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Abstract
A series of sodium iron germanate glasses, with general composition 0.3Na2 O±xFe2 O3 ±(0.7 ) x)GeO2 (0 6 x 6 0:15),
has been prepared by conventional melting and casting. The chemical states of the various elemental components have
been investigated by X-ray photoelectron spectroscopy (XPS) from fracture surfaces produced in situ. The analysis of
the Fe 3p core level spectra of the glasses which contain iron oxide revealed the presence of both Fe2 and Fe3 oxidation states, with the proportion of the Fe3 ions found to increase with increasing Fe2 O3 content. The O 1s spectra
also show composition-dependent changes, with the fraction of non-bridging oxygen atoms also increasing with iron
oxide content. Direct current magnetic susceptibility and magnetisation (M) vs magnetic ®eld (H) measurements were
also performed on the same samples. The magnetic data support the conclusion that the exchange interaction is antiferromagnetic and increases with increasing Fe2 O3 content. The fraction of Fe2 ions determined from XPS was found
to be in good agreement with values obtained from ®tting the M vs H data with a standard Brillouin function. Ó 2000
Elsevier Science B.V. All rights reserved.

1. Introduction
It is well established that the structure and
properties of glasses containing transition metal
ions depend critically on the relative proportions
of the dierent valence states of the particular
transition metal. X-ray photoelectron spectroscopy (XPS) has proved to be a powerful technique for investigating the structure of solids,
particularly for the identi®cation of valence states
and for the study of bridging (BO) and non-
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bridging oxygen (NBO) in oxide glasses [1]. We
have recently used XPS to obtain quantitative
information on the NBO content and the transition metal ion oxidation state in several sodium
transition metal silicate glasses [2±4]. Iron oxide
containing glasses have received particular attention, due to their potential technological applications, and structural studies of these glasses,
using a range of techniques, have been brie¯y
reviewed elsewhere [5].
The use of XPS to study the oxidation states of
iron in silicate [2], phosphate [6], and borate [7]
glasses is well established. It has been found that,
in the case of the silicate and phosphate glasses,
iron exists in both Fe2 and Fe3 oxidation states
and that the concentration of Fe3 increases with
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increasing Fe2 O3 content. The O 1s photoelectron
peaks from the sodium iron silicate glasses could
be resolved into two contributions [5], from BO
[Si±O±Si] and NBO [Si±O±X], respectively. These
relative proportions were found to be consistent
with the known glass composition if Fe2 and Fe3
are considered to act as modi®er ions. However,
the physical properties of these glasses are not
consistent with iron oxide behaving as a modi®er
so, on the premise that iron oxide is in fact an
intermediate oxide, it was assumed that oxygen
species such as Si±O±Fe and Si±O±Na should be
distinguishable. Consequently, O 1s spectra were
compared with simulations containing distinct
species and an extremely good match was found to
the experimental data [2]. It is of interest to assess
the validity of such an analysis in the case of sodium iron germanate glasses where there is also the
complication of various coordination states of
germanium.
The structure of GeO2 glass has been investigated with a variety of experimental techniques.
Recent reports include neutron diraction [8], high
energy photon diraction (using synchrotron radiation) [9], magic angle spinning nuclear magnetic
resonance (MAS NMR) [10] and Raman spectroscopy [11]. The conclusion from these studies is
that the structure of vitreous germania resembles
that of quartz-like GeO2 , with [GeO4 ] tetrahedra
providing the basic structural units, giving a continuous random network.
The addition of Na2 O to GeO2 produces
changes in the germanate network which have
been interpreted as the formation of 6-fold coordinated germanate polyhedra [Ge(OGe)6 ]2ÿ ,
which are charge balanced by Na . Alkali germanate glasses exhibit what is referred to as the
Ôgermanate anomalyÕ, where speci®c physical
properties go through either a maximum or a
minimum on increasing the alkali metal content of
the glass [12±15]. This anomaly relates to the relative populations of 4-fold and 6-fold coordinated
Ge, with the latter increasing up to 20 mol%
R2 O (R  Li; Na; K; . . .), followed by conversion
back to tetrahedral (4-fold) units and NBOs at
higher alkali metal concentrations. An alternative
model exists, based on the successive formation
and destruction of three membered rings, con-

