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X-ray photoelectron spectroscopy and Fourier transform—infrared studies were carried out on
phosphate glasses containing oxides of iron, cobalt, nickel, copper and zinc. The results
suggest that the glasses containing iron and zinc may have structures in which both the
phosphorus and the iron (or zinc) atoms are tetrahedrally coordinated by oxygen into three-
dimensional structures which resemble the polymorphic forms of silica, whereas the glasses
containing cobalt, nickel and copper may consist of polymeric chains of PO, tetrahedra
bonded to adjacent tetrahedra via bridging oxygens. These polyphosphate chains are linked
together by the interaction between the metal cation and the oxygens of the network former.
In addition, the core level 2p shake-up satellites of the 3d-transition metal ions in these
glasses were studied. The results support a suggestion that the satellites in the glass are most
likely due to the electron transfer from ligand to metal 3d orbitals.

1. Introduction

Oxide glasses containing transition metal ions were
reported to have semiconducting properties as early as
1954 [1]. Since then a great deal of work has been
carried out on semiconducting glasses [2-5]. The
general condition for this semiconducting behaviour is
that the transition metal ion should exist in more than
one oxidation state, so that conduction can take place
by the transfer of electrons from low to high valence
states. According to this condition, the dependence of
the electrical conductivity on the ratio of the ion
concentration in the low valence state to the total
concentration of transition metal ions, C, should be
such that the maximum conductivity is at C ~ 0.5. In
fact, among all the glasses which have been so far
investigated, maximum conductivity at C ~ 0.5 only
occurs in iron phosphate glasses [2-5]. Various ex-
planations have been proposed for this deviation from
C = 0.5 [2-5]. However, it is realized that the effects
of phase variation have not been adequately treated
[3-5].

We have earlier applied X-ray photoelectron spec-
troscopy (XPS) to obtain an understanding of the role
played by transition metals in changing the electrical
conductivity [6, 7]. Phase separation was noted in
some oxide glasses [6, 7]. In the present work, phos-
phate glasses containing 3d-transition metal ions
(such as iron, cobalt, nickel, copper and zinc), with
compositions similar to those used by Sayer and
Mansingh [2], were studied using XPS and Fourier
transform—infrared spectroscopy (FT-IR).

The present work deals with a study of 2p shake-up
satellites of 3d-transition metal ions in these glasses.
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Inner-shell X-ray photoelectron spectra (e.g. 2p of
Co?*, Ni?*, and Cu?* compounds) show intense
satellites at 5-10 eV higher binding energy (i.e. lower
kinetic energy) than at the main peak. This is the result
of the ejected electron created in the photoejection
process undergoing some energy loss. The appearance
of the satellite has been the subject of many experi-
mental and theoretical studies [8—12]. Their explana-
tion still remains incomplete. One of the suggested
processes is the transfer of the valence-like electron to
an excited higher orbital of final state. The excitation
of one 3d electron to 4s or 4p (roughly localized on the
central atom) was initially put forward to explain the
observed satellites [8]. Several other authors now
consider the interatomic electron transfer from ligand
to metal 3d orbits to be the most probable cause of
satellites in crystalline compounds [9-12]. Little at-
tention has been paid to the satellite structure in
glasses containing transition metal ions. The present
results suggest that the satellites in the glasses are
most likely due to the electron transfer from ligand to
metal 3d orbits.

2. Experimental procedure

The glasses were prepared by melting dry mixtures
of 0.67 P,05-0.33 Fe, 05, 0.75 P,05-0.25 Co,0,,
0.50 P,O,-0.50 NiO,  0.50 P,0;-0.50 CuO, and
0.50 P,O;-0.50 ZnO in alumina crucibles. All the
chemicals used were of reagent grade. The above
compositions were such that the atomic ratio of phos-
phorus to metal in the glass was 2:1. The P,O, was
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heated to 150°C for 2 h prior to weighing the com-
ponents for the batch. The crucible and contents were
placed in a furnace maintained at 300 °C for 1 h prior
to melting the mixture, to minimize volatilization. The
crucible was then transferred to a melting furnace
maintained at  temperatures ranging from
1200-1400°C depending on the glass [2]. The melt
was left for about 4 h under atmospheric conditions in
the furnace. During this time the melt was occa-
sionally stirred with an alumina rod. The homogen-
ized melt was then cast on to a stainless steel plate
mould (pre-heated to 300 °C). The samples were disc-
shaped with diameters of 1.5 cm and thicknesses of
about 3 mm. The zinc—phosphate sample had a dull
look, while all the other samples had the usual shiny
appearance of glass. The samples were ground and
polished with diamond paste down to a minimum grit
size of 0.1 pm.

