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Some structural, electrical and optical
properties of copper phosphate glasses
containing the rare-earth europium

J. M. ARZEIAN, C. A. HOGARTH

Department of Physics, Brunel! University, Uxbridge, Middlesex, UB8 3PH, UK

Various properties of copper phosphate glass containing small amounts of the rare-earth
europium have been investigated in the two glass systems Eu,0,—CuO-P,0; and
Eu,0,;-Ca0-Cu0O-P,0;. Density and molar volumes showed an increase as Eu,0; replaced
CuO and CaO in the glass compositions. Enhanced reduction from Cu?* to Cu* valency
states of the ions in the glasses due to the presence of europium has been inferred from the
results of electron spectroscopy for chemical analysis, and confirmed by results of electron
spin resonance measurements. Corresponding electrical and optical band-gap characteristics,
however, showed little systematic variation. The tetrahedral structure of P,0O5 appeared to
dominate the structural characteristics and infrared behaviour of the glass. The results are
interpreted in terms of molecular structure, electronic configuration and small polaron hopping
models. The role of europium in the glass is discussed.

1. Introduction

Oxide glasses containing transition metal ions have
been studied for some time and the existence of rela-
tive proportions of the ions in different valency states
has been used to explain electronic conduction, as the
electrons transfer from ions in one valency state to
ions in a higher valency state using as a model a
hopping mechanism involving small polarons [1].

Transition metals contain a partially filled 3d shell
in their electronic configuration. Rare-earths (lantha-
nides) contain a partially filled 4f shell. So glasses
containing rare-carth ions may also exhibit different
valency states and may contribute to electronic
conduction.

Most research has been carried out on transition
metal oxide glasses with added lanthanides from
either end of the rare-earth series, e.g. cerium with two
4f electrons, or praseodymium with three 4f electrons,
at one end of the series, and erbium with eleven 4f
electrons, or lutetium with fourteen 4f electrons, at the
other end of the series, in order to investigate how the
addition of any of these might control the properties of
the glass [2, 3]. It has been found that the presence of
even a small quantity of a rare-earth oxide can dra-
matically alter such properties of the glass as its
electrical conductivity, optical absorption and in-
frared behaviour.

Europium lies exactly half-way along the lanthanide
series with its 4f shell exactly half-filled with seven 4f
electrons. It was thought to be of interest to investi-
gate the effect of adding europium to both the copper
phosphate and copper calcium phosphate glass sys-
tems. It was predicted that perhaps the half-filled 4f
shell being more stable, and considerably shielded by
outer electron shells might result in behaviour more
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like that of a crystal with sharp optical absorption
edge, but have little additional effect on such proper-
ties as the electrical conductivity, etc.

2. Experimental techniques

2.1. Preparation of glass

Glasses of composition EuyO;,y~CuOgss - ,,~P,05:5,
(Series I) and Eu,0;,;—CaO0; - 4—CuO(;5P;,O055,
(Series II) were prepared, where the compositions
are given in mol% and 0 < x < 10 mol %. It was
thought that as the europium was increased in Series I
glasses, the decrease in copper in the network might be
masked. So a second series was prepared in which the
europium was increased against a corresponding de-
crease in calcium, with copper concentration held
constant (Series II), the oxides of the materials being
used for the glass preparation in each case.

The oxide components were carefully weighed out
and mixed in alumina crucibles and pre-heated in a
furnace at 300°C for 1 h, and then melted in another
furnace at 1100 °C for 3 h where the melts were stirred
from time to time. Finally the glass was poured on to a
stainless steel plate and cast into disc-shaped samples,
some unannealed and others annealed at 300, 400 and
500°C, respectively, for 1 h. The samples were kept in
a desiccator to prevent moisture absorption.

2.2. Density and molar volume measurements
The density of the glass samples was measured by a
simple Archimedes process [4] suspending the glass
discs by fine platinum wire and using ethylmethyl-
ketone (C,H—CO-CH,;) of relative density 0.805 at
20°C as the reference immersion liquid. The molar
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volumes were then calculated from the molecular
weights and the densities, and the effects of annealing
were also studied.

2.3. X-ray crystallography

The X-ray crystallographic investigation was carried
out using the Debye—Scherrer technique in order to
establish that a representative finely powdered sample
of the glass was amorphous and not crystalline. At the
same time a sample of crystalline Fu,O; powder was
also subjected to the same test for comparison.

2.4. Electron spectroscopy for chemical
analysis (ESCA)

This is also known as X-ray photo-electron spectro-
scopy (XPS). ESCA is an analytical technique for
studying X-ray photo-electron emission from samples
irradiated typically by AlK, X-rays in a vacuum and
swept by a strong electric field. The resulting emitted
electrons are energy-analysed, as they carry informa-
tion about the energy states they have left behind. The
ESCA spectrometer recorder provides a spectrum of
the emission events as a continuous trace of kinetic
energy, E, over the range 300-1550eV. A series of
peaks appear as various s p d energy levels are excited
at various binding energies. Some of these are split on
ionization giving p, 2, Paj2> d3/2, dsj2, f5)2, f7)2 levels
known as doublets. A retarding field proportional to
1/E enables the events to be recorded. The vertical
scale on the recorder chart is thus proportional to
N(E)/E, where N(E) is the density of states, so the
chart represents an energy diagram of the sample.
Using the ESCA X-ray apparatus ‘(Perkin—Elmer
KRATOS ES 300), ESCA scans were obtained for
finely ground samples of the various crystal powders
from which the glasses were made, and also for pow-
dered samples of the glasses of various compositions.
The scans were subsequently analysed and compared.

