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A series of tellurite glasses containing vanadium with nominal composition xV,05-(1 — x)TeO,, where
x=0.1, 0.2, 0.3, and 0.4, have been prepared by melt quenching technique and investigated using X-
ray photoelectron spectroscopy (XPS) and magnetization techniques. The Te 3d core level spectra show
asymmetry and therefore were fitted with two contributions one from Te ions in TeO4 trigonal bipyramid
(tbp) configuration and the other from Te ions in TeOs trigonal pyramid (tp) configuration. Quantitative
analysis of the areas of both components support the model of a change of TeO4 tbp to TeO3; tp upon
V,05 addition. The V 2p core level spectra did not show any asymmetry and were fitted with a single
component corresponding to V>* while the O 1s core level spectra show slight asymmetry on the higher
binding energy side of the main peak and were fitted with two contributions, one due to bridging oxygen
(BO) atoms and the other due to non-bridging oxygen (NBO) atoms. The fraction of NBO, determined
from these spectra, is found to increase with increasing V,0s content suggesting the formation of TeO3
units and also that V,0s is acting as a glass modifier in this glass series. The magnetic susceptibility data
for these glasses follow a Curie-Weiss behavior (M/H=C/(T - 6)) which also indicates the presence of
some V ions existing in a magnetic state, i.e., a valence state other than that of the non-magnetic state
V>3*, The ratios of V4 [V, as determined from magnetic susceptibility measurements assuming only the
presence of magnetic V4* and non-magnetic V>* ions vary from 0.030 to 0.037. These ratios are too small
to be detected by XPS measurements and this is why no asymmetry is observed in the V2p spectra of
these glasses.
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1. Introduction Te-0 bond is too strongly covalent to permit the requisite amount

of distortion for a glass structure. Another prevalent view [16,17]

Tellurite glasses are high-index optical glasses that permit high
levels of infrared radiation to be transmitted and thus have poten-
tial applicability as materials for acousto-optical devices and lasers,
or as photochromic glasses. Tellurium dioxide, like vanadium pen-
toxide, is a conditional glass former and is the basis for forming
the tellurite glasses. From various spectroscopic methods such as
infrared [1-3], Raman [3-7], nuclear magnetic resonance [8], and
X-ray absorption spectroscopy [9-11] as well as from X-ray [11,12]
and neutron diffraction [13,14] techniques, it has been established
that the basic structure of the tellurite glasses is a TeO,4 trigonal
bipyramid (tbp) with a lone pair of electrons in one of its equato-
rial sites. Tellurium oxide under normal conditions does not have
the ability to form a glass structure easily without a modifier like
an alkali oxide, an alkaline-earth oxide, a transition-metal oxide, or
another glass former [13,15]. Researchers have different opinions as
to why itis so difficult to form a glass of pure TeO,. Neov et al. [13,15]
hypothesized that TeO, could not form a glass by itself because the
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is that the repulsive forces due to the lone pair of electrons resist
the free movement of the trigonal bipyramid in space during the
cooling of the melt and hence the formation of glass. In a binary
tellurite glass the effect of the lone pair of electrons is limited by
the introduction of new structural units that are compatible with
TeO4 (tbp) and thus the glass formation becomes easier.

The addition of another conditional glass former such as V505
to TeO, has been extensively studied by several authors. For exam-
ple, Sakida et al. [18] studied the structure of V,05-TeO, glasses
by means of 125Te and 3!V static NMR spectroscopies. They found
that the fraction of TeO3 and the NBO sites increase with increasing
V,05 content. Hoppe etal. [ 19] used neutron diffraction to study the
structure of this glass system. They found that in glasses of 10 mol%
V5,05 each VO, polyhedron is accompanied with a TeO3 unit. The
number of TeO3 units increases further for glasses of higher V,05
fractions but it remains less than the number of V sites. The results
are largely in agreement with those of Sakida et al. However, both
authors did not estimate the fraction of various oxidation states in
the glasses.

X-ray photoelectron spectroscopy (XPS) has been found to be
a useful technique in assessing the local glass structure and even
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Table 1
Nominal and actual composition (molar fraction) of xV,05-(1 — x)TeO5.

