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Optical and ESR investigation of borate 
glasses containing single and mixed 
transition metal oxides 
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Sheffield, UK 

The optical and electron spin resonance (ESR) spectra of barium borate glasses, containing 
the oxides of V, Fe and Cu separately and in mixed proportions, have been studied. The 
optical spectra of the single transition metal (TM) oxide glasses showed the usual features, 
while those for the mixed glasses showed single bands without showing individual features 
of the single TM oxide glasses. However, the linear plots of optical density against com- 
position revealed the presence of two valence states for each TM element, and this was 
confirmed by ESR results as well. The ESR spectra of the mixed glasses showed a com- 
plicated interaction pattern for two different TM ions, in comparison with those of the 
glasses containing a single TM ion. For the Fe-V glasses, the progressively vanishing 
hyperfine structure of the VO 2+ complex with increasing addition of iron oxide is dis- 
cussed in terms of nuclear spin relaxation, cross-relaxation between two spin systems and 
spin diffusion within the vanadium spin system. The covalency of the VO 2+ complex and 
the number of distorted Fe 3+ ions were found to decrease with increasing addition of 
Fe203 replacing V20 s . Similar features were noted for the Cu-V glasses; the spectra of 
Cu-Fe glass also showed a strong interaction between two different TM ions. It has been 
suggested that all the possible four valence states (for a given mixed glass) from two 
different TM elements are present, and that pairing of two different TM ions from two 
dissimilar TM elements occurs, facilitating the formation of "associates" (e.g. V4+-O - 
Fe3+). 

1. Introduction 
During the last decade or so there has been con- 
siderable activity in the field of  semiconducting 
oxide glasses containing a single transition metal 
(TM) oxide (see, for example, Bandyopadhyay 
et al. [1], for references). TM ions can remain in 
two (or more) valence states in glasses, and charge 
transfer is due to electron hopping from lower to 
higher valence states. By contrast, almost no work 
has been reported on glasses containing two 
different 3d TM oxides together, except Bogo- 
molova et  at [2] who worked on vanadium 
phosphate glasses doped with copper oxide. How- 
ever, recently Bandyopadhyay and Isard [3, 4] 

reported conductivity data of  borate glasses 
containing oxides of  V, Fe and Cu singly and in 
mixed proportions. The higher conductivity and 
lower activation energy of the mixed TM oxide 
glasses in comparison with those of  the single TM 
oxide glasses were interpreted as due to small 
polaron hopping between ions of  two different 
TM elements, paired as associates (e.g. Va+-O - 
Fe3+). 

It is important to study the spectroscopic 
behaviour of such glasses to see the possibility of  
associate formation and study the interaction 
between different TM ions in relation to those in 
the glasses containing a single TM oxide. Compared 
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to a huge amount of work done on the optical 
spectroscopy of oxide glasses containing a very 
low concentration of a single TM oxide [5], not 
much work has been reported on mixed TM 
oxide glasses or on glasses containing a high con- 
centration of a single TM oxide which actually 
show semiconduction behaviour. Van de Graaf 
et  al. [6] ascribed the spectrum observed in a 
borosilicate glass containing both iron and titan- 
ium to the formation of Fe2§ 4§ associates. 
From the shift in the band positions of different 
TM ions to a lower energy in a po tash-z inc-  
borosilicate glass containing titanium, Veinberg 
[7] concluded that the observed changes could be 
ascribed to the presence of M - O - T i  4§ associates 
(where M stands for Fe 2*, Cu 2*, Mn 2*, Ni 2§ etc.). 
Paul [8] observed a shift in the height and position 
of the differential absorption curve of a soda-  
alumina-borosilicate glass containing both cerium 
and titanium, and this behaviour was ascribed to 
the presence of Cea+-O-Ti 4+ associates. All the 
above work refers to a very low concentration of 
TM ions. 

Similarly, compared to the considerable amount 
of  work done on the electron spin resonance 
(ESR) spectra of glasses containing a single TM 
ion [9], very little work has been published on 
glasses containing mixed TM ions. Bogomolova 
et at [10] studied the effect of Co 2+ (spin I) on 
the ESR spectra of Cu 2*, V 4+, Mn 2+ and W s+ 
(spin lI) in different glasses and suggested a 
cross-relaxation process between the two spin 
systems; spin diffusion within the vanadium spin 
system was also suggested. Abdrakhmanov et al. 

