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Phosphate glasses containing CuO with composition, [(CuO)x(PzOs)l -x], x=0.10, 0.20, 0.25, 
0.30, 0.40 and 0.50, were studied by magnetization, X-ray photoelectron spectroscopy (XPS) 
and Rutherford backscattering spectrometry (RBS). It was observed that compositiona! 
changes take place in going from batch to glass and these changes are more pronounced for 
low copper concentration. The ratio [Cu2+/Cutot~] as a function of x was determined from 
XPS and magnetization combined with RBS. The magnetization measurements suggest that 
more than 90% of the copper ions exist in the Cu 2+ state in the glasses, while the XPS data 
show that less than 50% of the copper ions may be in the Cu 2+ state. The low Cu 2+ states 
detected by XPS may have resulted form reduction of copper ions upon exposure of the 
samples to X-ray radiation during measurement. 

1. Introduction 
Oxide glasses containing large concentrations of other 
transition metal ions have been studied mainly be- 
cause of their semiconducting properties [1-3] and 
potential applications [4, 5]. The general condition for 
semiconducting behaviour is that the transition metal 
ion should be capable of existing in more than one 
valence state, so that the conduction can take place by 
the transfer of electrons from low to high valence 
states. Copper exists in various glasses in two oxida- 
tion states, monovalent (Cu +) and divalent (Cu z+) 
[6]. Each of these has different electronic structure 
and coordination geometry. Thus, the structures and 
properties of such glasses (i.e. electrical, optical, mag- 
netic and mechanical, etc.) depend on the proportion 
of different valence states of copper. Hence, the ability 
to control and measure the ratio of Cu e + and Cu + is 
important for an investigation of the effect of copper 
valence states on the structure and properties of these 
glasses, As Cu + (3d 1~ is diamagnetic while Cu 2 + (3d  9) 

exhibits paramagnetism, this ratio is generally exam- 
ined by EPR studies [7]. In the present work we used 
magnetization and X-ray photoelectron spectroscopy 
(XPS) studies to determine the [Cu 2 +/Cntotal] ratio in 
copper phosphate glasses. 

It appears from the literature that little attention 
has been paid to compositional changes in going from 
batch to glass. When phosphate glass is prepared, 
phosphates which are not connected with cations 
(copper) react with moisture in the air to produce 
phosphoric acid during melting. This acid easily 
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vaporizes and fumes at higher temperature [8] and for 
this reason the composition of the glass may be differ- 
ent from that of the batch which may influence the 
[Cu 2 +/Cuto~j] ratio in the glass. Hence in the present 
work the relative atomic concentrations of 
phosphorus, copper and oxygen were determined us- 
ing Rutherford backscattering spectrometry (RBS). 
The number of Cu 2 + will be obtained from the mag- 
netization data giving the [Cu 2+/Cutotal] ratio present 
in the copper phosphate glasses for each batch com- 
position. These results are compared with the X-ray 
photoelectron spectroscopy (XPS) study performed 
on the same samples. 

2. Experimental procedure 
The glasses were prepared by melting dry mixtures of 
CuO and PzO5 in alumina crucibles with composition 
[(CuO)x(P2Os)l-x] where x = 0.10, 0.20, 0.25, 0.30, 
0.40 and 0.50. All chemicals used in this study were of 
reagent grade. The oxidation and reduction reactions 
in a glass melt are known to depend on the size of the 
melt, the sample geometry, whether the melt is static 
or stirred, thermal history, and quenching rate. To 
keep these factors constant, all glass samples were 
prepared under the same conditions as follows. About 
40 g chemicals were mixed to obtain homogenized 
batches. The crucible containing the batch was placed 
in a furnace, heated at 300 ~ for 1 h prior to melting 
the mixture in order to minimize volatilization. The 
crucible was then transferred to a melting furnace 
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maintained at a temperature of 1330 ~ The melt was 
left for about 4 h under atmospheric conditions in the 
furnace. During this time the melt was occasionally 
stirred with an alumina rod. The homogenized melt 
was then cast on to a stainless steel plate mould. The 
samples were disc shaped with diameter of ~ 1.5 cm 
and thickness of about 3 ram. 