2.5. Electron spin resonance (ESR)

This is also known .as electron paramagnetic reson-
ance (EPR). Electron spin resonance is a branch of
spectroscopy which deals with the study of systems
containing unpaired electrons. As such it can be used
to determine the relative proportions of-transition
metal ions in different oxidation states,-as the para-
magnetic ions respond to ESR and the diamagnetic
ions such as Cu* do not. Landsberger and Bray [5]
were the first-to use ESR in a study of the concentra-
tion ratio C = [reduced valency ion]/[normal val-
-ency ion] in P,05-V,0, glasses. Moridi and Hogarth
[6] were the first to study the reduced valency ratio
C = [Cu*]/[Cuy,] in copper phosphate glasses
using ESR techniques.

In the ESR method, samples are placed in the
magnetic field, H, and subjected to a microwave radi-
ation and a magnetic field sweep. Subsequent charted
recordings indicate the resonance as the radiation
energy disturbs the equilibrium and a map of the
electron spin distribution may be obtained. This is in
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the form of the first derivative of paramagnetic suscep-
tibility, dy/dH. From this the absorption curve may
be derived using an integration procedure. ESR curves
give a direct indication of the concentration of para-
magnetic ions in the sample under investigation, res-
ulting from unpaired electrons resonating in the
appiied fields.

Using the ESR Varian E3 spectrometer operating at
9.36 GHz frequency, ESR scans were obtained for
finely ground samples of the glasses of various com-
positions, giving a direct indication of the concentra-
tion of Cu?* (paramagnetic) ions in the glasses res-
ulting from resonance of unpaired electrons. The glass
samples were placed in turn in a quartz tube and
individually weighed. Scans from each were compared
with that from a copper sulphate crystal for which the
spin concentration could easily be calculated. Spin
concentrations in the glasses were then evaluated and
the ESR results analysed.

2.6. Wet chemistry analysis

From ESR investigations the number of Cu®* ions
present in the glass samples can be determined. Also
the total copper in the glasses may be calculated from
molecular weight, or more accurately, by a wet chem-
ical analytical method. Hence if [Cu,y,;] and [Cu?* ]
are both known, the concentration of Cu* ions,
[Cu™] may be calculated

[Cupm] = [Cu®"] + [Cu™] ty
Also of interest is the reduced valency ratio C, where
+
¢ o o1 "
[Cutotal]

The wet chemistry method used is a variation of the
standard procedure described by Vogel [7] for deter-
mining the amount of copper in crystallized copper
sulphate. A weighed quantity of glass powder is dis-
solved and potassium iodide added to obtain free
iodine. The solution is titrated against N/10 sodium
thiosulphate, with starch solution used for end-point
determination and the concentration [Cu?*] in the
glass sample determined. This method was used for
glasses of all compositions, and values of [Cu™ Jand C
were evaluated. T Al

2.7. D.c. and a.c. conductivity

Electrical conductivity in copper phosphate glasses is
believed to arise through hopping of electrons be-
tween ions in different valency states, i.e. the glass can
carry a current due to an electron moving from a Cu*
to a Cu?" site. The conduction process can be re-
garded as hopping by small polarons because the
polar nature of the glass matrix encourages the forma-
tion of such centres.

In the glasses containing europium, tests were car-
ried out to establish this method of conduction in
glasses of differing compositions.

The disc-shaped samples were ground and polished
with diamond paste so that gold electrodes could be
applied to each face, using a-guard-ring configuration



on one face to minimize surface leakage current. D.c.
current and voltage measurements were made with
the samples at a vacuum of 103 torr (1 torr = 1.333
x 102 Pa) and conductivity and electrical activation
energy determined, for a range of temperatures be-
tween 20 and 300 °C, measured by means of a thermo-
couple.

A.c. measurements were made in a similar way
using a Hewlett—Packard impedance analyser type
4192 A LF which gave a digital read out of capaci-
tance and conductance of the sample, for an a.c. input
signal of 500 mV,,, applied across it. The frequency
was varied between 0.2 kHz and 10 MHz and the a.c.
conductivity was investigated for the glasses.

2.8. Optical absorption edge

For amorphous semiconductor materials, and glasses
which include rare-earths, the k-conservation rule
governing optical interband transitions is relaxed and
both direct and indirect, allowed and forbidden trans-
itions may occur, the most likely for rare-earths in
glasses being indirect and forbidden transitions
involving the 4f levels.

The sharp absorption edge is likely to be con-
siderably less sharp than for crystals, tailing well into
the band-gap region. Two regions of the absorption
edge may be considered.

(i) For high values of #, the photon energy, where
the absorption coefficient o > 1 x 10* cm ™!, the Davis
and Mott [8] reformulation of the Tauc rule [9] may
be used for extended states

B(ho —
ho

E n
(o) = o) ®
where B is a determinable parameter, and E,, is the
optical energy gap.

(iiy For the more linear part of the absorption edge
towards the lower values of «, the Urbach rule {10]
may be used for optical transitions between localized
states

a(@) = %exp (—Z%) @
where AE, the Urbach energy, may be estimated, and
o, is a constant.

In order to investigate the absorption edge, thin
blown films of samples of all the glasses were prepared.
A portion of the glass was melted in a crucible and an
alumina tube was quickly dipped into the molten glass
and removed and a glass bubble formed by blowing
into the tube. Small pieces of thin glass film of a few
micrometres thickness were obtained in this way and
then investigated for their spectral behaviour at room
temperature using a Perkin—-Elmer Lambda 9 UV/
VIS/NIR spectrophotometer in the wavelength re-
gion 200-500 nm. Absorption spectra were obtained
and from these the values of a, the absorption coeffi-
cient, AE, the Urbach encrgy or extent of the band-
tailing, and E_,, the optical energy gap, were deter-
mined.