[11] studied a high titanium phosphate glass 
doped with different amounts of CuO, V2Os, 
MoO and WOa. The effect of Cu 2+, V 4+ and Mo s* 
was thought to be mainly oxidizing Ti a* to Ti 4+. 
Bogomolova et al. [12] also studied a barium 
phosphate glass containing both V2Os and CoO, 
and V2Os and CuO. In the former system the 
decrease of ESR signal intensity o fV  4. was ascribed 
to spin diffusion, and in the latter a chemical 
exchange of the form:V 4§ + Cu 2* ~ V s§ + Cu* 
was proposed; the possibility of the formation of 
Cu2+-V 4* pairs, by exchange interactions, was 
discussed. 

In the case of optical spectroscopy, studies on 
the charge transfer reaction (metal ~ metal) in 
glasses are limited, considering the large amounts 
of work done on crystals [13]. In all the above 
work, Ti 4+ was used (with other TM ions) which 
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does not give any band in the visible and near 
infrared (i.r.) region. No work has yet been repor- 
ted on the spectra of more complicated systems 
such as Fe-V,  Cu-V  and Cu-Fe in glasses, 
because all these metals in different valence states 
have several bands in the i.r., visible and ultra 
violet (u.v.) regions. An attempt is made here to 
study such spectra in a 2BaO-3B203 glass. In 
the case of ESR spectroscopy, the presence of 
different TM ions was not rigorously proved 
while discussing the interaction between them. 
Therefore, in the present work, ESR spectra have 
also been measured and the results are correlated 
with those of optical spectra to throw light on 
the presence of different valence states and the 
possible interaction between them in mixed TM 
oxide glasses, in relation to single TM oxide glasses. 

2. Experimental procedure 
The glasses were prepared with the base glass 
composition as 2BaO'3B2Oa. Three glasses were 
prepared with 5, 10 and 20 mol % respectively of 
V2Os, two glasses with 5 and 10mol% F%Oa 
and also two glasses with 5 and 10 mol % C% O. 
Iron-vanadium and copper-vanadium mixed 
glasses were prepared with a total TM oxide con- 
tent of  10 mol % starting with a high percentage 
of vanadium and replacing V2Os by Fe203 and 
Cu20 at 1 mol % steps. Only one copper-iron 
glass was prepared with 5 tool % Cu20 and 5 tool 
% F%Oa. The glasses were melted from analar 
grade raw materials in alumina crucibles at 1130 ~ C 
for 45 min under an air atmosphere. 

Chemical analyses, for the determination of 
the concentrations of different TM ions in single 
TM oxide glasses, were carried out using standard 
procedures. The batch compositions of  the mixed 
TM oxide glasses and the chemically analysed 
compositions of the glasses containing a single 
TM oxide (along with their respective redox 
ratios) are given in Table I. A difference of 5% 
was observed between the batch and chemically 
analysed compositions of the single TM oxide 
glasses. Therefore, an allowance of 5% was given 
when plotting the optical density data for the 
mixed TM oxide glasses against composition. 

The optical spectra were measured using a 
Cary 14 spectrophotometer in a range of 5000 to 
25 000 cm -z on polished specimens of thicknesses 
ranging from 0.1 to 3.0mm, depending on the 
nature and concentration of the TM ions. 

The ESR spectra were recorded at room tern- 



T A B L E I The compositions and optical data for all the glasses 

Glass* TM oxide (Mol%) Ct Position of  

number V2Os Fe203 Cu20 the peak (cm -1 ) 

