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Abstract

X-ray photoelectron spectroscopy was used to obtain information on local atomic arrangements and electronic structure in
Y,03-Al,03-Si0; glass system doped with up to 1 mol% Fe,O5. Core level photoelectron peaks of Si2p, Al2p and O1s in glasses
are symmetric and can be fitted to a single peak, suggesting that there is one kind of site for these elements. Most of the oxygen
atoms in the different configurations are of bridging type and, therefore, the contributions to the O 1s core level spectrum from these
configurations are undistinguishable. The photopeak symmetry and the binding energies of O s electrons show these glasses to be
covalent compounds. EPR results indicate that the irons are located in sites subjected to different crystalline field strengths.

© 2005 Elsevier B.V. All rights reserved.

PACS: 61.43.Fs; 76.30.Fc; 79.60.Ht

1. Introduction

Yttrium aluminosilicate glasses have led to a special
family of glasses used in radiotherapy [1]. Among the
oxide materials that are specially developed for medical
use, glasses for radiotherapy and hyperthermia are also
included. Glasses are used for internal radiotherapy of
cancer as radioactive microspheres. The radioisotope
Y-90 is activated by neutron irradiation of the initial iso-
topic stable glasses. The advantage of using these radia-
tion carriers in relation to the conventional external
beam radiotherapy is that much larger doses of radia-
tion can be safely delivered to the target site, eliminating
exposure to other parts of the body. The application of
yttrium oxide aluminosilicate glasses in cancer therapy
could be extended from internal radiotherapy to hyper-
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thermia therapy [2] by addition of iron oxide to the
yttrium aluminosilicate glass composition. The surface
properties influence the biomaterials behavior in the hu-
man body and depend on the local atomic arrangement.
Spectroscopic techniques like X-ray photoelectron spec-
troscopy become an important tool in the study of the
local structure of oxide glasses [3].

The purpose of this work is to study the electronic
structure and implicitly the local order changes in
yttrium aluminosilicate glasses doped with iron. The
changes depending on Fe,O; content are observed from
the X-ray photoemission and electron spin resonance
spectroscopic data.

2. Experimental

Glass samples belonging to 17Y,03-19A1,0; -
(64 — x)Si0; - xFe,O5 system (0 < x < 1 mol%) were
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obtained using oxides of reagent grade purity. Accord-
ing to the phase diagram [4] of SiO,~Al,03-Y,05 ter-
nary system (Fig. 1), the oxide mixtures that can be
melted up to 1600 °C include in their composition range
the investigated host glass wherein the iron oxide was
added up to 1 mol%. Calculated amounts of these oxide
powders were mixed and melted in corundum crucibles
at 1550 °C for 30 min. The samples were obtained by
fast quenching of the melts cast and pressed between
the steel plates at room temperature. X-ray powder dif-
fraction analysis did not show any crystalline phase. The
diffraction patterns consist of a very large peak typical
of glass systems.

Thermal analysis measurements were carried out
using a MOM derivatograph. Thermogravimetric, dif-
ferential thermogravimetric and differential thermal
analysis curves were recorded from powder samples,
with a rate of 10 °C/min, up to 1000 °C. The differential
thermal analysis curves show no thermal event in the
temperature range of the experiment.

XPS measurements were performed using a PHI
5600ci Multi Technique system with monochroma-
tized AIK, radiation from a 250 W X-ray source (hv =
1486.6 ¢V). During the measurements, the pressure in
the analysis chamber was in the 10~ Torr range. Low
energy electron beam was used to achieve charge neu-
trality at the sample surface. High resolution core level
scans were acquired for the Cls, Si2p, Si2s, Al2p,
Y 3d, Y3p, Fe2p and O1s photoelectron peaks along
with the valence band spectra. The absolute binding
energies of the photoelectron spectra were determined
by referencing to the Cls transition at 284.6 eV that
results most probably during the measurements from
adsorbed species. The position and full width at half
maximum of photoelectron peaks were estimated using
spectra simulation based on summation of lorentzian
and gaussian functions.