taining only [GeO4 ] units [16]. In addition, Weber
[17] has used the concept of bond volume to indicate that change in germanium coordination
cannot account for the germanate anomaly and
has ascribed this to changes in void size. However,
EXAFS and X-ray diraction studies [18±24]
show an increase in Ge±O bond length and coordination number up to 20 mol% Na2 O, followed by a constant value for all higher
concentrations. A recent 17 O MAS NMR study
[25] has also shown that there are no observable
NBOs below 18 mol% Na2 O.
In this paper we have extended our previous
work on sodium iron silicate glasses by presenting
the ®rst study of the structural and magnetic
properties of a series of sodium iron germanate
glasses.

2. Experimental
2.1. Sample preparation
The glass samples were prepared using analytical grade powders of Fe2 O3 , Na2 CO3 (for Na2 O)
and GeO2 . Calculated amounts of these powders
were mixed and melted in 95% Pt/5% Rh crucibles
in the temperature range 1200±1400°C, depending
on the Fe2 O3 concentration, for 2 h. The glass,
obtained by fast quenching from the melt, was
crushed and then remelted at the same temperature to ensure homogeneity within the overall glass
structure. The ®nal melt was then cast into preshaped graphite-coated steel moulds yielding rod
specimens with dimensions 6  6  30 mm3 . After
casting, the glasses were transferred to another
furnace maintained at 50°C below the glass transition temperature (Tg , having been determined
from the dierential thermal analysis DTA trace)
for 2 h and then cooled to room temperature at a
rate of 30°C/h. X-ray powder diraction analysis
indicated that the glasses formed were completely
amorphous. After preparation, the samples were
stored in a vacuum desiccator prior to insertion in
ultra-high vacuum (UHV). Inductively coupled,
plasma emission spectroscopy (ICP) showed that
the compositions of the glasses were maintained
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(3% of value) within the limits of the accuracy of
the technique.
2.2. XPS measurements
The experiments were carried out in a VG Scienti®c ESCALAB Mk II spectrometer equipped
with a dual anode X-ray source (aluminium±
magnesium) and a 150 mm concentric hemispherical analyser (CHA). Photoelectron spectra from
the C 1s, O 1s, Fe 3p, Na 1s and Ge 3d core levels
were recorded, in ®xed analyser transmission
mode, using a computer controlled data collection
system described elsewhere [26]. The XPS measurements were performed using non-monochromatic Al Ka hm  1486:6 eV radiation from an
anode operated at 130 W. The energy scale of the
spectrometer was calibrated using the binding energies of Cu 2p3=2  932:67 eV, Cu 3p3=2  74:9 eV
and Au 4f 7=2  83:98 eV photoelectron lines. The
electron energy analyser was operated with a pass
energy of 10 eV for the high resolution spectra
(DE 1.0 eV), whereas a pass energy of 50 eV was
used for the routine survey scans.
A glass rod from each composition was fractured in UHV, where the base pressure in the
analysis chamber was routinely <2  10ÿ10 mbar.
The glass bars were notched to guide the fracture,
yielding ¯at uncontaminated surfaces. Fracturing
in UHV is considered to be the optimum method
of producing a clean surface representative of the
bulk composition of the glass. Any other surface
treatment (such as ion bombardment) would cause
signi®cant changes in the surface composition and
chemical state of the glass, especially relating to
the alkali metal ion distribution [27]. For consistency, all binding energies are reported with reference to the C 1s transition at 284.6 eV, which
arises from minor hydrocarbon contaminants in
the vacuum and is generally accepted to be independent of the chemical state of the sample under
investigation.
All the spectra presented in this paper have
been corrected for shifts associated with any residual charging and the presence of an inelastic
background. The O 1s and Fe 3p spectra were
®tted with two Gaussian±Lorentzian curves (70%
Gaussian) representing NO/BO and NBO, and the
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possible iron oxidation states, respectively. A nonlinear, least-squares algorithm was used to ®nd the
best-®t solution in each case. The fraction of NBO
was determined from the area ratio of the O 1s
spectrum while the Fe2 content was determined
from the area ratio of the Fe 3p spectrum. More
than one sample was analysed in this manner for
each composition and the overall accuracy in the
determination of the peak position and chemical
shift was 0:1 eV. The quantitative oxygen
bonding (based on relative peak areas) and iron
redox analyses were reproducible to 5% and
10%, respectively. A period of approximately 2 h
was required to collect the necessary data set from
each sample and, during this time, no evidence of
any X-ray induced reduction of the iron in the
glass was observed.
2.3. Magnetic measurements
The magnetisation was recorded, as a function
of both magnetic ®eld and temperature (T), using a
computer controlled PAR/Lake Shore 4500/150A
variable temperature, vibrating sample magnetometer (VSM) incorporating a 9 Tesla superconducting magnet and temperature control in the
range 2±300 K. The temperature measuring sensor
was a calibrated carbon glass resistor located near
the specimen and the VSM was calibrated using a
pure nickel standard. The overall accuracy of the
temperature measurements was better than 0.1 K
throughout the range, while that of the magnetisation measurements was estimated to be approximately 5%.