Optical 
density per cm 

1V 4.75 - - 0.29 9 740 :~ 2.3 
2V 9.50 - - 0.33 9 770 4.6 
3V 19.40 - - 0.19 9 810 6.1 

1F - 4.72 - 0.20 10 170 9.2 
2F - 9.46 - 0.12 10 150 11.0 

1C - - 4.70 0.05 13 000 54.0 
2C - - 9.40 0.30 12 700 77.0 

FV1 9.00 1.00 - - 10 200 3.8 
FV2 8.00 2.00 - - 10 200 4.9 
FV3 7.00 3.00 - - 10 220 6.2 
FV4 6.00 4.00 - - 10 200 7.4 
FV5 5.00 5.00 - - 10 250 8.5 
FV6 4.00 6.00 - - 10 250 9.8 
FV7 3.00 7.00 - - 10 200 11.0 
FV8 2.00 8.00 - - 10 200 12.3 
FV9 1.00 9.00 - - 10 250 13.4 

CV1 9.00 - 1.00 - 12 900 22.0 
CV2 8.00 - 2.00 - 12 900 33.0 
CV3 7.00 - 3.00 - 13 000 43,0 
CV4 6,00 - 4.00 - 12 900 56.0 
CV5 5.00 - 5,00 - 13 100 65.0 
CV6 4.00 - 6.00 - 13 100 79.0 
CV7 3.00 - 7.00 - 13 000 90.0 
CV8 2.00 - 8.00 - 12 900 101.5 
CV9 1.00 - 9.00 - 12 800 113.0 

CF5 - 5.00 5.00 - 13 900 73.0 

*V = vanadium glass, F = iron #ass,  C = copper glass, FV = i ron-vanadium glass. 

?CV = copper-vanadium glass and CF = copper - i ron  glass. C = V4+/Vtotal, Fe2+/Fetotal and Cu+/Cutotal for the V, 
Fe and Cu glasses respectively. 
*The positions of  the second band for glasses 1 V, 2V and 3V are 16 800, 16 900 and 17 000 cm -1 respectively. 

p e r a t u r e  o n  a Hilger and  Wat t s  Mic rosp in  spec t ro -  

m e t e r  o p e r a t e d  at X - b a n d  f r e q u e n c y .  The  coa r se ly  

p o w d e r e d  glass s ample ,  c o n t a i n e d  in a fused  

q u a r t z  t u b e ,  was  i n t r o d u c e d  in to  the  r e s o n a n c e  

cavi ty  o p e r a t i n g  in t he  H o l l  m o d e ,  T h e  m a g n e t i c  

field m o d u l a t i o n  f r e q u e n c y  e m p l o y e d  was  100 

kHz .  T h e  m a g n e t i c  field was  ca l ib ra ted  us ing  a 

p r o t o n  r e s o n a n c e  p r o b e ,  and  it was  s w e p t  at 

a p p r o x i m a t e l y  5 0 G m i n  -1 1 G field m a r k e r s  

were  p laced  o n  t h e  spec t r a  at  a p p r o x i m a t e l y  60  G 
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Figure 1 The optical spectra of vanadium 
glasses. 
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intervals. The sample weight (about 0.2 g) and the 
other experimental conditions were kept identical 
to make the results of  these glasses comparable to 
each other. 

3. Results and discussion 
3.1. Optical spectra 
3. 1. 1. Vanadium glasses 
The absorption spectra of glasses IV and 2V are 
shown in Fig. 1. The principal features are a 
broad band around 10000 cm -1 and a relatively 
weak band around 17 000 cm -~ and an absorption 
tail at high wavenumbers. The height of  the first 
peak increased in proportion to the concentration 
of V20s.  The positions of the two peaks moved 
slightly towards higher wavenumbers with increas- 
ing V20s content. The steep rise in optical density 
(O.D.) at high wavenumbers became more marked 
as the concentration of V2Os increased; there was 
also a marked shift of  this absorption tail from 
higher to lower wavenumbers with increasing 

V 2 % .  
The two absorption peaks are typical for V 4+ 

complexed as VO 2+ within a distorted octahedral 
site, and can be assigned to b2 -* e~r and b2 -+ b~ 
transitions, based on the molecular orbital scheme 
proposed by Ballhausen and Gray [14]. The rise 
of O.D. at high wavenumbers is ascribed to the 
tail of the metal-+ ligand charge transfer band of 
the V s+ ion; the absorption of the glasses studied 
was too high to observe the peak of this band in 
the near u.v. region. However, the shift of this 
tail to lower energy with increasing V2Os (i.e. 
with increasing concentration of V s+) justifies 
the assignment of  this tail to the V s+ ion; because 
with increasing concentration of V s+, the effec- 
tive Vs+-O distance decreases, which facilitates 
the charge transfer. Similar observations in vanad- 
ium phosphate glasses have been reported by 
Anderson [15]. From a survey of the literature 
[16-18] and the observed shift in the position 
of the tail, it is suggested that the V s+ ions could 
have both octahedral and pentagonal co-ordination 
in these glasses. 