The XPS measurements were carried outina V. G.
Scientific ESCALAB MKII spectrometer equipped
with dual aluminium-magnesium anodes. Details of
the system are given elsewhere [13]. The energy scale
of the spectrometer was calibrated using Cu 2p;,, =
932.67eV, Culpy,=749¢V, and Audf,,=
83.98 eV. The charging of non-conducting glass sam-
ples was avoided by flooding the sample with a separ-
ate source of low-energy electrons [7]. The energy and
intensity of these external electrons were adjusted to
obtain the best resolution as judged by the narrowing
of the full width at half maximum (FWHM) of photo-
electron peaks. It was found that at the optimum
settings of the neutralizing gun (electron kinetic en-
ergy between 5 and 10 eV, electron emission current at
the sample between 1 and 5 nA), the position of the
adventitious C 1s line was within + 0.5eV of
284.6 eV. This peak arises due to hydrocarbon con-
tamination, and its binding energy is generally accept-
ed as remaining constant irrespective of the chemical
state of the sample. For the sake of consistency, all
energies are reported with reference to the C 1s trans-
ition at 284.6 eV.

For XPS measurements, the standard oxide powder
samples were embedded in substrates of indium foil
supported by metallic backing. The samples were
loaded through a fast-entry airlock into a preparation
chamber and finally into the analysis vessel. The base
pressure in the analysis chamber during these meas-
urements was less than 5x 107! mbar.

Several kinds of deposition process have been pro-
posed for the formation of thin films of multicompo-
nent oxides [14]. Dijkkamp et al. [14] have reported
that the laser-beam deposition of a high-temperature
superconducting film resulted in the composition of
films close to that of the bulk material. Following
Dijkkamp et al. [14], thin glass films needed for in-
frared measurements were prepared by laser evapor-
ation on KBr substrates. Similar methods have been
detailed elsewhere [15], therefore only a brief descrip-
tion is given here. The glass disc was mounted in a
vacuum chamber with a base pressure of the order of
10" %torr (ltorr = 133.322Pa) and irradiated
through a KBr window with a pulsed CO, laser. A
ZnSe lens was used to obtain an energy density of
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about 60 J cm ™2 on the target. Thin films were pre-
pared from untreated (unpolished) glass samples. After
the films were deposited, they were removed from the

coating chamber and exposed to the ambient atmo-

sphere, prior to XPS measurements. It was found that
the XPS and infrared spectra of the films were some-
what different from those for the corresponding
glasses. This difference in composition of the films
compared to the targets from which they were pre-
pared may be because of different evaporation rates
for different components in the multicomponent glas-
ses. Also, their structure may be different from those of
the bulk, because they were condensed very quickly
from the vapour. Present measurements suggest that
the films were not truly representative of the glass
from which they were prepared.

Infrared spectra were recorded with an Nicholet
FT-IR spectrophotometer model SDXD, in the range
360—1600 cm™*. Glass sample pellets were prepared
for infrared investigation by mixing approximately
10-15 mg glass powder with about 150 mg spectro-
scopic grade KBr powder and compressing the
resulting mixture in an evacuable die under 20000 Ib
{ ~ 9072 kg) pressure. The KBr powder was dried at
110°C and allowed to cool in a vacuum desiccator to
avoid adsorption of moisture. The infrared spectra of
thin films of all the glasses were also recorded.

3. Results

3.1. XPS: core levels O 1s and P 2p

In Fig. 1 spectra for the core level O 1s for the glasses
are compared with that of the P,O, powder. The O 1s
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Figure 1 Core level spectra of the O 1s for glasses and the P,O
powder.



TABLE I Peak positions and their FWHM for the core levels P 2p and O 1s of glasses and films in (eV). The P 2p for the P,0, was at

134.7 ¢V with FWHM of 2.1 eV.