3. Results
3.1. XPS spectra
Relatively low resolution X-ray photoelectron
survey scans, in the binding energy region 0±1200
eV, were recorded for each glass sample and are
shown in Fig. 1. The core level peaks and X-ray
induced Auger lines from the constituent elements
are easily identi®ed and marked on the spectra.
The small single peak in the binding energy range
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Fig. 1. Survey scan XPS spectra in the energy range 0±1200
eV using Al±Ka X-ray source for the base glass (x  0:0) and
the Fe-doped sodium germanate glasses (x  0.05, 0.10 and
0.15).

280±300 eV is assigned to the C 1s core level at
284.6 eV.
The doublet in Fig. 1 at 710 eV arises from Fe
2p photoelectrons and, as expected, this increases
in intensity as the Fe2 O3 content increases. This is
the most intense photoelectron peak for iron,
however, as has been discussed in our previous
work on sodium iron silicate glasses [2], the Fe 2p
peaks are broad and occur on a large inelastic
background making it impossible to separate and
quantify the contributions from the dierent oxidation states of the Fe ions. In order to quantify
the valence state of iron in these germanate
glasses, it was necessary to record and analyse the
Fe 3p transition in relation to the iron content.
Fig. 2 shows higher resolution Fe 3p spectra for
the iron oxide containing glasses with various
values of x. Two distinct peaks are clearly
observed on the spectrum of the lowest Fe content
glass (x  0.05) at binding energies of 53.2 eV and
56.0 eV. The lower binding energy peak is seen to
decrease with increasing Fe2 O3 content until

Fig. 2. High resolution core level spectra from the Fe 3p
transition for the three Fe-doped glass compositions.

becoming a small shoulder for the highest Fe2 O3
content in the glass (x  0.15). A similar trend is
also observed for the Fe 2p spectra (not shown
here) and for the Fe doped silicate [2] and phosphate [6] glasses.
The high resolution O 1s photoelectron core
level spectra are shown in Fig. 3. The peak at a
binding energy of 535 eV is attributed to the Na
KLL Auger transition. The intense peak at a
binding energy of 530 eV is due to the O 1s transition and seems to be shifting slightly to lower
binding energy with increasing iron content in the
glass. The peak shape changes with increasing
Fe2 O3 content and the maximum width of the
peak (FWHM) is observed for the glass with
x  0:05.
Fig. 4 shows the Ge 3d core level peak as a
function of composition. The initial binding energy is 31.8 eV, although this shifts to lower binding
energy with increasing Fe content reaching 31.0 eV
for x  0:15. This shift is signi®cant, as is the associated increase in peak width, and re¯ects a
change in the ®rst coordination sphere of Ge with
increasing Fe content in the glass.
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3.2. Magnetic data

Fig. 3. High resolution core level spectra from O 1s transition
for the base glass and the Fe-doped sodium germanate glasses.