No band due to the V 3+ ion could be observed 
in any of the glasses studied. The presence of V 3+ 
in oxide glasses is known to produce absorption 
bands around 14500 and 22500cm -1 respec- 
tively, and these two bands are assigned to 

a Tlg(F) -+ a T2g and a Tlg(F) -+ 3 Tlg(P) 

transitions respectively [19]. The second band 

could have been obscured by the strong charge 
transfer tail of  V s+, but the first one should have 
been well separated from any other bands due 
to either V 4+ or V 5*, if V 3+ was present. The 
spectra of these glasses did not show any sign of 
the 14500cm -1 band even when they were 
analysed in a Du Pont 310 "Curve Resolver" 
assuming a Gaussian function. It should be men- 
tioned that Johnston [20] was unable to detect 
the presence of any V 3+ in a vanadium silicate 
glass melted in a highly reducing atmosphere. 
Therefore, the occurrence of V 3+ in these glasses, 
melted under an air atmosphere, was thought to 
be improbable. 

3. 1.2. Iron glasses 
The absorption spectra of glasses 1F and 2F are 
shown in Fig. 2. Both the glasses show a single 
band around 10000cm -1 and a steep rise at 
high wavenumbers. The values of  O.D. at this 
peak position were in proportion with the con- 
cencentration of Fe 2+. This band can be assigned 
to the transition s T2g ~ s Eg of the Fe 2+ ion in 
accordance with the Orgel diagram for a d 6 ion 
in an octahedral field [21]. The distortion of the 
octahedral site, if any, will be very similar in both 
glasses, because the above band is observed in 
almost similar positions. The peak of the charge 
transfer band of Fe 3§ could not be observed, 
because of the strong absorption. However, from 
the shift of  the observed tail to lower energy and 
increase in its height with increasing Fe203 con- 
tent, this absorption tail could be ascribed to 
Fe a+. The co-ordination of Fe 3+ is very difficult 
to predict from the observed spectra, because any 
spin-forbidden band due to Fe 3+ is obscured by 
the strong charge transfer tail. 

3. 1.3. Copper glasses 
The absorption spectra of glasses 1C and 2C are 
shown in Fig. 3. Both the glasses show a single 
band around 13000 cm -1. The values of O.D. 
of this band were found to increase in proportion 
to the Cu 2+ concentration in these glasses. This 
band can be assigned to the transition dx2_.v2 
dz2 of the Cu 2+ ion in a distorted octahedral site 
[21]. The distortion will be higher in glass 1C 
than in glass 2C, because the observed band 
appeared at a higher wayenumber for the former. 
It should be pointed out that the weak band, due 
to distortion splitting (dx2_y2-~ d~y transition) 
around 7600 cm -1 was not observed. An attempt 
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to analyse these spectra in a 310 curve resolver 
did not reveal the presence of any other bands, 
either due to this transition or due to the tran- 
sition dx2_y2 ~ dyz, zx at higher energy. This is 
due to the high concentration of Cu 2§ in these 
glasses and also to the high molar extinction co- 
efficient of  Cu 2§ ion in borate glasses. 

As for vanadium and iron glasses, the peak of 
the charge transfer band .of these glasses due to 
Cu § could not be observed because of the strong 
absorption. However, the observed shift of the 
absorption tail to lower energy and the increase 
in its height from glass 1C to 2C could be ascribed 
to the Cu § ion, because the latter has a higher 
concentration of Cu § ions. The co-ordination of 
Cu + is very difficult to predict from this tail, 
because any spin forbidden band due to Cu + 
would be obscured by the strong charge transfer 
tail. However, the radius ratio of  Cu+/O suggests 
that Cu § is octahedrally co-ordinated in borate 
glasses [22], but the presence of tetrahedral Cu + 
cannot be ruled out. 