The RBS was used with 2 MeV He 2 +. The system 
has been described elsewhere [9]. Briefly, a solid state 
detector (Tennelec model PD-50-100-14-CB) was 
placed in the chamber at a scattering angle of 164 ~ 
with an effective solid angle of 1.75 m.s.r. The com- 
position of the sample was measured with an accuracy 
greater than _+ 3%, as a large beam spot (diameter 
> 2 ram) was used and each sample was measured at 

least twice. A g01d film deposited on a silicon substrate 
was used in calibrating the channel-energy scale of the 
detection system. The collected RBS spectra were then 
fitted by the code R U M P  [10] to find the relative 
concentrations of various elements in the sample. 

The field-dependent d.c. magnetization measure- 
ments were performed by an EG and G Princeton 
Applied Research (PAR) Model 155 vibrating sample 
magnetometer (VSM) at room temperature with ap- 
plied field values ranging from 0-10 kOe. The temper- 
ature-dependent measurements were also performed 
on the VSM using a 1 kOe field strength with the 
temperature being slowly swept from 7 K to room 
temperature. The data have been corrected for the 
sample holder magnetization which was measured 
after each sample measurement. The overall accuracy 
of the magnetization measurements is estimated to be 
approximately 5%. 

The XPS measurements were carried out with 
a V.G. Scientific ESCALAB MKII  spectrometer 
equipped with a dual aluminium-magnesium anodes. 
Details of tire system are given elsewhere [11]. The 
energy scale of the spectrometer was calibrated using 
Cu 2p3/z = 932.4 eV and the energy separation be- 
tween Cu 2p3/2 and Cu 2pl/2 of 19.8 eV. The charging 
of non-conducting glass samples was avoided by 
flooding the sample with a separate source of low- 
energy electrons. The energy and intensity of these 
external electrons were adjusted to obtain the best 
resolution as judged by the narrowing of the full width 
at half maximum (FWHM) of photoelectron peaks. It 
was found that at the optimum settings of the neu- 
tralizing gun (electron kinetic energy between 5 and 
10 eV, electron emission current at the sample be- 
tween 1 and 5 hA), the position of the adventitious 
C ls line was within 4- 0.5 eV of 284.6 eV. This peak 
arises due to hydrocarbon contamination and its 
binding energy is generally accepted as remaining 
constant irrespective of the chemical state of the 
sample. For  the sake of consistency all energies are 
reported with reference to the C ls transition at 
284.6 eV. For  XPS measurements, the standard oxide 
powder samples were embedded in substrates of in- 
dium foil supported by metallic backing. The samples 
were loaded through a fast-entry airlock into a prep- 
aration chamber and finally into the analysis vessel. 
The base pressure in the analysis chamber during 
these measurements was less than 5 x 10-11 mbar. 

3. Results and discussion 
A typical RBS spectrum from a glass sample is shown 
in Fig. I. Edges of the overlapping bands correspond- 
ing to the elements copper, phosphorus and oxygen 
are seen. The collected RBS spectra were then fitted by 
the code RU MP  [10], to find the relative concentra- 
tions of various elements in the glass. Spectra similar 
to this were obtained for the other compositions. The 
results are given in Table I. 

The results of the magnetization, M, as a function of 
the magnetic field, H, at room temperature are shown 
in Fig. 2 as plots of M versus HIT. In a magnetic field, 
an atom with angular momentum quantum number, 
J, has 2J + 1 equally spaced energy levels. The mag- 
netization, M, is given by 

M = NgJBBBj(x) (la) 

x ~- ( g J p B H / K B T )  ( lb) 

where ~t~ is the Bohr magneton, K~ the Boltzmann 
constant, 9 = 2, J = �89 for Cu 2+, and Bj(x ) is the Bril- 
louin function defined as 

Bj(x) = [(2J + 1)/2J] coth [(2J + 1)x/2J] 

- [(1/2J) coth (x/2J)] (lc) 

2000 

I 1500 

= I000 
0 
L) 

500 

Energy ( MeV ) 

0.6 0.8 1.0 1.2 1.4 1.6 1.8 
I I I I I [ I 

2 MeV H e 2 + > ~  

I 

200 300 400 

Channel 

500 

Figure 1 RBS spectrum (2 MeV ~He 2 + analysis) of a glass sample 
with composition [(CuO)0.2o(P2Os)0.8o] ( . . . )  overlaid with the 
corresponding theoretical fit ( - - )  as generated by the code RUMP 
[io]. 