Fig. 4. High resolution core level spectra from Ge 3d transition
for the base glass and the Fe-doped glasses.

The DC magnetic susceptibility (v) was calculated by choosing a speci®c value of applied
magnetic ®eld H 2T  and measuring the magnetization (M) in the temperature range 2.5±60 K.
The magnetic susceptibility is then simply the ratio
M/H. The data in Fig. 5, plotted as vÿ1 versus T,
show that the magnetic susceptibility follows a
ÿ1
Curie±Weiss law behaviour, i.e., v  C T ÿ hP  ,
where C is the Curie constant and hP is the Curie
temperature. The relevant data obtained from the
DC magnetic susceptibility measurements are
summarised in Table 1.
The M versus H data measured at dierent
temperatures for the x  0:05 and the x  0:15
glass compositions are shown in Figs. 6(a) and (b),
respectively. The magnetisation data at low temperature (T 6 10 K) curves toward the ®eld axis.
As the temperature is increased, the M versus H
curve tends towards linearity, a trend that is observed for all Fe doped glasses. It is also clear from
the data that the magnetisation, for the same
temperature and ®eld, decreases with increasing
Fe2 O3 content in the glass matrix.

Fig. 5. Inverse DC magnetic susceptibilty (vÿ1 ) in the temperature range 2.5±60 K for the Fe-doped sodium germanate
glasses. The solid lines represent the Curie±Weiss law.
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Table 1
Parameters derived from the data vÿ1 versus temperature for the three Fe-doped sodium germanate glassesa

a

x

[Fe ions]/g 1020  0:50  1020

C (emu K/g) 10ÿ3  0:30  10ÿ3

ÿhP °C  1%

leff lB   0:2

0.05
0.10
0.15

6.38
12.4
20.9

4.55
6.66
7.70

10.92
16.65
28.50

5.80
5.10
4.80

C is the Curie constant, hP is the Curie temperature and leff is the eective magnetic moment.

Fig. 6. Magnetization (M) versus magnetic ®eld (H) at dierent
temperatures for (a) 0.05Fe2 O3 -doped glass, and (b) 0.15Fe2 O3 doped glass. The solid lines represent the best ®t to the experimental data.

4. Discussion
4.1. XPS results
The binding energy of core level transitions in
an XPS spectrum is sensitive to several factors. In

the case of transition metal doped glasses, the
oxidation state has a signi®cant eect on the
binding energy of the transition metal ion. For
example, if an element exists in more than one
oxidation state, a core level spectrum of that element may well have more than one peak present in
the XPS spectrum, each corresponding to a different oxidation state. The shift in the peak position is generally toward the higher binding energy
as the oxidation state of the element increases. It is
clear from Fig. 2, showing the Fe 3p transition,
that there is more than one oxidation state of iron
in the Fe doped glasses. Accordingly the peak at
binding energy 53.0 eV is assigned to the Fe2
transition and the contribution to the core level
peak at a binding energy of 56.0 eV is due to Fe3
ions. In order to quantify the valence state of iron
in these germanate glasses, it is necessary to resolve each Fe 3p spectrum into two components.
Fig. 7 shows the ®tting of the Fe 3p high resolution
spectra for the x  0:05 and x  0:10 glass compositions. Using the peak area, the relative proportion of transition metal ions in each oxidation
state can be determined and these are reported in
Table 2. It is clear from Table 2 that the proportion of Fe3 ions increases with increasing Fe2 O3
content. Similar trends were also found in the case
of Fe±silicate [2] and Fe±phosphate [6] glasses.
Information concerning the coordination geometry of the Fe ions in these glasses is not within the
resolution capability of our instrument, however,
we might expect that the Fe3 at least would be 4coordinate, as found in the corresponding sodium
iron silicates [5].
The XPS spectra obtained by Smets and Lommen for sodium germanate glasses [28] revealed
that the O 1s spectrum could be ®tted with two
peaks, one from BO due to contributions from
oxygen atoms in the Ge±O±Ge con®guration, and
the other from NBO due to contributions from
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Fig. 7. High resolution Fe 3p core level spectra ®tted with Fe2
and Fe3 contributions for (a) 0.05Fe2 O3 -doped glass, and
(b) 0.10Fe2 O3 doped glass.
Fig. 8. High resolution O 1s core level spectra ®tted with BO
and NBO contributions for (a) base glass, and (b) 0.05Fe2 O3 doped glass.