Metal P2p Ols
Position FWHM* Position FWHM*
Glass Film Glass Film Glass Film Glass Film

Zn 133.5 134.1 2.1 22 531.3 531.8 2.1 2.4

Cu 133.9 134.4 23 2.3 531.3 531.8 2.6 31

Ni 1339 134.5 24 2.4 531.3 531.8 2.7 2.9

Co 133.9 134.4 24 24 531.3 531.8 2.8 31

Fe 133.3 134.2 2.1 2.3 5310 531.7 2.0 2.9

2The O 1s spectra for some glasses and films were composed of broad and asymmetrical peaks (Figs 1 and 3). While assigning the above values,

all the spectra were treated as being composed of single peaks.

spectrum for the P,Os consists of two overlapping
peaks. It is well known that the orthorhombic P,O,
being based on an assembly of discrete molecules,
consists of PO, tetrahedra shared by three neigh-
bouring tetrahedra; the fourth oxygen atom is con-
sidered to be double bonded to the phosphorus atom
[16]. Therefore, in Fig. 1 the lower binding energy
peak may be associated with non-bridging oxygen
(P-O, bonding), and the high-energy peak with the
bridging oxygen (P-O-P). The ratio of the area of the
P-O and the P-O-P peaks, if our peak assignment is
correct, should be 1: 1.5, respectively. For every phos-
phorus atom there should be one non-bridging oxygen
atom and 1.5 bridging oxygen atoms. As judged from
Fig. 1, the ratio of the two peaks seems to be not too
far from the expected value. The above assignment of
the peaks can be justified from the well-known re-
search results on sodium silicate glasses in which the
bridging oxygen atoms are covalently bonded to two
silicon atoms, while the non-bridging oxygen atoms
are covalently bonded. to one silicon atom and ionic-
ally bonded to one sodium ion. It is known [17] that
the charge density on the non-bridging oxygen atom is
about — 0.96 and the same on the bridging atom is
— 0.65. This charge difference is reflected in a shift of
the non-bridging atom peak (O 1s) towards a lower
binding energy with respect to the bridging oxygen
atom peak (O 1s) of about 2.3 eV [17]. In the present
case, the corresponding shift in the P,0O; is about
1.8 eV (Fig. 1).

In Fig. 2 the XPS spectra of the core level P 2p for
the glasses are compared with that of the P,O; pow-
der. The results of Figs 1 and 2 are summarized in
Table I. In Fig. 1 the O 1s spectra for the iron and
zinc glasses show narrow peaks when compared with
those for the cobalt, nickel and copper glasses.
Perhaps the O 1s peaks from all glasses are composed
of more than one peak which may correspond to a
different bonding mode of oxygen atoms in these
glasses. However, in assigning the values given in
Table I to all the cases, the spectra were treated as
being composed of single peaks. In accordance with
the width of the P 2p and the O 1s peaks (Table I), the
glasses may be placed into two relatively well-defined
types. Iron and zinc form one, say Type A, with full
width a half maximum (FWHM) of both P 2p and
O 1s peaks of about 2.1 ¢V, while the second, Type B

(cobalt, nickel and copper), has an increased FWHM
for the P 2p to about 2.4 eV and for the O 1s to about
2.7eV.

The O 1s peaks (Fig. 1) are broader in the Type B
glass than those of the Type A glass. A point worth
noting is the asymmetry on the high-energy side of the
peaks for Type B. This suggests the presence of an
additional high-energy component in the O 1s spectra
for Type B. The build-up of the high-energy oxygen
peak is clearer in the O 1s spectra for the laser-
evaporated glass films (Fig. 3). The composition and
the structure of a film, as already discussed, may not
be the same as the bulk glass from which the film was
prepared. Therefore, the film may not be regarded as
being truly representative of the glass.
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Figure 2 Core level spectra of the P 2p for glasses and the P,O;
powder.
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Figure 3 Core level spectra of the O s for the laser-evaporated
glass films and the P,0 powder.

3.2. XPS: Shifts of metal 2p core levels
Various oxidation states of the first row transition
metals in glasses are well established [4, 16, 18, 19],
and for quick reference, these are listed in Table II.
The oxidation states of the standard oxides are also
given in Table II. For the glasses, besides the states
that are given in Table II, other oxidation states for
some of the metals may be possible, but their concen-
trations are known to be relatively small
[4, 16, 18, 19], For example, less than 107°% of the
cobalt would be expected in the trivalent form [18].
The present XPS results, as will be discussed, seem to
agree with those given in Table IL

Core level spectra of the Fe 2p for the Fe,O; pow-
der, iron glass, and a laser-evaporated glass film are
shown in Fig. 4. Similar spectra are shown for cobalt
in Fig. 5, nickel in Fig. 6, copper in Fig. 7, and zinc in
Fig. 8. The results are summarized in Table III. The
results for the metal oxides are in good agreement with

TABLE II The most common valence states of metal ions in
glasses [4, 16, 18, 19]

Metal Metal oxide Tonic states

Metal oxide glass
Fe Fe,04 Fe3* Fe?*, Fe®*
Co Co;0, Co?*, Co3* Co?t
Ni NiO Ni?* Ni2*
Cu CuO Cu?* Cu*, Cu?*
Zn ZnO Zn%* Zn?*
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Figure 4 Core level spectra of the Fe 2p for the Fe,O, powder, iron
phosphate glass and a laser-evaporated glass film.
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Figure 5 Core level spectra of the Co 2p for the Co;0, powder,
cobalt phosphate glass and laser-evaporated glass film.