2.9. Infrared absorption
Indirect transitions involving phonons to conserve
energy, result in vibrations of the lattice in the infrared
part of the spectrum. Using an infrared spectrophot-
ometer, vibrations resulting from infrared radiation
may be identified and analysed, and may yield valu-
able information regarding structure and bonding of
the molecules of the material under investigation.
Samples of powdered glass from all the glass com-
positions were prepared using the KBr pellet tech-
nique, and infrared absorption spectra were obtained
using a Pye Unicam SP 2000 infra-red double-beam
spectrophotometer. Scans were obtained for wave
numbers in the range 400-4000cm™'. These were
compared with the infrared absorption spectra ob-
tained from a sample of crystalline P,O5 in order to
ascertain how much the phosphate bonds and bands
influenced the glass structure.

3. Results and discussion
3.1. Density and molar volume
For both glass series there is a linear increase of both
density and molar volume with increased europium
content in the glass. Results are shown in Tables I and
IT for the various glass compositions of each series.
The density increases are due to the higher europium
content, while the molar volume increases are due to
the larger ionic radii to be accommodated in the glassy
matrix as Eu, O, is added, in particular the O%~ ions
of ionic radius 0.14 nm.

Annealing the glasses appeared to compact :the
structure and was manifested as an increase in density

TABLE 1 Compositions, densities and molar volumes for un-
annealed Series I glasses, Eu,03,,~CuO;5_,,~P,05s,. Nominal
values .

Eu,0, CuO P,0O, Relative Molar
(mol %) (mol %) (mol %) de;fSity volume
P {cm?)
0 35 65 291 413,
1 34 65 2.95 41.5,
2 33 65 2.9 419,
3 32 65 3.06 4138,
5 30 65 '3.15 424,
10 25 65 3.38 435,

TABLE II Compositions, densities and molar volumes for un-
annealed Series II glasses, Eu,0;,,~Ca0yy - ;,~CuO,; 5P, 055
Nominal values

Eu,0, CaO CuO P,0; Relative =~ Molar
(mol %)  (mol %) (mol%) (mol%)  density volume
“(cm?)
0 10 25 65 2.80 42.1,
0.5 9.5 25 65 2.83 422,
1 9 25 65 2.86 422,
2 8 25 65 291 42.5,
3 7 25 65 2.89 42.84
5 5 25 65 2.99 44.2,
10 0 25 65 3.38 435,
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and a decrease in molar volume, which confirms the
results of other workers in similar fields.

3.2. X-ray diffraction

An X-ray crystallographic investigation using the
Debye-Scherrer technique revealed that the represent-
ative sample of finely powdered glass was amorphous
and not crystalline as it produced no diffraction arcs
on X-ray film after CuK, irradiation for 6 h. A sample
of crystalline Eu,0; subjected to X-rays at the same
time for 2 h did produce diffraction arcs, thus identify-
ing the Eu,O, as europium sesquioxide of lattice
constant a = 1.0866 + 0.05 nm, using [11].

3.3. ESCA

It is appreciated that the soft X-rays penetrate the
powdered glass samples to a depth of only a few
micrometres. Nevertheless, some trends and composi-
tional and structural indications may be observed,
from the results.

General ESCA scans for samples of the crystal
powders used in the glass manufacture enabled the
relevant s d p, etc., peaks to be identified and then a
detailed scan over a smaller range was taken. A gen-
eral ESCA scan for crystalline CuO is shown in Fig. 1
and a detail of the Cu 2p doublet with its character-
istic satellite peaks can be seen in Fig. 2. Similarly a
general ESCA scan for crystalline Eu,05 can be seen
in Fig.3 and a detail of the characteristic Eu 3d
doublet is further identified in Fig. 4.

In the glass, more disorder is apparent in the detail
scans. A typical general ESCA scan of a Series I glass
is shown in Fig. 5, and detailed ESCA scans of the
Cu 2p doublet for various glasses of Series I are shown
in Fig, 6, and of the Eu 3d doublet for various glasses
of Series I and II are shown in Fig. 7.

Comparison of ESCA detailed scans for the mater-
ials in the crystalline and the glassy chemical environ-

ments revealed a shift in binding energy. This is shown -

for Eu 3d in Fig. 8.
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Figure I ESCA survey scan of crystalline CuO.
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Figure 2 ESCA detail of Cu2p doublet with satellite peaks in
crystalline CuQ,
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Figure 3 ESCA survey scan of crystalline Eu,O;.
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Figure 4 ESCA detail of Eu 3d doublet in crystalline Eu,O;.

ESCA findings are further discussed and summar-
ized.

(i) Peak positions indicated s p d energy levels of
components of the glass. In particular, the Eu3d
doublet, Cu 2p doublet, Ca 2p doublet and P 2p peaks
were identified. Other peaks used as a reference were
O 1s, C 1s, O Auger, etc.

(ii) Peak areas, i.e. the areas under the peaks on an
expanded detailed scan over a small energy range,
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Figure 5 ESCA survey scan of a SeriesI glass, Eu,Os;-
CuOy;3,P;0565)-
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Figure 6 ESCA detail of Cu 2p doublet for various compositions in
Series I glasses, Eu,03,~CuOy35 - —P, 0565 (values of x shown in
mol %).

showed distinctive characteristics and confirmed the
glass composition by area comparison.

(iii) Peak shapes revealed some convolution in the
Cu 2p peaks (Fig. 6) and could be interpreted as a
possible reduction process Cu?* — Cu* as the glass
composition is altered.