Nominal Actual (from ICP)

V205 TEOZ V205 TEOZ
0.10 0.90 0.09 0.91
0.20 0.80 0.18 0.82
0.30 0.70 0.27 0.73
0.40 0.60 0.36 0.64

The relative uncertainty in the ICP results is £5%.

estimating the ratio of the different valence states in the TM-oxide
glasses [20]. In this study, the state of V ions in vanadium-tellurite
glasses will be presented from XPS spectra in combination with
magnetization measurement data. We will also use XPS to measure
the NBO and TeO3 content in these glasses and compare our findings
with those of previous work.

2. Experimental procedure
2.1. Glass preparation

All glasses were prepared by melting dry mixtures of reagent
grade V,0s5 and TeO, in alumina crucibles to form batch
xV,05-(1 —x)TeO, compositions with x=0.1, 0.2, 0.3, and 0.4. Since
oxidation and reduction reactions in a glass melt are known to
depend on the size of the melt, on the sample geometry, on
whether the melt is static or stirred, on thermal history, and on
quenching rate, all glass samples were prepared under similar con-
ditions to minimize these factors. Approximately 30 g of chemicals
were thoroughly mixed to obtain a homogenized mixture for each
V,05 concentration. The crucible containing the batch mixture
was then placed electrically heated melting furnace maintained
at 850-900 °C. The melt was left for about 1 h under atmospheric
conditions in the furnace during which the melt was occasionally
stirred with an alumina rod. The homogenized melt was then cast
onto a stainless steel plate mold to form glass buttons and glass
rods of approximately 5-mm diameter for XPS measurements. X-
ray powder diffraction analysis indicated that the glasses formed
were completely amorphous. After preparation, the samples were
stored in a vacuum dessicator to minimize any further oxidation
of the glass samples. The actual compositions of the glasses were
determined by inductively coupled plasma spectroscopy (ICP) and
are listed in Table 1. Although the inclusion of alumina from the cru-
cibles used in the melting of the glass mixtures is a possible source
of impurities, no signals for aluminum were detected in both the
XPS and ICP studies of these glasses.

2.2. X-ray photoelectron spectroscopy (XPS)

High-resolution photoelectron spectra were collected on
a VG scientific ESCALAB MKII spectrometer equipped with
dual aluminium-magnesium anode using Al K( radiation
(hv=1486.6eV). The electron analyzer was set at a pass energy of
20eV. The energy scale of the spectrometer was calibrated using
the core level of Cu 2p3;, (932.4eV) and the energy separation
between Cu 2psj, and Cu 2pq,; (19.8 eV). For self-consistency, the
C 1s line of 284.6eV binding energy was used as a reference for
all charge shift corrections as this peak arises from hydrocarbon
contamination and its binding energy is generally accepted as
remaining constant, irrespective of the chemical state of the
sample. This hydrocarbon contamination was further enhanced
as the XPS measurements had to be performed on uncleaved
surfaces of the glasses as the glass rod samples shattered under
vacuum cleavage. The typical time required to collect an XPS
spectrum for a sample was about 4h and the base pressure in

the analysis chamber during these measurements was less than
1019 mbar.

2.3. Magnetization measurements

Temperature-dependent dc magnetic susceptibilities were mea-
sured using a Quantum Design SQUID magnetometer (model
MPMS-5S) in a magnetic field of 5000 Oe over a temperature range
of 5-300K. Each glass sample was suspended by thread in order
to eliminate any sample holder correction to the measured mag-
netization. The overall accuracy of the magnetic measurements is
estimated to be approximately 3% due to the uncertainty of the
magnetometer calibration.