Electron spin resonance analysis was carried out on
powder samples with an ADANI spectrometer, at room

Si0,

Y,0, mol% Al Oy

Fig. 1. Glass forming region for SiO,-Al,03-Y,0; glasses melted at
or below 1600 °C according to Ref. [4].

temperature, in X band (9.4 GHz) with 4 G modulation
amplitude.

The error in the estimation of binding energy and full
width at half maximum of photoelectron peaks was
around +0.05eV. The g factors were estimated from
electron paramagnetic resonance spectra with an accu-
racy of +0.01.

3. Results

X-ray photoelectron survey scans were taken for each
glass sample from fractured surfaces in the binding en-
ergy range 0-1400 eV and are shown in Fig. 2. The main
photoelectron peaks are identified on the spectra.

High resolution Si2p spectra are shown in Fig. 3. The
binding energies of the Si2p core level electrons deter-
mined from these spectra are encompassed between
100.54 and 101.99 eV and the full width at half maxi-
mum ranges from 2.45 to 2.76 eV.

High resolution Al2p spectra are shown in Fig. 4.
The photopeaks are relative narrow, symmetric and
show changes in binding energy from 72.79 to
73.70 eV and in full width at half maximum from 2.27
to 2.43 eV as iron oxide content increases from 0.2 to
1 mol%.

The O Is high resolution spectra shown in Fig. 5 con-
sist of a single relative symmetric peak. The iron doping
effect is observed without doubt already for x =0.2.
Both binding energy and line width are modified. The
binding energy is diminished and the line width is nar-
rowed. By increasing the Fe,O; doping content to
1 mol% binding energy and line width show an appar-
ently linear increase from 529.78 to 530.91 eV, respec-
tively from 2.84 to 3.00 eV.

O1s

x=1

Intensity (a. u.)

L x=0
| L | L | L | L | L | L | L | L

1400 1200 1000 800 600 400 200 0
Binding energy (eV)

Fig. 2. XPS survey spectra of 17Y,0;5-19A1,0; (64 — x)SiO; -
xFe,03 samples.
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Fig. 3. Si2p core level photoelectron spectra of 17Y,05 - 19A1,0;3 -
(64 — x)Si0; - xFe,O3 samples.
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Fig. 4. Al2p core level photoelectron spectra of 17Y,053 - 19A1,0;3 -
(64 — x)Si0; - xFe,O3 samples.

In Fig. 6 are shown the high resolution Y 3d and Si2s
spectra, recorded together due to their spectral vicinity.
The Y 3d spectra present a spin—orbit splitting of 11.73—
1.85eV. The Si2s photopeaks are symmetric.

The Y 3p high resolution spectra (Fig. 7) present a
spin—orbit splitting close to 11.7 eV. Relative to the host
glass sample (x = 0), the binding energy of Y 3p pho-
topeaks are slightly lower in the sample with
x = 0.2 mol% Fe,03, but the binding energy sensibly in-
creases with the doping level.

The Fe2p core spectra are noisy and split by the 2p
spin—orbit effect into the 2p;/, and 2p;/, peaks (Fig. 8).

The valence band features are generally large (Fig. 9).
The spectra present negligible intensity below 2eV.
There are two broad shoulders around 5 and 12 eV.
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Fig. 5. Ols core level photoelectron spectra of 17Y,03 - 19A1,0;3 -
(64 — x)Si0; - xFe,O3 samples.
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Fig. 6. Experimental and simulated Y 3d and Si2s core level photo-
electron spectra of 17Y,0; - 19A1,05 - (64 — x)SiO, - xFe,O3 samples.

The environment of Fe*" (3d°, 685/2) ions was inves-
tigated by electron paramagnetic resonance (EPR). The
EPR spectrum recorded from the sample with low iron
content is dominated by g =4.30 line (Fig. 10). As
Fe,O5 content increases to 1 mol%, the resonance signal
recorded at g=2.00 is well developed in the EPR
spectrum.