(iv) Peak broadening could also indicate more than
one oxidation state (Fig. 7).

(v) Peak heights are proportional to the number of
ionized atoms and can also be used for quantitative
analysis and comparison, e.g. on a convoluted peak
showing two oxidation states (Fig. 6).

(vi) A peak shift noted when comparing scans of
crystalline and glassy states showed different binding
energies for the two chemical environments. The
Eu 3d;,, peak and the Cu 2p;,, peak both showed a
decrease in binding energy from the crystalline to the
glassy state, whereas Ca 2p;;, showed an increase in
binding energy, and the phosphorus peak stayed the
same. This probably indicates a loss of some of the Eu
and Cu bonds, and reflects the role of CaO as a
network modifier in the glass.

Siegbahn [12] and co-workers first discovered that
the binding energy of a core level varied with the
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Eu 3d3/2 Eu 3d5/2 . ¥=

..... : . it 3
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Figure 7 ESCA detail of Eu 3d doublet for various compositions
(a) in Series I glasses, Eu,0;,4~CuO ;35 4—P,0543; (b) in Series 11
glasses, Eu,0;,;~Ca0y - ,,~CuO(,5-P,05s5, (values of x shown
in mol %).
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Figure 8 ESCA detail of 3d doublet in crystalline and glassy state
showing peak shift (a) Eu 3d in crystalline Eu,0,, (b) Eu 3d in glass
Eu;03107CuO357-P3 0565

chemical environment of an element, so that binding
energy differences were chemical shifts. Briggs and
Seah [13] discuss convolution in ESCA spectra and
state that when atoms of an element are present as
more than one type, i.e. in differing oxidation states or
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Figure 9 ESR spectra and corresponding absorption curves for
some glasses of Series I, Eu, 05, ~CuO ;35 7P, 0565, (values of x
shown in mol %). (a) Derivative, (b) absorption.

chemical environments, they may have different bind-
ing energies and give rise to multiple ESCA peaks.
Deconvolution is then necessary for accurate analysis
using computer or Fourier transform methods. The
technique of ESCA is thus seen as a useful and com-
paratively unexplored aid to the analysis of glass
structure.

3.4. Electron spin resonance

ESR derivative and absorption spectra for glasses of
Series I. and II were obtained (Figs 9 and 10), and
values for [Cu,,,,], [Cu?*] and [Cu*] and also C,
the reduced valency ratio, were determined. These
results are tabulated in Tables III and TV and include
the wet chemistry analysis of [Cu,,,, J. Results are also
shown plotted in Figs 11-14. Spin density variation
with Eu, O, content is also shown in Fig. 15 for glasses
of both series.

Some decrease in copper in the glasses is to be
expected as the europium content is increased and
replaces the copper, and the molecular weight of the
glass alters accordingly, but there is a further splitting
of the copper into its two valency states Cu?* and
Cu™* with the addition of europium to the glass. This is
shown as a decrease in Cu?* and a corresponding
increase in Cu* up to a certain level after which there
is not much change. The addition of europium can be
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Figure 10 ESR spectra and corresponding absorption curves for
some glasses of Series I, Eu,0;,,~CaOq-,~CuO,5-P,05¢5
(values of x shown in mol %). (a) Derivative, (b) absorption.
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Figure 11 Decrease of Cu?* ion concentration by ESR compared

with total Cu concentration by wet chemistry for increasing Eu,04
content in copper phosphate glasses containing europium (Series I).



TABLE III Reduced valency states results from titration and ESR for copper phosphate glasses containing europium, Series I,

Eu203(eruO(35 —x)_PZOS(GS)

[Cu™]
Eu,0, CuO P,0, Total Cu’® in Total Cu Cu* in [Total Cu] Spin
(mol %) (mol %) (mol %) Cuin 100 g 100 g in 100 g 100 g =C, density
glass glass glass glass reduced of
(g), (2), before (g), valency glass
p? o melting P-Q ratio, (10%° spins g~ 1)
(@), P—-Q
R¢ P
0 35 65 28.0, 23.7, 18.5, 4.3, 0.15 2234
1 34 65 20.5, 174, 17.54 3.0, 0.15 16.4,
2 33 65 18.3; - 16.7, - - -
3 32 65 16.4, 12.94 15.8, 34, 0.21 1224
5 30 65 135, 10.14 14.24 33, 0.24 9.6,
10 25 65 10.3, 8.4, 10.74 1.8, 0.18 8.0,

2 P from wet chemical analysis.
*0 from ESR measurements.
R from original weighing.

TABLE IV Reduced valency states results from titration and ESR for copper phosphate glasses containing europium, Series II,

Eu,0;3,)=Ca0; o —CuOqy5-P;, 055,

[Cu™]
Eu,0, CaO CuO P,0; Total Cu?* in Total Cu Cu* in [Total Cu] Spin
{mol %) (mol %) (mol %) (mol %) Cu in 100 g in 100 g 100 g =C, density of
100 g glass glass glass reduced glass
glass (8), before (2), valency (102° spinsg™ 1)
(@), Q° melting P-0Q ratio,
p? (g), P-0
R® P
0 10 25 65 18.1, 16.7, 134, 13, 0.0 1585
1 9 25 65 15.3, 11.6, 13.1, 37, 0.24 1095
2 8 25 65 13.7, 106, 12.8, 3.0, 0.22 10.05
3 7 25 65 119, 1074 125, 1.1g 0.10 10.1¢4
5 5 25 65 10.7, 8.6, 11.9 2.1, 0.20 8.1,
10 0 25 65 10.3, 8.4, 10.7, 1.8, 0.18 8.0,
* P from wet chemical analysis.
®Q from ESR measurements.
°R from original weighing.
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Figure 12 The relationship between Eu, O, content and the reduced g ~~ oa .
valency constant C for copper phosphate glasses containing © - ;( _____
europium (Series ). sl [Cu2*]
said to enhance the formation of reduced valency o B
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Various reasons have been put forward to explain
this enhanced reduction of Cu?* to Cu* which comes
about by the addition of a rare-earth to a copper
phosphate glass. There are three main suggestions for
the origin of this effect.