oxygen atoms in the Ge±O±Na con®guration. The
energy separation between the BO and the NBO
contributions in alkali germanate glasses was
found to be smaller than that in the alkali silicate
glasses ± values in 0.3Na2 O±0.70SiO2 and
0.3Na2 O±0.70GeO2 were found to be 2.1 and 1.6
eV, respectively [28]. The smaller value found in
the case of the alkali germanate glass is due to the
lower electronegativity of germanium in comparison with silicon.

The high resolution O 1s spectra from the Fe
doped sodium germanate glasses are shown in
Fig. 3. A ®tting procedure, similar to that used to
®t the Fe 3p spectra, was applied to each O 1s
spectrum and the results are shown in Fig. 8. Two
contributions, one due to BO (Ge±O±Ge) and the
second due to NBO (Ge±O±Na and Ge±O±Fe),
are clearly shown in Figs. 8(a) and (b) for the base

Table 2
Parameters derived from the Fe 3p core level spectra of the Fe-doped sodium germanate glassesa
x
0.05
0.10
0.15
a

Binding energy (eV)

FWHM (eV)

Fe2

Fe3

Fe2

Fe3

53.0
53.0
52.8

56.0
55.5
55.4

2.6
2.4
2.4

2.5
2.5
2.5

DEFe2±Fe3 (eV)

[Fe2 ]/Fetotal (%)

3.0
2.5
2.6

43
16
7

The experimental error in the energy measurements is estimated to be 0:2 eV. The error in the redox state measurements is 10%.
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glass and x  0:05 glass composition, respectively.
It was not possible to resolve the individual contributions from Ge±O±Fe2 , Ge±O±Fe3 , and Ge±
O±Na as the binding energy separations between
these contributions to the O 1s are too small. The
NBO to total oxygen (TO) ratios obtained from
the ®t of the O 1s spectra are reported in Table 3
for all of the glass samples. The values show that
the proportion of NBO increases with increasing
Fe2 O3 content. In the case of the base glass, the
energy separation of the BO and the NBO peaks is
1.6 eV and the ratio NBO/TO is 35%, both deduced from the ®t of the O 1s spectrum. These
values are in good agreement with the previous
work of Smets and Lommen [28]. The increase in
NBO concentration with increasing Fe2 O3 content
in the glass suggests that both Fe2 and Fe3 ions
behave as network modi®ers. Based on this assumption, the ratio of NBO to TO calculated from
the glass composition would be given as
NBO
2Na2 O  6Fe2 O3   4Fe2 O2 
:

TO
Na2 O  2GeO2   3Fe2 O3   2Fe2 O2 
1
The ratio of NBO to TO calculated from Eq. (1)
for each glass sample is reported in Table 3. Good
agreement is found between the measured and
calculated values of the NBO content consistent
with both Fe2 and Fe3 entering the glass as
network modifying ions.
The Ge 3d transition shows a signi®cant shift to
lower binding energy with increasing Fe2 O3 content in the glass. Since the binding energy of the Ge
Table 3
The BO±NBO energy separation and the measured proportion
of NBO found by ®tting the core level O 1s spectra for all the
germanate glassesa

a

x

DEBO±NBO
(eV)

[NBO]/[TO]
% measured

[NBO]/[TO]
% calculated

0.0
0.05
0.10
0.15

1.6
1.3
1.2
1.0

35
53
59
71

35
48
61
74

The accuracy in the measured ratio is 5%. The calculated
proportions of NBO are based on Eq. (1). TO is the total oxygen content in the glass.