TABLE I Relative atomic concentration of various elements in 
the batch as well as the glass for compositions [(CuO)x(PzOs)l_x] 

x Batch Glass 

Cu P O Cu P O 

J 
0.10 0.015 0.277 0.708 0.103 0.236 0.696 
0.20 0.033 0.267 0.700 0.088 0.224 0.688 
0.25 0.044 0.261 0.696 0.096 0.246 0.658 
0.30 0.055 0.255 0.691 0.100 0.233 0.667 
0.40 0.080 0.240 0.680 0,131 0.213 0,656 
0,50 0.111 0.222 0.667 0.123 0.175 0.702 
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Figure2 The field-dependent magnetization, M, for [(CuO)~ 
(P205)~-~], x = (�9 0.10, (0) 0.20, (A) 0.25, (A) 0.30, ([~) 0.40 and 
(11) 0.50 at room temperature as plots of M versus HIT. (0) 
Experimental data, ( - - )  the fit to the data. 

Recognizing that even at room temperature, Equa- 
tion 1 reduces to the usual functional form of 

M = N g 2 g 2 j ( j  + 1)H/3 K s T  (2) 

The magnetization data for the glasses were fitted to 
Equation 2 assuming that the contribution to the 
magnetization was only due to Cu 2 § ions with J = 1. 
The number of Cu 2 § ions was used as the adjustable 
parameter to obtain the best fit to the experimental 
data. An excellent agreement was obtained which is 
shown by the solid lines in Fig. 2. The number of Cu 2 + 
ions g -  ~ samples needed to fit the data obtained for 
each fit is given in Table II. The d.c. magnetic suscepti- 
bility data are shown for a representative sample 
(x = 0.4) in Fig. 3 as a plot of 1/Z versus T~ The 
susceptibility follows a Curie-Weiss behaviour: 
X = C/(T - 0). For a temperature range of ~ 10-300 K 
(the highest temperature of measurements), the sus- 
ceptibility for a Curie-Weiss behaviour results in 
a Curie constant of 1.52x10-3e.m.u.  K g  -~ and 
a paramagnetic Curie temperature of ~ 0 K. Similar 
fitting was also applied to the 1/Z versus T data. The 
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Figure 3 D.c. susceptibility of [(CuO)x(P2Os)I -x], X = 0.4 as a plot 
of 1/~ versus T. ( - - )  The Curie-Weiss behaviour. 

error associated with M versus H / T  data is less than 
5%, while 1/Z versus T data have increasing uncer- 
tainty with increasing temperature. So the number of 
Cu 2+ ionsg-1 given in Table II  are those outlined 
from M versus H / T  data. It is clear from Table II, that 
almost all copper exists in the Cu 2§ state in these 
glasses except for x = 0.4, which is not understood. It 
is also clear from Table II, that the difference between 
the batch composition and glass composition is 
greater for lower copper concentration in the starting 
material which can be explained as follows. P2Os 
contains non-bridging oxygens and thus addition of 
alkali or alkaline-earth oxides tend to strengthen the 
structure because the cations can locate between non- 
bridging oxygens. Phosphates which are not connec- 
ted with copper react with moisture in the air to 
produce phosphoric acid during melting. This acid is 
easily fumed at high temperature. For lower concen- 
trations more phosphates are free to make phosphoric 
acid resulting in a greater loss of phosphorus and 
hence a greater copper concentration in the glass. 