Eup 03 ( mol %)

Figure 13 Decrease of Cu?* ion concentration by ESR compared

with total copper concentration by wet chemistry for increasing
Eu,0; content in copper calcium phosphate glasses containing
europium (Series II).
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Figure 14 The relationship between Eu,O; content and the reduced
valency constant C for copper calcium phosphate glasses containing
europium (Series II).

1. Processes involving redox phenomena between
different elements in the glass.

2. Spin-spin interactions of various kinds.

3. Spin-lattice interactions, with the concept of
cross-relaxation.
These are next discussed with particular regard to
europium in the copper phosphate glass system.

3.4.1. Redox reaction

This type of reaction was suggested by Konstants and
Vaivada [14] in 1981, c.g. if there are two elements in
the system which form ions of variable valency, then
interaction between them usually takes place as
follows

Mn3* + Ce** = Mn?* + Ce** 5

This type of reaction was suggested by Mohammed-
Osman et al. [15] for copper phosphate glasses con-
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Figure 15 Spin density variation with Eu,0O; content (a) for copper
phosphate glasses containing -europium (Series I), (b) for copper
calcium phosphate glasses containing europium (Series II).
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taining PrsO,,
Cu?t + Pr3t =Cu™ + Pr** 6)

However, for copper phosphate glasses containing
Eu,0;,, a reaction such as

Cu?* + Eu®* = Cu™ + Eu** )

is not probable, because the europium ion is found in
only two valency states, Eu?™ and Eu®*, of which
Eu?* is the most stable and Eu3* is paramagnetic and
less stable, with an unpaired electron. The europium
has not been found to exist as Eu**. Thus a redox
reaction of the type suggested could only take place if
Eu?* was already present, i.e.

Cu®* + Eu?* = Cu* + Eu’* (8)

and this would only be possible subsequent to a
reaction such as

Fu’* + e~ - Eu2* 9)

because Eu,0; is the prime constituent of the glass.

If there were a shift towards a diamagnetic or more
stable state, as observed by Abdrakhmanov et al. [16]
and Bogomolova [17] this might result in both
Cu?™ +e” > Cu™, and Eu®* + e~ - Eu?* occur-
ring, the latter being more probable.

As the glass is manufactured, one would expect the
copper to be present in the glass in its two valency
states as this is the normal result for transition ele-
ments. Possibly the same thing occurs for the eu-
ropium in the glass and if so, then there might in
principle be some Eu?* available to take part in a
redox reaction

Cu?* 4+ Eu?*' = Cu* + Eu’** (10)

On the other hand this reaction is considered unlikely,
and is not in fact borne out by experiment, because the
curves of reduced valency ratio show a flattening off
rather than an increase, with increase of europium
content in the glass.

3.4.2. Spin-spin interaction

Spin-spin interaction between paramagnetic particles
depends on the orientation of their magnetic mo-
ments. Two types can be considered.

(i) Spin-spin exchange interactions between the
paramagnetic ions which are producing the ESR line
spectra, in this case the Cu” " ions. This was suggested
by Bogomolova et al. [18], i.e. that where the odd
electron wave-functions on different orbitals overlap,
then the unpaired electron spins are coupled by ex-
change forces. Exchange coupling allows the electrons
on neighbouring lattice sites to exchange spin states
rapidly as a result of the overlapping of the Cu?*
orbitals, (d electrons of the same spin). Working with
vanadate glasses, Bogomolova [17] suggests that for
V4* jons, some redox reaction and some exchange
clustering with Cu®* ions takes place.

(i) Spin-spin exchange interactions between para-
magnetic ions which are not participating in the res-
onance absorption, in this case the Eu®* ions. For the
tri-valent rare-earth ions the orbital moments of the 4f
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Figure 16 Magneton numbers of the lanthanide ions (M37) (repro-
duced from Bell and Lott [19]).

electrons contribute to their magnetic moments. Eu3*
is strongly paramagnetic, as can be seen from Fig. 16
above, reproduced from the book by Bell and Lott
[19], and so could contribute to this type of spin—spin
exchange interaction. However, the Eu®* will not
show up on a normal ESR spectrum. The electrons
which contribute to the paramagnetic moment occupy
the 4f orbitals and are shielded from electrostatic and
bonding effects. The rare-earth ions exhibit strong
spin-orbit coupling and are strongly coupled to the
lattice vibrations. Spin-lattice relaxation problems are
such that the spin-lattice relaxation time is very small
at high temperatures and the ESR line spectra would
be too broad to be detectable. It would be necessary to
cool the lattice to liquid helium temperature for any
ESR signal to be detectable. Nevertheless, although
undetectable, the Eu®* ion will exert a magnetic effect
both on other Eu®* ions and on the Cu?* para-
magnetic ions causing some orbital distortion.