TABLE III Satellite structure in the photoelectron spectrum of the 2p shell of transition metal oxides

Metal Specimen 2p3;2 2py 2
BE? (eV) AE_ V) BE® (V) AE, (V) AE; (eV)
Zn ZnO 1021.5 - 1040.6 - 23.1
Glass 1022.4 - 1045.4 - 23.0
Film 1022.7 - 1045.7 - 23.0
Cu CuO 9329 9.1 952.8 8.8 19.9
Glass 932.5 - 952.4 - 199
935.0 9.0 955.0 7.8 20.0
Film 9327 - 952.6 - 199
935.5 8.9 955.6 7.7 20.1
Ni NiO 854.0 6.0 871.7 6.3 17.6
Glass 856.5 5.5 874.3 5.9 17.7
Film 856.8 5.5 874.6 6.0 17.8
Co Co;0, 779.2 9.3 794.3 9.5 15.1
Glass 781.6 53 7974 5.8 15.8
Film 782.0 51 797.9 5.5 159
Fe Fe,04 710.3 7.8 723.5 d 132
Glass 710.8 d 723.5 d 129
Film 711.3 4 724.0 d 12.7

*Binding energy of the main peak.

"Energy separtion between the main peak and the satellite.
°Energy between 2p,,, and 2py,,

4Obscure.

those reported in the literature (for example [20, 217).
However, for the glass, we did not find such results. In
going from a standard metal oxide to glass, the bind-
ing energies of the core levels 2p;,, and 2p;,, shift to
higher energies (Table III) in all metals other than the
peak marked (A) in Fig. 7 for the copper. It is well
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Figure 6 Core level spectra of the Ni 2p for the NiO powder, nickel
phosphate glass and a laser-evaporated glass film.

known [22] that the presence of non-equivalent atoms
of the same clement in a solid give rise to core level
peaks with measurably different binding energies.
Non-equivalence of atoms can be a result of (a) the
difference in formal oxidation state, (b) the difference
in molecular environment, etc. The binding energy
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Figure 7 Core level spectra of the Cu 2p for the CuQO powder,
copper phosphate glass and a laser-evaporated glass film.
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Figure 8 Core level spectra of the Zn 2p for the ZnO powder, zinc
phosphate glass and a laser-evaporated glass film.

increases with an increase in the oxidation state of a
metal atom. In the situation where the formal oxida-
tion state is the same, the general rule is that the core
level binding energy of the metal atom increases as the
electronegativity (electron withdrawing power) of
attached atoms or groups increases [22]. It is clear
from Table IT that the oxidation states of the trans-
ition metals either remain unchanged or are reduced
to lower valence states, while going from metal oxide
to glass. According to this, the energy of the metal 2p
level should either remain unchanged or decrease
upon going from oxide to glass, contrary to the ob-
served increase in energy. Therefore, process (a) alone
cannot account for the observed shifts. Perhaps
formation of metal phosphates (process b) could be the
dominant process responsible for the high-energy shift
of the metal 2p levels. For example, the Cu2p,, in
CuQ is reported to be at 933 eV, in CuSO, at 935.5 eV
and in CuF, at 937 ¢V [21]. [t may be mentioned that
the group electronegativity of the (PO,)* ™ ion is close
to that of the (SO,)?~ ion [23]. Therefore, following
on from the above, the Cu 2p,,, in copper phosphate
is expected to have an energy close to that of the
CuSO,. Indeed this is the case, as is discussed below.

Surface contamination, such as the formation of
carbonates and hydroxide over the glass surfaces
could also lead to a shift of the metal 2 p level to a
higher energy with respect to that of the standard
oxide. However, the absence of the higher energy
components of the Cls rule out any significant
amount of carbonate present over the surfaces of the
samples. McIntyre and Cook [24] have carried out an
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XPS study on the oxides and hydroxides of divalent
cobalt, nickel and copper. In going from an oxide to
hydroxide they observed shifts to higher. energies for
the metal 2p levels: cobalt (1.0 eV), nickel (1.6 V) and
copper (0.6 eV). In the present work, the shifts in the
2p levels for the divalent ions, in going from an oxide
to glass, are much larger (Table I1I): cobalt (2.4 eV),
nickel (2.5eV) and copper (2.1 eV). Therefore, the
observed shifts in glass may not be due to the forma-
tion of hydroxide. Furthermore, the absence of com-
ponent peaks due to the hydroxides in the 2p spectra
rules out any significant amount of hydroxide that
may have been present on the sample surfaces.