3d electrons decreases by 0.7 eV on going from
quartz-like GeO2 (4-coordinated Ge) to rutile-like
GeO2 (6-coordinated Ge) [29], this shift in the
glasses could be consistent with an increase in the
coordination of Ge with increasing Fe2 O3 . It could
also indicate an increasing number of NBOs attached to Ge. Therefore, in the base glass (x  0)
and the lowest Fe2 O3 content (x  0:05) glass, the
majority of germanium atoms exist in a [GeO4 ]
tetrahedral coordination while for x  0:10 and
x  0:15, either the average germanium atom coordination is increasing, or the iron species are
producing an increase in the average number of
NBO per germanium. It should be noted that the
successful use of Eq. (1) implies that there is no
signi®cant quantity of 6-coordinated Ge species in
the glasses, since these would eectively eliminate
twice their number of NBOs.
The other potential mechanism for eliminating
NBOs [Ge(OGe)3 Oÿ Na ] would be the formation

of Fe OGeÿ
4 Na  units in which a tetrahedral
[FeO4 ] unit replaces [GeO4 ] but, because of the +3
charge on Fe, the unit carries negative charge
which is then compensated by Na without the
need for NBOs. At the same time, Ge±Oÿ Na
would be replaced by Ge±O±Fe linkages in which
there is signi®cant covalency and directionality in
the O±Fe bond. This is analogous to the formation

of Al OSiÿ
4 Na  units in aluminosilicates.
The glass forming range in this system and the
physical properties of these glasses are consistent
with Fe±O bonding having more directional
character than Na±O and therefore an attempt was
made to simulate the O 1s spectra of the iron
doped glasses in order to separate the dierent
contributions to the non-bridging oxygen peak
which arise from Ge±O±Na, Ge±O±Fe(II) and
Ge±O±Fe(III). To do this, the Z/r ratio of the ions
bonded to the oxygens was taken as a measure of
their ability to remove charge from the oxygen and
thus increase the O 1s binding energy (Z being the
nominal charge on the ion and r being the mean
radius in nm). The Z/r values are Ge4 (74.0), Na
(9.8), Fe2 (32.8), and Fe3 (54.5), respectively.
These numbers can then be used to derive values
for the O 1s binding energy of Ge±O±Fe(II) and
Ge±O±Fe(III) contributions by a linear interpolation between the observed values for the Ge±O±Ge
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and Ge±Oÿ Na (x  0). On this simple basis one
might expect that, as iron oxide is substituted for
GeO2 , the O 1s contributions from the Ge±O±Ge
con®guration at 531.0 eV would be replaced by
peaks for Ge±O±Fe(II) and Ge±O±Fe(III) at positions of approximately 530.0 eV and 530.5 eV
respectively. The Ge±Oÿ Na peak can be considered to remain at 529.4 eV since no change in the
Na content has occurred.
Fig. 9 shows the simulation of the O 1s peak
based on the above model for the x  0:05 Fe2 O3
glass composition. This was produced using a
Gaussian±Lorentzian function with a Gaussian
contribution equal to the experimental value, a
half-width based on the value from the base glass
(x  0) sample and intensities calculated from the
chemical composition and the Fe2 /Fe3 ratios
determined from the XPS data. It is clear from
Fig. 9 that the proposed model, based on the
chemistry and the composition of the glass, successfully reproduces the experimental data for this
glass composition. An attempt was also made to ®t
the higher Fe content glasses; however, it was not
possible to obtain a satisfactory ®t using the same
approach for glasses with x > 0:05 Fe2 O3 . This
may be because this simple model does not include
the possibility of [GeO6 ] or the eect of the forÿ
mation of Fe OGe4 Na  units, both of which
could be present. However, a more likely expla-

Fig. 9. Comparison of the observed data (dots) with the intensity distribution calculated (solid line) by simulating the
contributions from Ge±O±Ge, Ge±O±Na, Ge±O±Fe(II) and
Ge±O±Fe(III).
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nation is the fact that simulations of the O 1s
spectra in sodium iron germanate glass requires
signi®cantly higher resolution data than that obtainable with the instrument used here. Additional
evidence, such as con®rmation of the coordination
of the iron species, provided by M
ossbauer spectroscopy, neutron diraction and EXAFS would
also be bene®cial.