3.4.3. Spin-lattice interactions and cross-
relaxation

During the ESR event the magnetic field transfers the
paramagnetic particles from the lower to the upper
spin levels, and the transient excited state of the Cu?*
ion under the process of microwave radiation is ob-
served. Vibrations of the lattice occur and these give
rise to transitions, mainly in the opposite direction, i.e.
they oppose this, and magnetic energy is lost as heat
energy in the lattice. Line-width is partly dependent
on lattice temperature. Cross-relaxation is a concept
associated with various types of spin interactions and
the corresponding time to relax back to a state of
equilibrium, i.e. the relaxation time. Spin-spin inter-
actions already discussed may both have the same
relaxation time, whereas spin-lattice interactions, tak-
ing into account the lattice vibrations, will most likely
have different relaxation times. Moreover some ions
may have longer spin-lattice relaxation time than
others. The net result of these effects will be an ESR
spectrum of line-width proportional to say t; ! 4 1, !
where 1, and 1, are relaxation times for spin-spin
interaction, and spin-lattice interaction respectively,
either of which may be dominant [207:

Thus of these three processes, the most likely to
have contributed to ESR line broadening and reduc-

tion of signai in the case of europium are the latter
two.

3.5. D.c. and a.c. conductivity

D.c. current-voltage tests enabled the conductivity of
the glasses to be determined and hence the electrical
activation energy, W. The conductivity varied from
around 1 x 1073 to 1 x 1072 Q" *cm ™! over the tem-
perature range of room temperature (20 °C) to about
300 °C. Graphs for all the glasses were very similar
showing no systematic variation in conductivity with
increased Eu,0; content. Any small change there
might have been was swallowed up by the sensitivity
of the glass conductivity to temperature change. The
electrical activation energy, W, varied from 0.9-1.3 eV
with only little difference between glasses of each
series.

A.c. conductivity tests showed conductivity to rise
fairly linearly with temperature at low frequencies, but
at higher frequencies above 1 MHz the conductivity
became almost independent of temperature, as con-
firmed by the results of other workers [21]. The d.c.
and a.c. conductivity results are shown together in
Fig. 17 for a typical glass of each series, and it is clear
that the d.c. conductivity can be regarded as a limiting
case. The disorder temperature at which the change of
slope manifests itself was around 427 K which is in
reasonable agreement with other workers [22, 23],
and led to 854 K as the value of the Debye temper-
ature. The theoretical treatment of electrical conduc-
tion by means of a hopping process between ions in
different valency states was substantiated as part of
the conduction process in glasses. The a.c. conductiv-
ity variation with frequency at different temperatures
is shown for a typical glass of each of Series I and
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Figure 17 Variation of electrical conductivity with inverse temper-
ature, a.c. and ‘dc. (a)for a SeriesT glass, Eu,0;;~CuO;,-
P,O0ss), (b)for a SeriesIl glass, Eu,0;;-Ca0;~CuOys -
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Figure 18 Variation of a.c. conductivity with frequency at different
temperatures for a Series I glass, Eu,0;(5,-CuO;0-P,055)-

Series IT in Figs 18 and 19. From the slope the para-
meter, s, may be determined where

o = Ao (11)

o is the conductivity, 4 is a constant and s is an index.
s was found to lie within the range 0.5 < s < 1, with s
about 0.68 at room temperature and slightly temper-
ature dependent.

A problem found experimentally was the extreme
sensitivity of the a.c. test results to reactive elements in
the circuit such as the lead inductance, which was
most difficult to eliminate when the samples were
maintained in a vacuum during measurements and
leads of significant length were necessary. For this
reason the measurements, certainly above 100 kHz,
shown in Fig. 17 should be regarded with caution.
Extra spurious inductance was found to produce a
vertical shift giving higher conductivity values for the
same frequency, and masking the steep rise at higher
temperatures. In some cases such errors could be
substantial. Such problems have been discussed earlier
by Jonscher [24].

The a.c. conductivity values for the various glass
compositions showed little change with Eu,0; in-
crease in composition, any change being overshado-
wed by the extreme sensitivity of the glass to changes
in frequency. It is thought that the shielding effect of
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Figure 19 Variation of a.c. conductivity with frequency at different
temperatures for a SeriesII glass, Eu,0;,~Ca0s~CuO, s~
PZOS(GS)'
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the outer s and p electron shells on the 4f europium
electrons could account for there being little change in
conductivity with small changes in Eu,0O; content of
the glass.

3.6. Optical absorption
3.6.1. Absorption coefficient, a, and Urbach
energy or band-tailing, AE

From the absorption spectra for samples of the glasses
the absorption coefficient o was obtained (Fig. 20),
and values of In a were plotted against photon energy
ho. The slope of these curves gives AE, the Urbach
energy, or band-tailing using the Urbach relationship

0]
= — 12
o) = soero (32 (12
where o, is a constant. AE was found to be around
0.5 eV for both glass series, there being little change in
AE for small changes of Eu,O; content.

3.6.2. Determination of the optical energy
gap, Eop

Assuming that absorption at higher o values was
associated with indirect transitions, values of (ahw)!/2
were plotted against the photon energy ho for a > 1
x 10* cm 1. By extrapolation of the linear portions of
these curves E,, can be determined (Figs 21 and 22)
for various glass compositions. E,, was found to lie
between 3.86 and 4.01 eV for Series I glasses and
between 3.86 and 4.13 ¢V for Series II glasses. Values
of E,,, did not appear to show any systematic varia-
tion with small changes of Eu,0; content in the glass.
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Figure 20 The absorption coefficient « as a function of photon
energy ho for various glasses of Series I, Eu,05,—CuO;s_
P,054s, and Series I, Eu,034,,~Ca0 ;14— 5~ CuO5-P,O0565)
(values of x shown in mol %).