The Cu’2p spectrum (Fig. 7) for the CuO exhibits
the spin-orbit components Cu 2p;;, and Cu 2p,,, at
binding energies of about 933 and 953 eV, respec-
tively, with satellites at about 9 eV higher binding
energy (Table I1I). In glass as well as in film, the 2p
peaks show doublet structure (peaks marked A and B
in Fig. 7). The separation between peaks A and B is
about 2.5eV. A doublet structure similar to this has
been observed in the Cu2p spectrum of the high-
temperature superconductor YBa,Cu;Og 45 [25],
where the authors have assigned peak A to Cu?* and
peak B to Cu?*. However, we believe that peak A is
associated with Cu™* and B with Cu?* for the reasons
discussed below. Monovalent and divalent are the
only two oxidation states in which copper exists in
various glasses (Table II). Furthermore, it is well
known that copper compounds containing Cu?* are
associated with strong satellites (e.g the CuO spectrum
in Fig. 7), while compounds with Cu* have no satelli-
tes [9—12]. A decrease in the intensity of the satellite
peak is observed upon going from the CuO to glass
(Fig. 7), which following the above, suggests that some
of the Cu?* are reduced to Cu* in the glass. More-
over, the satellite structure in Fig. 7 clearly follows the
trend of peak B. Thus it may be concluded that peaks
A and B are associated with Cu* and Cu?”, respect-
ively. The shift of peak B to high energy relative to the
same peak for CuO is most likely due to the formation
of copper phosphate, as observed in other glasses.
Phosphate may also be formed by Cu* but in the case
of monovalent copper the shifts due to a change of
molecular environment are known to be small (less
than 0.7 eV) compared to as high as 4 ¢V in divalent
copper [20, 21]. The change in the 2p, ,,~2p;,, separa-
tion of metal ions with different spin-states has been
used diagnostically [26]. High- and low-spin com-
plexes are possible for transition metal ions containing
between 4 and 7 inner d-electrons (Fe?*, Fe**, and
Co?" in the present case) while others (Ni2*, Cu*,
Cu?*, and Zn?"*) generally form one type of complex.
Ni2* in NiO and various glasses is known to exist in
high-spin states [16], although in some other com-
plexes which have square planar geometry, Ni?* can
be diamagnetic. The present results (Table III) agree
with this, because the separation does not change
significantly from sample to sample in the case of
nickel, copper and zinc, while separation changes are
large for cobalt and iron.

It was stated above that the binding energy of a
metal core level increases (i) with an increase in its



oxidation state, and/or (ii) as the electronegativity of
attached atoms groups increases (both of which lead
to an increase in the effective positive charge on the
metal ion). Hence, it may be said that an increase in
the effective positive charge on a metal ion would
result in an increase in the binding energy of its core
level. Now, the shift of the metal core level 2p (Table-
I1I) upon going from the metal oxide to the glass, is
less than 1 eV for Type A glass, while it is greater than
2 eV for Type B glass {except for Cu™, which is known
to have small shifts in the 2p level upon a change of
molecular environment). The larger shifts in Type B,
compared to those in Type A, suggest that the metal
ions in Type B have larger effective positive charge
than those in Type A. This may be due to a difference
in bonding of the metal ion between the two.

3.3 XPS:; metal 2p satellites

The Fe (2p) spectrum of Fe,O; powder (Fig. 4) shows
a weak satellite at about 718 ¢V. However, the 2p
peaks become asymmetrical in the case of both glass
and film, with long tails on the higher energy sides.
The spectra for glass and film are similar to that of the
Fe;0, observed by Kuivila et. al. [27]. It has been
pointed out by Kuivila et. al. that the Fe (2p) spectrum
of Fe,O, is characterized by an apparent lack of
satellite structure, which is actually the result of super-
positioning of the Fe?* and Fe®* satellites. Therefore,
it is possible that, in glass and film, iron exists as Fe?*
and Fe®* and their broad satellites (known to be at
715 ¢V for Fe?* and 719.8 eV for Fe**) [27] overlap,
resulting in long tails on the high-energy side of the
peaks (Fig. 4).