The formation of Fe OGeÿ
4 Na  units in sodium iron germanate glasses is analogous to the
ÿ
formation of Al OSi4 Na  units in sodium aluminosilicate glasses. Smets and Lommen have
performed XPS studies of such glasses [30] and
report a rapid increase in the BO peak, at the expense of the NBO peak, with increasing Al2 O3 .
The NBO peak completely disappears when the
Al2 O3 concentration equals the Na2 O concentration. However, their data is plotted as a function
of binding energy shift from the peak maximum,
which they associate with the BO. If their data are
replotted so that the Na KLL Auger peaks are
aligned in all the spectra, it can clearly be seen that
the actual eect of substituting Al2 O3 for SiO2 is to
produce additional intensity at binding energies
which lie between those of the BO and the NBO
peaks. This additional O 1s intensity must be due
to photoelectrons emanating from the Si±O±Al
species. This behaviour is similar to the changes
seen in O 1s spectra from sodium iron silicate
glasses [2] and in the sodium iron germanate
samples reported here (the Z/r value of Al3 is
56.6, compared with 54.5 for Fe3 ). A study using
Raman spectroscopy to investigate sodium aluminogermanate glasses with Na2 O:Al2 O3  1:1
indicated the presence of only [AlO4 ] and [GeO4 ]
polyhedra [31].
The Al OSiÿ
4  unit in aluminosilicate glasses is
perceived as possessing some degree of covalency,
such that there is a well de®ned [AlO4 ] polyhedral
unit, similar to the [SiO4 ] tetrahedron. A degree of
localisation of the bonding electrons gives some
directionality to the bonding and constrains molecular motion in the glass. This leads to lower
thermal expansion coecients and higher values of
Tg , compared with sodium silicate glasses containing the same amount of sodium. Since the Z/r
values are similar for Al3 and Fe3 it is reasonable to assume that there should be a similar
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amount of charge localisation in the O±Fe bond
and that the [FeO4 ] polyhedron can indeed be regarded as analogous to the [AlO4 ] polyhedron,
producing similar eects in the physical properties.
However, to claim the existence of well-de®ned

Fe OGeÿ
4 Na  units is probably not justi®ed by
the data presented here.
In each case XPS demonstrates that for all these
systems the binding energies of the O 1s electrons
in units such as M±O±M0 (where M is a network
former such as Si or Ge) decrease as M0 goes from
being a network former, to an ÔintermediateÕ and
then ®nally to a modi®er. The polyhedral unit
formed by the intermediate displays a greater displacement of electronic charge from the cation to
the oxygens than is found in the network former
polyhedral units. However, there is still sucient
bond directionality to produce physical properties
that are signi®cantly dierent from those of glasses
containing modi®er polyhedral units where the
charge displacement from the cation to the oxygen
is almost complete.
4.2. Magnetic data
The negative value for the Curie temperature
(Table 1) indicates clearly that the magnetic exchange interaction is antiferromagnetic in all the
Fe doped glasses and, as expected, j ÿ hP j increases
as more magnetic Fe ions are introduced in the
glass and the magnetic ion±ion interaction becomes stronger. The increase in the exchange interaction is con®rmed in Fig. 10, in which the
magnetisation M is plotted as a function of the
reduced variable H/T. A collapse of the magnetic
data to a single curve would indicate that the
magnetic ion±ion interaction is weak and paramagnetic, as has been seen previously in Cu doped
silicate glasses [32] and Gd doped lead borate
glasses [33]. However, the failure of the current
magnetic data to behave in this manner implies
that the exchange interaction is strong, as has been
seen in the case of Co doped silicate glasses [4].
The increased divergence of the data sets with increasing x again indicates that the magnetic ion±
ion exchange interaction becomes stronger as more
Fe2 O3 is introduced into the glass.

Fig. 10. Magnetization data for the Fe2 O3 -doped glasses taken
at three dierent temperatures and plotted against the reduced
variable H/T.