4. Discussion
The structureless DRX patterns recorded from the

prepared samples attested to their vitreous state. The
lack of the crystallization peaks in DTA curves proves
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Fig. 7. Y3p core level photoelectron spectra of 17Y,03 - 19A1,0;3 -
(64 — x)Si0; - xFe,O3 samples.
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Fig. 8. Fe2p core level experimental (solid line) and simulated (short
dots) photoelectron spectra of 17Y,0; - 19A1,05 - 63Si0, - 1Fe,03
samples.

the good glass stability up to 1000 °C versus other sili-
cate glass systems [5].

Pure silica glass is a prototype of a network-forming
glass. Its very high melting temperature can be reduced
by the addition of modifier oxides. The modifier oxides
cause the network to breakdown. The mechanism of this
incorporation mainly depends upon the valence state
and the coordination of the glass former and modifier
elements. In the pure silica glass, there are many
small rings that produce a complex and quite rigid
three-dimensional network. Opening this network up

Intensity (a. u.)

x=0.2

L x=0

L 1 L 1 L
30 20 10 0
Binding energy (eV)

Fig. 9. Valence band spectra of 17Y,0; - 19A1,03 - (64 — x)SiO; -
xFe,03 samples.
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Fig. 10. EPR spectra of 17Y,0; - 19A1,05 - (64 — x)SiO; - xFe,03
samples.

and altering the ratio between the number of silicon
and oxygen atoms produced changes in the local struc-
ture and implicitly in the melting temperature.

There are several criteria for predicting the role of the
oxides in a glass by considering and comparing the char-
acteristic parameters of the entering cations. In Table 1
are given ionic radius, coordination type, ionic field
strength, single bond strength with oxygen and electro-
negativity of the cations from the investigated glasses
[6-8]. The cationic field strength is expressed by the ratio
of the cation charge to the square of the ionic radius.
The cations belonging to the conventional glass former
oxides are characterized by high field strengths as
compared to the cations entering as modifiers. In this



V. Simon et al. | Journal of Non-Crystalline Solids 351 (2005) 2365-2372 2369

Table 1

Coordination number, field strength, Pauling electronegativity and single bond strength for the cations entering in 17Y,05 - 19A1,0; - (64 — x)

SiO; - xFe, 03 glasses

Cation Coordination number Shannoq ionic Cation field strength (A‘z) Electronegativity Single bond strength
radius (A) [6,7] (Pauling units) [8] M-0 (kJ mol ') [8]
Sitt 4 0.40 25 1.90 799.6 4+ 13.4
6 0.54 13.72
APT 4 0.53 10.68 1.61 51143
6 0.675 6.58
Y3t 6 1.04 2.77 1.22 719.6 +11.3
8 1.159 2.23
Fe*t 4 Tetrahedral 0.63 7.56 1.83 390.4 +17.2
6 Octahedral 0.69 6.30
8 0.92 3.54
Fe?t 4 Tetrahedral 0.77 3.37
4 Square-planar 0.78 3.29
6 Octahedral 0.75 3.56
6 Octahedral, high spin 0.92 2.36
8 1.06 1.78

approach, one remarks (Table 1) that in the investigated
system Al,O3, Fe,O5 and particularly Y,Oj3 are expected
to play the role of modifier oxides in the silicate glass
network built up from tetrahedral [SiO4] structural
units.

Several techniques are employed in an attempt to
identify the atomic environment of the different elements
in glasses. X-ray photoelectron spectroscopy is used to
obtain information from the photoelectron peaks corre-
sponding to the component elements [9-11]. As can be
seen from Table 2, the binding energies (BE) of the
Si2p (Fig. 3) core level electrons determined from these
spectra are lower than 103.4 & 0.2 eV and the full width
at half maximum (FWHM) are larger than 1.45+
0.05 eV, the values reported for pure silica glass [12].
This result points out a weaker bond of silicon atoms
in Si0,-Al,03-Y,0;3 system and a disorder degree high-
er than in the pure silica glass. Inspecting the FWHM
values as a function of iron doping level (Table 2), one
remarks that the lines become slightly narrower by iron
doping, indicating an ordering tendency in the local
structure of the host yttrium aluminosilicate glass.