The Co (2p) spectrum of the Co;0, powder (Fig. 5)
shows weak satellites at 9.4 ¢V above the main peaks.
This spectrum is similar to those reported for Co O,
by Tyulier and Angelor [28] and Mclntyre et al. [29].
In the glass and in the film, intense satellite lines which
are closer to the main peaks are observed (Fig. 5 and
Table 1II). Intense satellite lines have been observed
for Co2p in the case of high-spin Co?(s = 3/2)
compounds and complexes but not for diamagnetic
Co®** (s = 0) compounds and complexes [26, 30].
Furthermore, in high spin Co?"*, for example CoCl,,
the intensity of the shake-up peaks is far larger than
those in a low spin Co?™ (s = 1/2) complex such as
Co(CN), [30]. The change in 2p,,,—2p;,, separation
for cobalt ions with different spin states has been used
diagnostically [26]; for example, this separation was
found to be 15.0 eV for diamagnetic Co*™*, 15.4. ¢V for
low-spin Co?™* and 16.0 ¢V for high-spin Co?* com-
plexes [26]. In the light of the above, we suggest that
in the Co;0, spectrum (Fig. 5) the weak satellites are
associated with Co?™*, while diamagnetic Co®* has no
contribution. The observed increase in the intensity of
the satellites on going from the Co;0, to glass (or
film) and also the increase in the Co 2p,,,—Co 2p;,,
separation (Table III) may be linked to the formation
of high-spin Co?* complexes in the glass. This is in
line with the well-established result that the oxidation
state of cobalt in glasses is generally Co?™* (Table II).

The Ni(2p) spectra of the NiO, glass, and film in
Fig. 6 all show strong satellites with little variation in

intensity. Similar spectra were observed for some
other nickel-containing glasses [6]. However, on
going from the NiO to giass (or film) the satellites do
show some shift towards the main peaks (Table HI).
This is most likely due to the formation of metal
phosphate complexes in glass as well as in film. Nickel
in glass is known to exist mainly as Ni®*.

The Cu (2p) spectra of the CuO, glass, and film in
Fig. 7 all show some satellite structure. The satellites
are strongest in CuQ because all the copper ions are in
a divalent state. Compounds or complexes containing
Cu?* ions are known to exhibit strong satellites while
those containing monovalent copper ions show no
satellite structure. As already discussed in Section 3.2,
in glass as well as in film, copper exists as Cu®** and
Cu®. It is obvious from Fig. 7 that the intensity of
satellites increases with an increase of peak B which is
associated with Cu?™.

The Zn (2p) spectra of ZnO, glass and film in Fig. &,
all show the absence of satellite structure.

3.4. FT-IR absorption

The FT-IR spectra of KBr pellets of glasses contain-
ing iron, cobalt, nickel, copper and zinc are shown in
Fig. 9 and the corresponding peak positions are listed
in Table IV along with those for the P,O5 from [31].
The P,0O5 bands can be approximately identified as
follows using the results of previous workers [31]:

(PO,)?~ group 500 cm ™!

P-O-P ring frequency at 780 cm~
P-O~ stretching bond from 900-1035 cm ~*

P=0 double stretching bond at 1260 cm ™!

As pointed out by Arzeian and Hogarth [317], there
are two main differences when P,O; infrared absorp-
tion is compared with the absorption spectra of glass.

1. Firstly, the (PO,)*~ band at 500 cm™! is re-
placed by a much broader band (cobalt and copper
glasses, Fig. 9) or by a number of bands (iron, nickel
and zinc glasses, Fig. 9). These seem to be due to metal
ions in the glass because the pure metal oxides have
absorption bands in this region (for example, see Fig. 8
in [2]).

2. Secondly, the broadening and shift of the P-O~
and P=0 bands are noted in the glass spectra because
of the presence of metal ions in the glass which altered
these stretching frequencies. Other workers have also
observed a shift in band position when a transition
metal oxide is added to P,0; glass, with a broadening
of the band. This suggests the existence of a partial
bond such as P—O-metal which may result in infrared
absorption in the region 900-1100 cm ™1,