The magnetic data (M versus H) was ®tted by
the following equation:
M  NgJ lB BJ y;
where
BJ y 



h y i
2J  1
2J  1
1
coth
y ÿ
coth
2J
2J
2J
2J

2
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Table 4
Concentration of Fe2 ions/g  1020 and the ratio [Fe2 ]/Fetotal needed to ®t the magnetic data M versus H for three representative
temperatures for the Fe-doped sodium germanate glasses
x
0.05
0.10
0.15

2.5 K

4.3 K

10 K

[Fe2 ]

[Fe2 ]/Fetotal %

[Fe2 ]

[Fe2 ]/Fetotal %

[Fe2 ]

[Fe2 ]/Fetotal %

2.54
1.78
1.38

39.8
14.4
6.59

2.71
1.88
1.45

42.5
15.2
6.92

2.86
1.94
1.42

44.8
15.6
6.78

is the Brillouin function. M the total magnetisation, N the number of magnetic ions, J the total
angular momentum, lB the Bohr magneton and g
is the Lande splitting factor (equal to 2 for spinonly). The value of y is generally taken to be equal
to gJ lB H =kB T when the magnetic ions behave
paramagnetically. However, in this case, the value
of y will be modi®ed to y  gJ lB H =kB T ÿ hP  to
take into account the exchange interaction between the Fe ions in the glass matrix, where hP will
take the values reported in Table 1 depending on
the glass composition.
The magnetisation data for each glass sample
were ®tted to Eq. (2) with contributions from Fe2
and Fe3 ions, since both ions contribute to the
total magnetisation. For Fe2 ion, J1  S1  L1 
2  L1 , while for Fe3 ion, J2  S2  5=2 since
L2  0. Transition metal ions in glasses generally
show spin-only type moments [34] and it has also
been found that the angular momentum of Fe2
ions in silicate glasses is quenched [35]. Furthermore, attempts to ®t the experimental data using
Eq. (2) with L1 taking values in the range
0 < L1 < 2 resulted in unphysical negative values
for the number of Fe2 ions, the ®tting parameter.
Therefore, the angular momentum of Fe2 ions is
also quenched in germanate glasses and L1 should
take the value zero in the calculations. Eq. (2) can
be rewritten as
Mtotal  M Fe2   M Fe3 
 N1 gJ1 lB BJ1 y1   N ÿ N1 gJ2 lB BJ2 y2 ;
3
where y1  gJ1 lB H =kB T ÿ hP  and y2  gJ2 lB H =
kB T ÿ hP . The number N1 (number of Fe2 ions/g
of the sample) was used as the adjustable parameter to obtain the best ®t to the experimental data.

The ®tting of the experimental data is shown in
Figs. 6(a) and (b) for two compositions only. The
number of Fe2 ions needed to ®t the data at different temperatures is shown in Table 4. The
[Fe2 ]/[Fetotal ] ratios obtained from the magnetic
measurements and from the XPS measurements
are in good agreement for all Fe doped glasses. It
should also be noted that while XPS is a surface
sensitive technique, the magnetic measurements
relate to bulk properties. The agreement between
these two techniques is therefore an indication that
a fractured sample in ultra high vacuum is the
most appropriate surface to be studied as it is
clearly the most representative of the bulk state.

5. Conclusions
Information relating to the redox state of iron
in a series of sodium germanate glasses has been
obtained from XPS. Quantitative analysis of the
valence (charge) state of these glasses was found to
be in good agreement with values obtained from
magnetic measurements performed on the same
samples. The O 1s spectra were resolved into BO
and NBO contributions. Oxygens in Ge±O±Fe2
and Ge±O±Fe3 sites both contributed to the
ÔNBOÕ signal, possibly indicating that both Fe2
and Fe3 behave as network modi®ers, but glassforming ability and physical properties are more
typical of intermediate oxides. Attempts to simulate the O 1s with contributions from Ge±O±Ge,
Ge±O±Na and Ge±O±Fe species were only successful for x  0:05. It was observed, from the magnetic
susceptibility measurements, that the magnetic
exchange interaction between Fe ions is antiferromagnetic and its strength increases with increasing Fe2 O3 content in the glass. This was also
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con®rmed graphically by the non-collapse of the
magnetic data on the M versus H/T representation.
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