TABLE V Infrared absorption for Series I glasses, Eu,0;,,—CuO ;5 ~P,0565,

X Band positions (cm ™)

(mol %)
0 495 700 775 900 1110 1260 - 3500
1 485 710 790 920 1100 1290 - 3500
2 500 725 785 925 1100 1285 - 3500
3 510 720 800 920 - 1300 - 3500
5 500 720 790 925 1100 1280 - 3480

10 485 720 800 925 1100 1280 - 3480

TABLE VI Infrared absorption for Series II glasses, Eu,03.,,-CaO ;- ,,~CuO,5,~P,05s5,

X Band positions (cm™*)

(mol %)
0 505 700 760 910 1100 1310 - 3500
1/2 485 710 770 920 1120 1315 - 3480
1 500 700 780 920 - 1310 - 3480
2 500 700 775 910 1120 1310 - 3500
3 485 705 760 910 - 1300 3490
5 505 705 775 910 - 1290 - 3490

10 485 720 800 925 1100 1280 - 3480

Determining E,, in this way using the linear part of
the curves seems to be satisfactory thus establishing
n = 2 in the Mott and Davis extended states transition
formulation

5o = E)"

a(w) = e

(13)
The comparative insensitivity of these test results to
small changes in Eu,0; composition is thought to be
due to the electron configuration of Eu, and the
shielding effect of the s and p electrons on the 4f
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Figure 21 Determination of the optical energy gap by plotting
(ohw)'? as a function of photon energy Aw for various glasses of
Series I, Eu,0;4-CuO ;35— -P, 0565, (x in mol %).

electrons, as suggested already for electrical conduct-
ivity results.

3.7. Infrared absorption

Spectra for both glass series were very similar, and not
much variation in the bands was evident as the Eu,0,
content was increased in the glass, as shown in
Fig. 23a and b and Tables V and VI. This suggests
that the infrared spectra of the glasses are dominated
by the spectral characteristic of P,O because this is a
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Figure 22 Determination of the optical energy gap by plotting
(cho)*'? as a function of photon energy % for various glasses of
Series I, Eu,054,0-CaOy g ~CuO;5-P,055, (x in mol %).
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Figure 23 Infrared spectra (a} for glasses of Series I, (b} for glasses of
Series II (x in mol %).

common constituent of both series. In spite of P,O5
being extremely hygroscopic an attempt was made to
discern its spectral behaviour. This is shown in Table
VII and a comparison with the infrared spectrum of
one of the glasses is shown in Fig. 24.

The P,O; bands can be approximately identified as
follows using the results of previous workers in this
field:

(PO,)*~ group at 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™*

H,O water impurities, O-H at around 1710 cm !
etc. with overtones at 3480 cm ™!

There are two main differences when P,O; infrared
absorption is compared with the absorption spectra of
the glass.

1. Firstly, the (PO,)*>~ band at 500cm™' is re-
placed by a much broader band. This seems to be due
to both the CuO in the glass and the europium, either
separately, or together. CuO is known to have a

TABLE VII Infrared absorption for crystalline P,O5

Band positions (cm ™ *)

P,0; 505 - 180 500 1035 1260 1710 -

5364

OH overtones C u-0-P-0-Ey
at 3480 cm' bonds
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Figure 24 Comparison of infrared spectra for (a) glass Eu,O; 0y~
CuO,5-P,055,, and (b) crystalline P,O;. (The band positions
are identified for P,05, and the positions and nature of the bands
for the glass are suggested.)

fundamental band at 620 cm ~* so this may contribute
to the broadening.

The rare-earths have absorption bands in the range
655-250 cm ~ . These rare-earth band positions were
ascertained by Baun and McDevitt [25] who describe
absorption bands for Eu,05 at 630, 510, 475-250, 325
and 310 cm~!. Thus the strong bands at 630 and
510 cm ~ ! may contribute to the observed broadening.

Some workers, e.g. Khan et al. [26], in a study of
vanadate glasses, suggest a combined effect of all the

_ constituents, with the formation in our case of

Cu—O-P-O-Eu units, in the region of 450-600 cm ~*
broadening and shifting the band. This suggestion
could be consistent with the Reisfeld model of the Eu
ion being at the centre of a distorted cube made up of
four phosphate tetrahedra [27].

2. Secondly, the broadening and shift of the P-O~
band and P=0 band is noted in the glass spectra. Here
perhaps the presence of the CuO in the glass has
altered the stretching frequency. Other workers have
noted a shift of band position when a transition metal
oxide such as CuO is added to P,O; glass, with
broadening of the band. The suggestion is that a
partial bond such as P-O-Cu™ may be created in the
region 900-1250 cm ™! and the band shifts with in-
creasing CuO content.

In general it can be said that any small effect the
rare earth oxide may have is swallowed up by the
effect of the CuO in the glass composition, and the
whole behaviour is dominated by the P,O; which is
the major constituent.

4. Conclusion

In this study various experiments have been carried
out to determine the structural, electrical and optical
properties of two series of copper phosphate glasses
with small amounts of Eu,Q; introduced into the glass
composition. The two series made up were Eu, O3y~
CuOps_5Py056sy  and  Euy03y-CaOyyg- 4~
CuO,;5,-P,0545, (x in mol%). In the first series
Eu,0; replaced the CuO and in the second series
Eu,0, replaced CaO in the glass. This second series
with copper concentration held constant acted as a
useful comparison during the investigation, although
in general there was more disorder in this glass due to



incorporating a fourth constituent. However, CaO is a
fairly inert network modifier.

In this final section an attempt is made to interpret
and summarize the tests.

A representative sample of glass was tested by X-ray
and confirmed as amorphous. In addition a sample of
the crystalline Eu,0O; powder as used in the glass
manufacture was precisely identified by the same X-
ray method.