1

Earlier, on the basis of the XPS results (Section 3.1),
two types of relatively well-defined glasses were identi-
fied: zinc and iron glasses forming Type A, and cobalt,
nickel and copper forming Type B. The infrared spec-
tra of these glasses (Fig. 9) suggest a similar trend. The
P-O-P absorption band at about 760 cm ~* appeared
as a very weak shoulder in the iron and zinc glasses
(Type A) suggesting negligible P-O—P linkage in these
glasses, while strong P-O-P bands were observed in
the cobalt, nickel and copper glasses (Type B). Also,
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TABLE IV Characteristic infrared absorption peaks for the P,O4 and phosphate glasses containing iron, cobalt, nickel, copper, and zinc

ions (see also Fig. 9)

Specimen Absorption peaks (cm™?) Reference
P=0 P-O~ P-O~ P-O-P

P,0; 1260 1035 900 780* [33]
Fe-glass - 1084 940 779° present work
Co-glass 1270 1072 917 753% present work
Ni-glass 1205 1045 970 741° present work
Cu-glass 1185 - 932 762* present work
Zn-glass - 1108 965 777° present work

*Strong absorption band.
bExtremely weak shoulder.

the absorption band associated with P=0 is present
for Type B glass but not for Type A glass (Table IV).
Similar infrared spectra have been observed for phos-
phate glasses containing iron, cobalt, nickel and cop-
per by Sayer and Mansingh [2]. In fact, they also
suggested the formation of two well-defined types in
such glasses, again based on the 760 cm™! bands.
These results are in agreement with the XPS results,

=

1200 800 400
Wave number (cm™")

Transmittance (Arb. units)

Figure 9 Infrared spectra for glasses, from powdered glass samples
in KBr pellets.
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especially with the O s spectra in Fig 1. The develop-
ment of the high-energy peak in the O s spectra
(associated with the oxygen in P-O-P) follow a sim-
ilar trend to the 760 cm™! absorption band in the
infrared spectra.

4. Discussion
The O 1s peaks for the glasses may be composed of
more than one component peak, which may corres-
pond to different bonding of the oxygen, such as P=0,
P-O-P, and P-O-M (M refers to 3d-transition me-
tal). The energy separation between the O 1s compon-
ents associated with P=0 and P-O-P is about 1.8 eV
(Fig. 1) for the P,O;. The O 1s component associated
with P-O-M will probably be located in between the
locations of the P=0O and P-O-P com-
ponents. In fact, Goldman’s study [32] of
sodium—iron silicate glasses has concluded that the
O 1s components associated with Si-O-Fe?* and
Si—O-Fe* are nearly coincident with the non-bridg-
ing (Si-O-Na) peak. Therefore, it may be possible
that in the present case, the O 1s components of the
P-O-M and P=0 are close to each other. A careful
examination of the O 1s spectra (Fig. 1) indicates some
differences in the spectra of the two types. A build-up
of high-energy component (in the vicinity of the
P-O-Pin P,0,) is observed in the spectra for Type B
glasses (cobalt, nickel and copper), while this is absent
in Type A glasses (iron and zinc). Thus the possible
bondings of the oxygen, as suggested by the XPS
study, are Type A glass P = O and P-O-M, and Type
B glass P=0, P-O-M and P-O-P. Because the
binding energies of the core level O 1s for the oxygen in
the P—O and P-O-M are close to each other, the XPS
fails to make a clear distinction between the two
modes of bondings. On the other hand, FT-IR can
easily distinguish between these two bonding modes
because the absorption peaks corresponding to the
two modes are well separated (Table IV). The absence
of characteristic P=0O absorption for Type A glass
(Table IV), suggests that the oxygen bonding in this
type is mainly P-O-M, whereas for Type B glass,
infrared absorption peaks corresponding to all the
three bonding modes of the oxygen are observed
(Table IV), suggesting the presence of all three oxygen
bonding modes in this type of glass.

Although identification of the structure of the two
types of glasses is difficult, based on the present results,



some structural difference between the two types are
speculated. The binding energy of the core level P 2p
for the P,O was found to be 134.7 eV with FWHM of
2.1eV (TableI). All the phosphorus atoms in the
P,0; are expected to have nearly the same environ-
ment. Upon formation of glass with metal oxides, the
P 2p peaks do show some shifts in energy (Table I) but
their widths remain unchanged in Type A glass (zinc
and iron), whereas the widths increase in Type B glass
(cobalt, nickel and copper). The FWHM of various
peaks, as reported by Mizokawa et al. [33] are, for
P,O; Ols (345¢V) and P2p (2.35eV), and for
GaPO,; O 1s (2.1eV)and P 2p (2.05¢V). In Fig. 1, if
the O Is spectrum for the P,0; is treated as a single
peak, then its FWHM is close to the value that is
reported by Mizokawa etal. [33] for the GaPO,.
Furthermore, it is known that GaPO, (and also
FePO,) constitutes a unique class of orthophosphates
in which both the phosphorus and another kind of
atom (gallium or iron) are tetrahedrally coordinated
by oxygen. Alternative tetrahedra are linked to form
continuous three-dimensional structures which geo-
metrically resemble the known polymorphic forms of
silica [34]. In this type of structure the only possible
bonding of oxygen is P-O~M. Now, for Type A glass
it was suggested earlier that the oxygen was predomin-
antly bonded as P-O-M and the FWHM of the O 1s
and P 2p for the glass are nearly equal to those of
GaPO,. Therefore, it appears that Type A glasses have
a structure similar to the orthophosphates. However,
the long-range periodicity of the crystalline lattices
would not be present in the case of the glasses.