The binding energies of Si2p core level electrons after
an initial decrease gradually change to higher values as
Fe,O; content increases, since some of the Si—O-Si

Table 2

bonds are changed into Si-O-M bonds. As the charge
distribution in the Si-O-Si bond is displaced towards
the oxygen atom, there is a deficiency in electron density
around the Si atom, causing increase in binding energy of
Si2p core level electrons. This chemical shift is caused by
the partial transfer of electrons from Fe** to O®~ ions.
The same composition dependence is observed for
Al2p, Y3d and Y 3p core level photopeaks. This is cor-
related with the fact that the effective electronic charge
density on a cation (silicon, aluminum, yttrium) de-
creases as the number of oxygen anions increases. The
decrease in effective electronic charge density around
the cations would be reflected in an increase in the bind-
ing energy of the remaining electrons. In the high reso-
lution Al2p spectra (Fig. 4) relative narrow and
symmetric photopeaks are recorded. The Al2p peaks ex-
hibit a gaussian shape that indicates, in the limits of XPS
methods, only one type of surrounding for Al atoms.
For the sample without iron, the binding energy of
74.41 eV corresponds to that of alumina. The broaden-
ing of the Al2p by progressive iron addition may be
caused by the deformation of aluminum polyhedra [13]
assumed to be preponderantly tetracoordinated as have
been shown by 2’Al MAS NMR investigation of other
yttrium-alumino-silicate glasses [14,15].

Core level electron binding energies (BE) and full width at half maximum (FWHM) for Si2p, Al2p and Ols photoelectron peaks of

17Y203 . 19A1203 . (64 — X)SIOZ . xF6203 samples

x (mol%) Si2p Al2p Ols
BE (eV) FWHM (eV) BE (eV) FWHM (eV) BE (eV) FWHM (eV)
0 101.99 2.76 74.41 2.33 531.54 2.94
0.2 100.54 2.49 72.79 2.27 529.78 2.84
0.5 100.95 245 73.17 2.39 530.31 2.89
1 101.63 2.50 73.70 243 530.91 3.00
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Fig. 5 shows the Ols high resolution spectra. The
binding energies are in the range reported for silicate
glasses [3,16]. In the XPS studies of oxide glasses, the
binding energy of Ols electrons in oxygens bonded to
different cations seems to be the most informative mea-
surement with respect to the structure of the glass [17].
This binding energy is a measure of the extent to which
electrons are localized on the oxygen or in the internu-
clear region and hence of the constraints on the net-
work, reflected by the physical properties. The terms
network former, intermediate, and modifier are there-
fore simply a reflection of this electron localization. A
modifier cation has low electronegativity and forms io-
nic bonds and there is a transfer of electronic charge
to the neighboring oxygen. This increase in electron den-
sity at the oxygen atoms means that the electron binding
energies are reduced and this is reflected in the photo-
electron spectrum, giving rise to non-bridging oxygen
peak. According to the classical model of silicate glasses,
the influence of the network modifier cations on the lo-
cal structure consists in the compensation of the nega-
tive charges and is responsible for the disruption of
the oxygen bridges in the silica network [18]. A network
former has relatively high electronegativity, the bond to
oxygen is more covalent, constraining the electron den-
sity to the region between the atoms and reducing the
electron density on the oxygen atom. This results in an
increased electron binding energy, which yields a bridg-
ing oxygen peak in the XPS spectrum. In our samples,
the O 1s peak is well simulated with a single peak. This
would indicate that electrons on the oxygen atoms in
the different configuration have similar binding energies.
The binding energy dependence on Fe,O5 content is sim-
ilar with the evolution determined in zinc borate glasses
by addition of Pr,O3 [19].

