varying the peak position, width and intensity of
each of the two peaks. Table 4 shows the results of

this fitting procedure as the ratio of the area under

the non-bridging peak to the total area under the

two peaks, which is proportional to the ratio of

NBO present, [NBO]/[TO]. Previous experimental

studies [5] have found that the ratio [NBO]/[TO]

for 0.30 Na2O–0.70 SiO2 to be 0.38, in excellent

agreement with our result. The percentage of non-

bridging oxygen is found to increase with in-

Fig. 7. The resulting fit (––) to the high-resolution V 2p3=2
spectra for (a) x ¼ 0:098 and (b) x ¼ 0:048 fractured glass

samples.
Fig. 8. The resulting fit (––) from the BO and NBO peaks (
 - 
 )
to the high-resolution O 1s spectra for (a) x ¼ 0:075 and

(b) x ¼ 0:026 fractured glass samples.

Table 4

The BO–NBO energy separation and the measured relative area

under the NBO peak to the total O 1s peak area as determined

from the fitting of the O 1s spectra

x DEBO–NBO
(eV)

[NBO]/[TO]

measured

[NBO]/[TO]

calculated

n ¼ 3

[NBO]/[TO]

calculated

n ¼ 4

0.000 1.90 0.380 0.367 0.367

0.026 1.92 0.389 0.369 0.384

0.048 1.96 0.418 0.383 0.409

0.075 1.89 0.457 0.420 0.459

0.098 1.82 0.493 0.439 0.488

The accuracy in the measured ratio is �5%. The calculated
ratios of [NBO]/[TO] are based on Eq. (1).
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creasing vanadium content in our glasses with no
discernible change in peak position. Since V2O5 is

essentially substituting for SiO2 in these glasses,

the increasing contribution to the �NBO� peak is
due to Si–O–V, Na–O–V, and V@O bonds re-

placing Si–O–Si bonds. The functional dependence

of the [NBO]/[TO] ratio must be of the form

½NBO�
½TO� ¼ 2zþ nx

zþ 2y þ 5x ¼
2zþ nx
2� zþ 3x ; ð1Þ

where n represents V–O–V and V@O bonds and z,
y, and x are respectively the molar fractions of
Na2O, SiO2, and V2O5 as determined by ICP.

It is known that the addition of small amounts

of P2O5 to alkali silicate glasses results in the re-

moval of Naþ from the silicate network to form

alkali phosphate species such as orthophosphate,
pyrophosphate, and metaphosphate depending on

the P2O5 concentration [34,35]. The silicate net-

work repolymerizes as a result of the Naþ removal

and the elimination of corresponding Si–O–Na

bonds. If a similar process occurs with the intro-

duction of V2O5 into the sodium silicate glasses,

then Naþ would be removed from the silicate net-

work by the formation of alkali vanadates. Al-
though V5þ may also exhibit a higher coordination

than P5þ, V2O5 can exist in several phosphate-like

structural units such as pyrovanadate and meta-

vanadate units when introduced into glasses [36].

Pyrovanadate (V2O
4�
7 ) would introduce 7 V–O

bonds of various types per V2O5 molecule but

eliminate 4 Naþ atoms from the silicate network, or

equivalently 4 NBO atoms. This would result in a
net gain of 3 NBO atoms per V2O5 molecule, or an

n value of 3 in Eq. (1). Alternatively, metavanadate
units (VmO

m�
3m with m ¼ 2) introduce 6 V–O bonds

per V2O5 molecule and eliminate 2 Na
þ atoms,

making n equal to 4. Ratios of [NBO]/[TO] calcu-
lated for n ¼ 3 and 4 are included in Table 4 and

are compared to the experimental ratios in Fig. 9 as

a function of V2O5 molar fraction. While the cal-
culations of [NBO]/[TO] for n ¼ 3 lie outside the

experimental uncertainty of the measured ratios

except for the x ¼ 0:025 glass sample, the calcu-
lated ratios for n ¼ 4 result in remarkably good

agreement with the experimental results over the

entire concentration range. This leads to the con-

clusion that metavanadate units of NaVO3 are

most probably formed in this concentration range

of V2O5 in sodium silicate glasses and that the sil-

icate network is consequentially repolymerized.
This analysis and resulting conclusion assumed

that the contributions to the O 1s peak from V–O–

V, V–O–Na and V@O occur within the binding

energy range of Si–O–Na and therefore contribute

to the NBO peak at �529.5 eV, which is a rea-
sonable assumption since there is no experimental

evidence for any additional peaks in the vicinity of

this peak.
The best fit to the magnetic susceptibility data

was found to consist of two contributions, a neg-

ative temperature-independent term and a simple

Curie temperature-dependent term. The tempera-

ture-independent contribution can be understood

in terms of the diamagnetism arising from the glass

matrix as all the core ions are diamagnetic. How-

ever, V2O5 containing glasses must also take into
account a temperature-independent paramagnetic

contribution from V2O5 of the order of 10
�4 emu/

mole Oe [37]. The result is that the constant

background can be either positive or negative de-

pending on the relative contribution of the two

contributions. In the low V2O5 concentration

sodium silicate glass system, the diamagnetism

associated with Na2O and SiO2 wins out while
the temperature independent paramagnetic V2O5

Fig. 9. Comparison of measured [NBO]/[TO] ratios as afunc-

tion of V2O5 content to ratios calculated from Eq. (1) for dif-

ferent values of n.
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contribution dominates in the B2O3–SrO–V2O5

glass system [38]. 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

since V5þ ions are non-magnetic. The most prob-

able, other oxidation state is V4þ which has a

magnetic moment, peff ¼ 1:73lB. Taking this value

in conjunction with measured Curie parameters
and the V2O5 concentration determined by chem-

ical analysis we find that magnetic V4þ ions are

present at a level of �2% of the total V concen-

tration for these glasses. This is well within the 5%

detection limit estimated for the XPS analysis

where there is no discernible V4þ peak. Finally, the

absence of a non-zero paramagnetic Curie tem-

perature h is not surprising since h is proportional
to the number of neighboring magnetic ions

(negligible for these low V4þ concentrations) as

well as the strength of the magnetic interaction.

5. Conclusions

The XPS technique has been used to investigate
the effect of substituting various amounts of V2O5

for SiO2 in a 0.30Na2O–0.70SiO2 base glass. The

XPS analysis of the V 2p core level indicated that

only V5þ ions were present in these glasses. The O

1s spectra were fitted with a conventional two-

peak fit and the number of NBO in each glass

composition was found to correspond to contri-

butions from Si–O–Na, V–O–V, V–O–Na and
V@O with vanadium being present predominantly

in the form of NaVO3 units. Magnetic suscepti-

bility results in the temperature range of 5–300 K

were found to consist of a diamagnetic tempera-

ture-independent contribution arising from the

glass matrix and a Curie temperature-dependent

contribution associated with magnetic V4þ ions

being present in concentration levels of 2% of the
total V concentration, well below the detection

limit of the XPS analysis of the V 2p spectrum.
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