3. Results

Fig. 1 shows high resolution Te 3d spin-orbit doublet spectra
for the tellurite containing glasses. The peak intensity decreases
with increasing V,05 content in the glasses, while the peak posi-
tion for Te 3ds), at ~576.5 eV does not vary much with composition.
The peak width at half maximum (FWHM) shows first an increase,
then a decrease with increasing V, 05 content. This variation might
indicate the change of TeO4 tbp to TeOs3 tp configuration with the
addition of V,05 content. The O 1s core level spectra are displayed
in Fig. 2 for all compositions. A slight asymmetry is observed on
the higher binding energy (BE) side of the main peak having an
average value of ~530.5 eV. This peak is also fitted with two contri-
butions, one due to oxygen atoms in a bridging environment (BO)
and the other due to oxygen atoms in a non-bridging environment
(NBO). The O 1s spectra show an increase in intensity and this is
well understood since we are substituting TeO, by V,05 and there-
fore introducing more oxygen atoms with increasing V,05 content
in the glass. Fig. 3 shows the V 2p spin-orbit doublet. The peak
intensity of the V 2ps, increases with increasing V,0s content in
the glass but its BE does not vary much and has an average value
of ~517.2 eV. The full-width at half maximum (FWHM) is also con-
stant at ~1.9eV for all glasses. This indicates that vanadium ions
might exist mostly in a single oxidation state.

The temperature dependence of the magnetic susceptibil-
ity data for all glass samples appear to follow a Curie-Weiss
behavior, M/H=C/(T - 6), with a temperature-independent back-
ground. After determining the background contribution from a
high-temperature extrapolation of M/H-vs-1/T plots, the result-
ing Mcorr/H (=M/H — (M[H)packground) data were found to follow a
Curie-Weiss behavior, Mcorr/H=C/(T—6), with the Curie constant

Te 3d Te 3%12
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Fig. 1. Te 3d core level spectra for the vanadium tellurite glasses.
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Table 2
Magnetic susceptibility results for the copper telluride xV,05-(1 — x)TeO, glasses and the concentration of V4* ions to total vanadium ions.
X (M/H)background C (1075 emu K/OE g) 0 (K) [V4+ ]/[Vtotal]
(107 emu/Oe g)
0.10 -2.23 1.39 1.06 0.030
0.20 -2.05 3.08 —0.05 0.034
0.30 -0.71 5.22 1.24 0.039
0.40 -0.26 6.62 0.57 0.037
Table 3

Peak positions (in eV) for the core levels Te 3d, V 2p and O 1s relative to C 1s (284.6 eV), their corresponding full-width at half maximum (FWHM) and separation AE of the

spin orbit peaks xV,05-(1 — x)TeO, glasses.

X Te 3ds5, FWHM (eV) AE Te 3d (eV) V 2p;; FWHM (eV) AEV 2p (eV) 0 1s FWHM (eV)
0.10 576.5 10.6 517.1 7.3 530.4
2.45 2.0 25
0.20 576.5 104 517.1 7.3 530.5
2.61 2.0 25
0.30 576.6 10.3 517.2 7.3 530.6
211 1.8 1.9
0.40 576.7 104 517.3 7.3 530.6
2.13 1.8 2.0
TeO; 576.1 10.4 530.3
2.1 1.93
V505 517.3 7.3 530.2
2.0 1.89

The uncertainty in the peak position is £0.10 eV and in FWHM is +£0.20 eV.
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Fig. 2. O 1s core level spectra for the vanadium tellurite glasses.
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Fig. 3. V 2p core level spectra for the vanadium tellurite glasses.
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Fig. 4. The inverse of the “corrected” magnetic susceptibility Mcor/H

(=M/H — Mpackground/H) as a function of the temperature T for the vanadium
tellurite glasses.

C and the paramagnetic Curie temperature 6 determined from the
least-squares fits of the H/Mcor-vs-T data as shown in Fig. 4. Table 2
displays these parameters ((M/H)packground G, and 0) for each of the
glass samples. From the Curie constant C, the relative fraction of
V4 (1iefr=1.8 up) was determined assuming that only V4* and V>*
(er=0 ) ions were present in these glasses.

4. Discussion

Although vanadium can exist in two oxidation states V4* and V>*
in glasses but the observation that the peak position and the width
of the V 2p3), peak do not change much with the V,0s5 content in
these glasses (see Table 3) suggests that vanadium ions probably
exists in only one oxidation state. In a previous study on vanadium
phosphate glasses [21] it was found that the core level spectrum
of V°* has a 2p3p; BE of ~517.3 eV, while that of V4* is at a BE of
~516.1eV. Thus fitting the V 2p;, core level peak into two con-
tributions, one from the V4* ions at a BE of ~516eV and the other
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Fig. 5. V 2p;); core level spectra fitted with a single peak due to V>* for (a) x=0.1 and (b) x=0.4 glass compositions.