The O 1s core level peaks for all Fe,O3 doping levels
are symmetric, indicating that the environments around
the oxygen atoms are undistinguishable. It is considered
that these yttrium aluminosilicate glasses consist of SiO4
polyhedra and MO,, (where M = Al, Y) polyhedra shar-
ing corners according to the glass formation rules. As
has been shown by nuclear magnetic resonance results
[14,15] aluminum atoms are mainly tetracoordinated
and only a small amount of them are penta- and much
less hexacoordinated. The MO,, and SiO,4 are therefore
connected by Si—O-Si and M-O-Si linkages, because
the cations have comparable single bond strength (Table
1) and can therefore substitute for each other in bonding
with O atoms. The M-O distances can be modified in
different glass hosts [20], which can be related to the dif-
ferent structural role of the element M in the glass struc-
ture. X-ray and neutron diffraction data obtained for
other aluminosilicate glass systems are consistent with
the hypothesis that silicon and aluminum occupy tetra-
hedral sites and for certain compositions silicon can en-
ter the aluminate network [21]. The ordering behavior of

cations in aluminosilicate glasses and implicitly the
short-range order of framework cations can be also ap-
proached with respect to the AI-O-Al avoidance princi-
ple, which postulates that the AI-O-Si linkage is
energetically more favorable than the combination of
Si-O-Si and Al-O-Al [20,22].

Dimitrov and Komatsu [23] proposed a simple oxide
classification on the basis of correlation between elec-
tronic polarizabilities of the ions and their binding ener-
gies determined by XPS. The classification takes into
account two different physical properties of the oxide
ion, electronic polarizability and O1s binding energy.
The O1s binding energies for the investigated samples
range from 529.8 to 531.54 ¢V (Table 2). According to
Dimitrov and Komatsu’s model and regarding their high
symmetric O Is core level photopeak they could be con-
sidered covalent compounds.

From Fig. 6 one can observe the iron doping influ-
ence both on yttrium and silicon neighbors. The Si2s
photopeaks, like Si2p ones (Fig. 3) are symmetric. The
data of Table 3 show that Si2s binding energy and line
width are in the same evolution with the Fe content as
for Si2p photopeak (Table 2).

By inspecting the Y 3d photopeaks one remarks that
they are not symmetric and for x = 0.2 and 0.5 is evident
the spin—orbit splitting. On deconvolution they have
been found to consist of two peaks each. Using the val-
ues of the areas under the lines corresponding to the
deconvoluted spectra, we consider that the ratio between
the area of yttrium and silicon peak recorded in the
same spectrum could reflect the differentiated influence
of iron doping on the local order in their atomic envi-
ronment containing these elements. The positions of
the photoelectron peaks are shifted to some higher ener-
gies relative to pure Y 3ds, (155.8¢eV) and Y 3dip
(157.7 eV).

The Y 3p high resolution spectra (Fig. 7) present a
spin—orbit splitting close to 11.7 eV. The positions of
the photoelectron peaks (Table 4) are shifted to some
higher energies relative to elemental yttrium character-
ized by Y 3ps/» (298.8 V) and Y 3py,» (310.6 €V).

Due to the low atomic concentration of Fe,Os in the
studied samples, the iron spectra present a rather high
signal-to-noise ratio. The smoothed experimental and
simulated spectrum of the sample doped with 1% mol
Fe,0; is shown in Fig. 8. The binding energies for
Fe2p in this system are shifted to higher values in com-
parison to pure iron (Fe2p;,, — 706.8 eV and Fe2p;,, —
719.9 eV).

The valence band spectra (Fig. 9) are related to the
density of occupied electronic states in the valence band.
They are generally large and consist of peaks from O 2p
and Si3s, Si3p and Al3s, Al3p molecular orbitals [3,24]
and there is a slight shift to lower binding energy on
introducing Fe,O;. The spectra present negligible inten-
sity below 2 eV, which correspond to the top of the
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Table 3

Core level electron binding energies (BE), full width at half maximum (FWHM), spin—orbit splitting and areas (A4) under simulated lines for Si2s,
Y 3ds/, and Y 3d;/, photoelectron peaks from 17Y,0; - 19A1,05 - (64 — x)SiO; - xFe,O3 samples