Core level spectra of the Cu 2p for CuO and copper 
phosphate glasses of different CuO concentration, are 
shown in Fig. 4. The Cu 2p spectrum for the copper 
phosphate glasses exhibits the spin-orbit components 
Cu 2p3/2 and Cu 2pl/2 at binding energies of ~ 932.5 
and 952.6 eV, respectively, with satellites at about 
10 eV higher binding energy. Furthermore, the 2p 
peaks show doublet structure (peaks marked A and 
B in Fig. 4). The separation between peaks A and B is 

TA B L E I I Number of CUtota I ions g- 1 in the batch as well as the glass, number of C u  2 + ions g 1 from magnetization data and Cu z +/Cutota~ 
ratio from magnetization and XPS for compositions [(CuO)x(PzOsh-x] 

X CUtota 1 g- 1 (NA) CuZ+ g- 1 ( N A )  Cu2+/CUtotal (%) 

Batch composition RBS M versus H/T Magnetization and RBS XPS 

0.10 0.00074 0.00412 
0.20 0.001 54 0.003 74 
0.25 0.00198 0.003 96 
0.30 0.00243 0.00413 
0.40 0.003 42 0.005 05 
0.50 0.004 52 0.005 03 

0.00408 ~ 95 40 
0.00357 95 48 
0.00392 100 49 
0.00417 100 50 
0.00381 75 43 
0.004 56 91 34 
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Figure4 Core level spectra of the Cu 2p in CuOz powder and 
copper phosphate glasses. 

about 2.4 eV. Monovalent and divalent are the only 
two oxidation states in which copper exists in various 
glasses [6-1. Furthermore, it is well known that copper 
compounds containing Cu 2+ are associated with 
strong satellites (this can also be seen in the present 
work in the CuO spectra, Fig. 4), while compounds 
with Cu + have no satellites [12 15]. A decrease in the 
intensity of the satellite peak is observed upon going 
from CuO to copper-phosphate glass, which suggests 
that some of the Cu 2 + present in the CuO are reduced 
to Cu + in the glass. Moreover, the satellite structure 
(Fig. 4) clearly follows the trend of peak B, i.e. the 
intensity/peak height of the satellite increases with an 
increase in the height of peak B. Thus it may be 
concluded that the peaks A and B are associated with 
Cu § and Cu 2+, respectively. 

A deconvolution method in which the Cu 2p spec- 
trum is assumed to be composed of two overlapping 
peaks was undertaken. Each component peak in the 
spectrum was fitted to a sum of weighted 
Lorentzian-Gaussian peaks with a linear sloping 
background by means of a least-squares fitting 
programme [16]. A best fit to the experimental data 
was found by varying the peak position, width, and 
intensity of each of the two component peaks. This is 
shown only for x = 0.3 in Fig. 5 and using these peaks 
areas, the ratio of Cu 2 § ions was calculated as follows 
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Figure 5 Cu 2p3/2 spectra for X = 0.3. ( . . -)  Experimental data, 
( - -  - - )  the fitted sum of the area of the peaks. 

Then 

Cu2+/(Cu + + Cu 2+) = AB/(AA + A~) (3c) 

This ratio is shown in Table II, as a function of glass 
composition, x. The large difference between the find- 
ings (i.e. the ratio Cu 2 +/Cutot,l) of XPS and magnetiz- 
ation as observed from Table II may be explained as 
follows. XPS is just a surface study and the surface 
may be contaminated by exposing it even to the open 
atmosphere. Secondly, the oxidation states of the 
transition metals might be affected by the surface 
analytical probe as has been reported elsewhere [17]. 
It has been found that the transition metal ions (parti- 
cularly Cu 2 +) are susceptible to X-ray-induced reduc- 
tion during XPS analyses and so on the surface the 
relative ratio of the ions in different valency states may 
not be the same as in the bulk. Similar reduction of 
M o  6+ t o  M o  5+ ( o r  M o  4+)  upon irradiation with 
X-rays has also been observed in an XPS study of 
MoO3 samples [18]. 

4. Conclusion 
XPS, magnetization and RBS investigations were car- 
ried out on copper phosphate glasses. It was observed 
that compositional changes take place in going from 
batch to glass and these changes are copper concen- 
tration dependent, being large for low copper concen- 
tration in the batch material. Furthermore, it was 
observed from RBS and magnetization study that 
almost all copper exists in the Cu 2+ state in these 
glasses, while XPS data indicated that less than 50% 
of the copper ions may be in the Cu 2 + state. The large 
difference between the findings of XPS and magnetiz- 
ation may be a consequence of the reduction of copper 
ions when exposed to X-ray radiation. 
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Cu + ~ (area under peak A) = A A (3a) 

Cu z+ 0~ (area under peak B + 

area under satellite peak) = AB (3b) 
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