Density and molar volume tests gave results much
as were expected, both density and molar volume
increasing as Eu,0; replaces CuO in the glass, Eu,O,
being of substantially greater molecular weight. There
was a slight increase in density and decrease in molar
volume with increased annealing temperature at a
fixed glass composition, indicating that annealing the
glass gives a more tightly packed and denser structure
and reduces the interatomic spacings, generally pro-
ducing a denser glass.

ESCA analysis of the glass gave interesting results.
In spite of the fact that the ESCA X-rays only pene-
trate the finely powdered sample material to a depth
of a few micrometres and so strictly affect only surface
electron behaviour, nevertheless the results seem to be
significant and can be used to give structural indi-
cations. Comparing the ESCA spectra of crystalline
components used in the glass manufacture with the
spectra of the glass itself proved a useful method for
analysis. Peak area, peak shape, peak separation and
peak heights were analysed. One result seemed to
indicate a reduction of Cu?* to Cu* as Eu,0; re-
placed CuO in the glass, by noting the apparent
convolution of the Cu 2p doublet, and also a slight
possibility of a similar reduction of Eu®* to Eu?*, by
considering the Eu 3d doublet. Comparing the peak
shift for spectra obtained in the crystalline and glassy
states enabled the change in the binding energy to be
calculated. Although these results can only be re-
garded as general trends, the indication seemed to be
that, comparing the crystalline with the glassy state,
Eu and Cu peaks showed a shift in binding energy in
one direction while the Ca peak shifted in the opposite
direction and the phosphorus peak stayed at about the
same value. These results are consistent with small
changes in bonding for Eu and Cu, the role of Ca as a
network modifier, and the dominance of the phos-
phate tetrahedral bonding.

ESR analysis suggested that the reduced valency
states of the ions Cu?* and Cu* were both present in
the glass in varying amounts. Enhanced reduction
from Cu?* to Cu* appears to maximize for small
values of added Eu,0O; after which it falls off. This
result confirms the predictions from the ESCA ex-
periments resulting from the peak height analysis. C,
the reduced valency ratio was determined from ESR
analysis and the maximum for this is about 0.3 after
which it appears to flatten off and drop slightly for
further added Eu,0;.

Various suggestions as to how the presence of small
quantities of Eu,0; in the glass might enhance the
reduction of Cu®” to Cu*, as revealed by ESR, were
discussed. These were (i) redox reactions of the kind
proposed earlier, considered possible but unlikely,

(i) spin—spin interactions between paramagnetic ions
producing the ESR spectra, (the Cu?* ions), or
(iii) spin-spin exchange interactions between para-
magnetic ions which do not participate in the ESR
absorption (the Eu®" ions). Also (iv) spin-lattice inter-
actions generally produce line-broadening and loss of
signal. It was suggested that all of these factors may
contribute to the overall effect, though a redox reac-
tion is considered unlikely unless there are Eu?* ions
already present in the glass. Both d.c. and a.c. electrical
conductivity measurements were carried out on the
glasses, the conduction theories invoked being those
of Mott and Davis for a small polaron hopping
mechanism. The d.c. case was seen as a limiting case
for a.c. conduction according to the relationship
o = Ao’ and s was determined to be slightly less than
0.7. From d.c. tests the electrical activation energy, W,
was determined and ranged from 0.8-1.3 ¢V for the
various glass compositions. Conductivity was not es-
pecially sensitive to small changes in Eu,O5 composi-
tion in the glass, and this was attributed to the nature
of the rare-earths in general in that their 4f electrons
are shielded by outer electron shells, namely the 552,
5p®, and 6s? electron shells. Also Eu has its 4f shell
exactly half filled, which may contribute to extra
stability.

The conduction mechanisms are considered to be
electronic. It is well known that CuO-P,0; glasses
exhibit electronic or polaronic conduction. The addi-
tion of relatively small amounts of rare-earth oxides is
unlikely to increase the contribution to the conductiv-
ity by ions because the Eu ion is large and unlikely to
be mobile in the glassy matrix. Many structural stu-
dies of such glasses suggest that the Eu®* ion would
be fairly rigidly bound within the phosphate network.

Optical tests were carried out to determine band-
gap characteristics, estimating the values of band gap
and the extent of band-tailing from the measurements
of the absorption edge. The Urbach energy, or band-
tailing was around 0.5 ¢V and the optical energy gap
was of the order of 3.95¢V.

These band-gap characteristics were found to be
relatively insensitive to small changes in Eu,O, com-
position. The reason for this is thought to be that the
electrons responsible for the optical properties are the
4f electrons, and the 4f orbitals are very effectively
shielded from outside influences by the overlying filled
5s2, 5p®, and 6s? electron shells.

Infrared tests showed the dominance of the phos-
phate tetrahedra in lattice vibrations. Any small effect
the rare-earth may have exerted was swallowed up by
effects due to the copper in the glass, and both were
dominated by the phosphate bonds.

Values obtained for W, the electrical activation
energy, around 1.05eV, and E_, the optical energy
gap, around 3.95 eV, accord with the idea that in the
limit, with the Fermi energy in the middle of the band-
gap, the optical band gap would be twice the thermal
activation energy, as for an intrinsic semiconductor.
With the wide range of possible electron excitations in
a glass, W is hard to define precisely on a band or

_ density-of-states diagram, and is certainly likely to be

less than JE,, as is the case in our glasses. The role
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played by the rare-earth oxide Eu,0; in CuO-P,0;
glass systems is thus seen to be an interesting one.
While the presence of the europium appears to en-
hance reduction from Cu?* to Cu* valency states,
and so is expected to assist in the conduction process,
the basic electrical and optical properties of the glass
remain relatively little affected by small additions of
Eu,0; to the glass.
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