It follows from the above that for Type A glass the
majority of the cations (zinc or iron) may be found in a
distribution of network forming (tetrahedral) sites.
Ferric ion is expected to act as a network former,
whereas ferrous iron in modifier sites is based upon
charge balance considerations and Mdssbauer data
[32]. In the present work, the Fe 2p spectrum for the
glass closely resembles that of the Fe;O, (Section 3.3),
therefore it is possible that a major portion of iron in
the glass is in the Fe®* state. Zinc in different com-
pounds and complexes is known to have a Zn** (3d'°)
state and its preference [16] to form tetrahedral spe-
cies arises from: (a) the absence of any d-electron-
driven preference for octahedral coordination, and (b)
high polarizability and its tendency to form covalent
bonds.

Nelson and Exarhos [35], in a study of binary
metaphosphate glass with the stoichiometry M(PO;),
where x equals the oxidation state of metal cation,
have found that binary phosphates have the same
basic structure regardless of the particular metal M
(alkali, alkaline earth, transition metals, etc.). The glass
consists of polymeric chains of PO, tetrahedra bon-
ded to adjacent tetrahedra via bridging oxygens [35].
These polyphosphate chains are linked together by the
interaction between the metal cation and the
nonbridging oxygens of the network former
[34, 35]. However, Type A glass forms a different
structure, though Type B may have a structure of
polyphosphate chains. This is supported by the
following points:

(i) oxygen bonding: in polyphosphates, the modes
of bonding [35] are P-O, P-O-M and P-O-P. In
Type A the predominant bonding observed is
P-O-M, while in Type B all three bondings have been
observed;

(i) metal bonding: in polyphosphates, metal
cations exhibit ionic interactions with the poly-
phosphate anionic chains [35]. It was suggested
earlier in Section 3.2, that the metal cations in Type B
glass may have a larger effective positive charge than
the cations in Type A glass. A large value of the
effective positive charge on a metal cation is expected
in an ionic mode of bonding. The results concerning
the satellites may be summarized as follows: (i) satelli-
tes are absent when 3d orbitals are completely filled
(for example Cu* and Zn?*), and (ii) for a given metal
ion, satellite separations and intensities differ for dif-
ferent ligands (Table 111 and Figs 4-8). In general, the
present results are not much different from those
obtained for compounds containing transition metals
[9]. The two points noted above, and the well-known
fact that satellites are absent in the metallic state
suggest that the presence of satellites is most likely
due to the electron transfer from ligand-to-metal 3d
orbitals.

5. Conclusion

Binary phosphate glasses containing oxides of iron,
cobalt, nickel, copper and zinc have been studied. XPS
in combination with infrared spectroscopy can lead to
a better understanding of the structural properties of a
glass. Possible bondings of different atoms in the glass
have been suggested. Based on this, some structures
for the glass have been proposed. Glasses containing
iron and zinc may have a structure similar to those of
the orthophosphates in which both phosphorus and
the iron (or zinc) atoms are tetrahedrally coordinated
by oxygens: three-dimensional structures which re-
semble the polymorphic forms of silica. However, the
long-range periodicity of the crystalline lattices would
not be present for the glasses, whereas the glasses
containing cobalt, nickel and copper may consist of
polymeric chains of PO, tetrahedra bonded to adja-
cent tetrahedra via bridging oxygens. These poly-
phosphate chains are linked together by the inter-
action between the metal cation and the oxygens of
the network former. These structural differences may
have some effect on the electrical conductivity of the
glasses.

The core level 2p shake-up satellites of the 3d-trans-
ition metal ions in phosphate glasses have been also
studied. The present study suggests that the presence
of satellites in the glass are most likely due to the
ligand-to-metal 3d orbital electron transfer.
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