X (1’1’101%)) BE (eV) FWHM (eV) BE (eV) Spinforbit splitting (CV) A(Y 3d) (a.u.) A(Sizs) (a.u.) A(y 3d)/A(Si25)
Si2s Si2s Y3ds,  Y3dse

0 152.95 2.13 158.18 159.91 1.73 238.09 38.66 6.16

0.2 151.77 1.97 156.86 158.71 1.85 219.68 29.96 7.33

0.5 152.21 2.37 157.28 159.11 1.83 211.54 131.99 1.7

1 152.71 2.35 157.84 159.57 1.73 239.35 58.88 4

Table 4

Core level electron binding energies (BE), full width at half maximum (FWHM), spin—orbit splitting and areas (4) under simulated lines for Y 3p;/,
and Y 3p;,> photoelectron peaks from 17Y,03 - 19A1,0;3 - (64 — x)SiO; - xFe,O5 samples

x (mol%) BE (eV) FWHM (eV) Spin-orbit splitting (eV) A (a.u.) Azl A1
Y 3psp Y3pip Y3psp Y3pip Y 3pss Y3pis

0 301.17 312.95 5.29 5.27 11.68 285.17 146.19 1.95

0.2 300.03 311.80 3.51 4.56 11.77 239.46 158.29 1.51

0.5 300.13 311.80 4.90 6.21 11.67 360.78 238.76 1.51

1 301.18 312.86 5.13 5.85 11.68 416.95 241.66 1.73

valence band. This is an indication that the investigated
system is non-conductive. There are two broad shoul-
ders around 5 and 12 eV, which could be assigned to
mixed molecular orbitals Al3sp (0eV)-O2p (7.8 ¢V)
with mostly O2p character [24,25]. The shoulder at low-
er binding energy could be assigned to © bonding orbi-
tals and the second one to ¢ bonding orbitals [26]. In
the valence band spectra O2s peaks also occur [27,28].
The photopeak around 25.5 ¢V corresponds to O 2s core
level electrons. Its binding energy is shifted to lower val-
ues by doping with iron oxide.

The energetic state of Fe’" jons with the spin mag-
netic moment S in an external magnetic field B can be
described using the Hamiltonian [29]:

: - 1
H = goﬁBSJrD{Sf - g.S(S+ 1)} +E(S; - 52),

where the first term is Zeeman term and the following
are the second order terms of the interaction with the
crystalline field. D and FE are the axial and rhombic con-
stants of the energy level splitting in the zero magnetic
field.

For very low Fe,O3; contents the EPR spectrum
(Fig. 10) is dominated by g = 4.30 line. This line is as-
signed to Fe*" ions in sites of low symmetry, character-
ized by strong crystalline field [30]. As Fe>O; content
increases to 1 mol%, in the EPR spectrum is well devel-
oped the resonance signal recorded at g = 2.00. This sig-
nal is arising from Fe®' ions which are dipolar
interacting and are disposed in sites of octahedral sym-
metry, in weak crystalline fields, characteristic for struc-
tural relaxed sites.

5. Conclusions

Iron doping effect on the binding energies of core
level electrons of the cations entering the investi-
gated glasses was correlated with changes in the next
nearest neighbors of the cations. The full width at half
maximum indicates an ordering tendency in the local
structure by iron addition to the host yttrium alumi-
nosilicate glass. Progressive iron doping causes the de-
crease of the effective electronic charge density on the
other cations. Valence band data show that the system
is non-conductive.

The oxygen atoms in the different configurations are
of bridging type and therefore their contributions to
the O1s core level spectrum are undistinguishable. The
binding energy and the symmetry of O1s photopeaks
show the covalent character of the bonds formed in
these glasses. It is assumed that beside the SiOy4 struc-
tural units the glass network also contains AlO,4 units.
The yttrium and iron act as glass network modifiers.
EPR results indicate that the iron is disposed on sites
of different crystalline field strengths, depending on the
doping level.
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