due to V°* jons at a BE of ~517.3 eV, should permit a more quantita-
tive estimate of the relative V concentration for these two oxidation
states of vanadium. The sum of two weighted Gaussian-Lorentzian
peaks centered at approximately 516 and 517.3 eV is then fitted to
the experimental data. It is clear from Fig. 5 that the V 2p3, core
level spectra for the x=0.1 and 0.4 glasses can be satisfactorily fit-
ted with a single Gaussian-Lorentzian peak centered at ~517.2 eV
and having FHMW ~2.0 eV indicating that no V#* ions are present
beyond the 5% detection limit of the technique. Similar quantitative
fits are found for the other two glass compositions. The results of
the fitting are summarized in Table 4.

As was mentioned earlier, it was found in previous studies that
Te [19] ions exist in TeO4 tbp and TeO3 tp environments in vana-
dium tellurite glass samples with similar composition to the one
studied here. We, therefore, tried to fit the Te 3ds;, core level spec-
tra with two contributions, one due to Te ions in TeO4 environment
at a BE of ~577 eV with a FWHM of ~1.9 EV and the other due to

Table 4
Peak positions, FWHM, and relative concentration of V4* resulting from the curve
fittings of the V 2p spectra for the xV,05-(1 — x)TeO, glasses.

X V 2ps)p VA 1/[Viota ]2
Position (eV) FWHM (eV)

0.10 517.1 2.0 0

0.20 517.1 2.0 0

0.30 517.2 1.8 0

0.40 517.3 1.8 0

The experimental uncertainty is +0.2 eV in the energy measurement.
2 [f there are any V4" ions, their content is beyond the detection limit of the XPS
technique.

Te ions in TeO3 environment at a BE of ~576 eV with a FWHM of
~1.9eV. Fig. 6 shows such a fitting for the glass composition x=0.3
and x=0.4. Similar fitting was performed on the other two samples
and the results are displayed in Table 5. We see from the table that

(a) (b)
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S E
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Fig. 6. Te 3ds, core level spectra fitted with two contributions, one due to TeO4 tbp configuration and the other due to TeOs tp configuration for (a) x=0.3 and (b) x=0.4 glass

compositions.
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Table 5
Peak positions, area, FWHM, peak separation, and relative concentration of TeOs resulting from the curve fittings of the Te 3ds), spectra for the xV,05-(1 —x)TeO, glasses.
X Te 3d5/2 (T603) Te 3d5/2 (TCO4) AE (eV) [Te03] %
Position (eV) FWHM (eV) Area Position (eV) FWHM (eV) Area
0.10 575.7 1.86 4,524 576.7 2.00 18,751 1.0 19
0.20 575.7 1.90 12,799 576.7 1.85 29,030 1.0 31
0.30 576.1 1.75 8,060 577.1 1.85 11,381 1.0 41
0.40 576.3 1.80 31,712 577.3 1.80 28,798 1.0 52

The experimental uncertainty is +0.2 eV in the energy measurement and +10% in the relative concentration of TeOs.

()
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Fig. 7. O 1s core level spectra fitted with BO and NBO peaks for (a) x=0.1 and (b) x=0.4 glass compositions.

substituting V,0s5 for TeO, increases the TeO3 content in the glasses
from ~20% at the lowest V,05 content to ~50% at the highest V,05
content. These values are in reasonably good agreement with those
found using NMR [18] and neutron diffraction [19].

Among the most informative XPS spectra in glasses are those
related to the oxygen atoms, namely of the O 1s spectra. The
XPS technique has been successfully used to determine the pro-
portions of bridging oxygen atoms (BO) and non-bridging oxygen
atoms (NBO) in various glass systems. It has been used in simple
binary glasses as well as ternary glass systems. Correspondingly,
the O 1s peaks for these V,05-TeO, glasses may arise from oxy-
gen atoms existing in some or all of the following structural units:
Te-0-Te, Te-0-V, V-0-V, and V=0. Oxygen atoms that are cova-
lently bonded to glass former atoms on both sides are typically
called bridging oxygen (e.g., P-O-P, Si-0-Si, Ge-O-Ge), while oxy-
gen atoms ionically bonded, at least on one side, or double bonded
to a glass former atom are referred to as non-bridging oxygens
and have lower binding energies (e.g., Si-O-Na, Ge-O-Na, V=0,

V,05-TeO, glass samples exhibit an asymmetry and correspond-
ingly the O 1s spectra were fitted to two Gaussian-Lorentzian peaks
as shown in Fig. 7. The resulting relative abundance of NBO/Oyqya)
(see Table 6) increased from 43% to 76% as the nominal V,05 con-
tent increased from 0.1 to 0.4. However since the abundance of
the V-0-V and V-0-Te structures should increase with increasing
V,05 content, the oxygen atoms in V-0-V and V-0O-Te structures
in these glasses are more likely to be associated with non-bridging
oxygens (NBO) rather than BO atoms in order to account for the
observed increase in the relative abundance of NBO. Furthermore,
each TeO3 unit introduced in the glass structure contributes 2 NBOs
[19]. The NBO content introduced from TeO4 units through the
03/, Te-0~ structure are taken from Table 5 of Ref. [18]. Assuming
that all V atoms in V,05 give rise to an NBO [21], the total number
of NBOs in each glass composition would be given by:

NBO  5x +2(1 —x)[TeO3] 4 y[TeO4]

. . . . — 1
P=0). As described in the previous section, the O 1s peaks for the TO 2 +3x (1)
Table 6
Peak positions, area, FWVHM, peak separation, and relative concentration of NBO resulting from the curve fitting of the O 1s core level for the xV,05-(1 — x)TeO; glasses.
X 0 1s(eV) FWHM (eV) AEgo_ngo (eV) [NBO] %

NBO (area) BO (area) NBO BO Measured Cal?
0.10 530.0 (3147) 531.2 (4248) 1.90 2.00 1.2 43 40
0.20 530.0 (7451) 531.2(7892) 2.00 2.00 1.2 49 60
0.30 530.3 (5292) 531.3 (2630) 1.85 1.85 1.0 67 80
0.40 530.5 (25,624) 531.5 (7976) 1.90 1.90 1.0 76

The experimental uncertainty is +0.2 eV in the energy measurement and +10% in the relative concentration of NBO.

4 Calculated using Eq. (1).
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where the actual values of x as determined from ICP (Table 1) were
used in Eq. (1) and [TeO3] and [TeO4] are the concentrations of TeO3
and TeQy structural units in the glass determined from XPS (Table 5).
Each V,05 molecule would contribute five NBO atoms to the O
1s peak, each TeOj3 structural unit would result in 2 NBOs while
the contribution of TeO4 to the NBOs is taken from Table 5 of Ref.
[18]. The qualitative agreement between the values of NBO/Oyq,;
determined from the relative areas under the O 1s peaks are dis-
played in Table 6 and the corresponding values calculated from
Eq. (1) strongly supports this conjecture that the oxygen atoms in
V-0-V and V-0-Te are probably more non-bridging in character
compared to those in Te-O-Te units. Moreover, these rather large
relative abundances of NBO indicate that V,05 plays the role of a
network modifier rather than a glass former in this glass system in
a similar way it did in the vanadium phosphate glasses investigated
by the same group [21]. We can in general state that V,05 can be
considered as both a glass former and modifier.

5. Conclusions

XPS and magnetization studies were performed to investigate
the effect of substituting various amounts of V,05 for TeO, in a
V,05-TeO, binary glass system. The XPS analysis of the Te 3ds,
core level indicated the existence of Both TeO4 and TeO3 and that the
fraction of TeOs3 increases with increasing V,05 content in agree-
ment with previous studies conducted on the same glass system.
The O 1s spectra with a conventional two-peak fit and the number of
NBO in each glass was found to correspond to contributions from
V-0-V, V-0-Te, V=0 and TeO3 and some of the TeO,4 structural
units. The V 2p spectra were fitted with a single peak correspond-
ing to V> ions. The magnetic susceptibility data for these glasses
follow a Curie-Weiss behavior which also indicates the presence
of some V ions existing in a magnetic state V4* in addition to the
presence of the non-magnetic state V>*. This ~3.5% presence of V
ions in V4 state is beyond the 5% detection limit of XPS.
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