Figure 2 The optical spectra of iron glasses. 

3. 1.4. Mixed TM oxide glasses 
It is very difficult to chemically analyse a glass 
containing two different transition elements for 
all the ions with all possible valence states. Hence, 
the absorption spectra could be useful in showing 
which ions occur. However, the spectra of  all the 
mixed TM oxide glasses studied showed a single 
absorption band and a strong cut-off edge at high 
energies. An attempt to analyse the observed 
spectra in the 310 curve resolver did not reveal 
the presence of any other band. It was not possible 
to assign the bands from their respective positions, 
but the variation of the intensity with proportion 
of the two TM elements strongly suggested that an 
ion from each element contributed to the bands. 

A typical spectrum for glass FV5 is shown in 
Fig. 4; the spectra for all the other glasses showed 
the same feature. A broad band around 10 200 cm -1 
was observed for all nine glasses. 

A typical spectrum for glass CV5 is shown in 
Fig. 5, which is representative of  all the other 
copper-vanadium glasses. A broad band around 
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2'9 Figure3 The optical spectra of copper 
glasses. 
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Figure4 Typical optical spectrum of a 
mixed Fe-V glass. 

13 000 cm -1 was observed for all nine glasses. The 
positions of  the peaks and the values of  O.D. are 
given in Table I. The spectrum for glass CF5 is 
shown in Fig. 5, which also shows a single broad 
band at 13 900 cm -1. 

Let us first discuss glass FV5, which is actually 
equivalent to a combination of  glasses 1V and IF.  
It is noted that, while the O.D. of  the absorption 
band in FV5 is slightly lower than that in IF,  it 
is more than three times higher than that in IV. 
I f  this band were due to V 4§ only, the concen- 
tration of  V 4§ in FV5 would have to be three 
times that in 1V. This seems very unlikely from 
the point of  view of  the thermodynamics of  
oxidat ion-reduct ion reactions between iron and 
vanadium in the melt. Furthermore, such a change 
in the V4+/V total ratio in borate glasses cannot 
affect the resistivity and activation energy as much 
as the observed differences between glasses 1V and 
FV5 [1, 3, 4]. Due to the short melting time, it 
is not unexpected that these mixed glasses contain 
both V 4§ and Fe 2§ ions, because equilibrium may 
not have been attained. Both these ions show 
bands at about the same energy which could 
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Figure 5 Typical optical spectra of mixed Cu-V and 
Cu- Fe glasses. 

produce a strong physical overlap to give rise to 
a single band. 

The values of  O.D. for glass FV1 to FV9 are 
plotted against mol % Fe203,  in Fig. 6, along with 
those for the vanadium and iron glasses for 
comparison. It is seen that a straight line is obtained 
with a finite value of  O.D. at zero Fe203 content 
(i.e. at 9.5 mol % V2Os), which almost corresponds 
to that of  glass 2V. From the nature of  this plot, 
it can be suggested that each point on the plot 
represents the value of  O.D. for both V 4§ and Fe 2§ 
ions. This also suggests that the extent of  the 
redox reaction in these glasses, melted under 
identical conditions, is the same and in proportion 
to increasing Fe203 and decreasing V205 contents. 
Hence, it can be assumed that all mixed i r o n -  
vanadium glasses contain both V 4§ and Fe 2§ ions 
together with V 5§ and Fe 3+ ions. A similar con- 
clusion can be drawn about the presence of Cu 2§ 

Mol ~ V20 s 
9.5 7.5 5.5 3.5 1.5 0 

1.6 

1.2 

0.8 
x 

v 

c~ 

~ 

0 2 ~ 6 8 
Mol ~ Fe203 

Figure 6 Optical density against rnol% Fe203 for mixed 
Fe-V glasses: o glasses FV1 to FV9, ~ vanadium glasses, 
z~ glass 1F and Q glass 2I:. 
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Figure 7 Optical density against tool% Cu20 for mixed 
Cu-V glasses: | glasses CV1 to CV9, D vanadium glasses, 
z~ glass 1C and Q glass 2C. 

and  V 4§ along with Cu + and V s§ in all the C u - V  
mixed glasses (see Fig. 7). 

It is seen from Figs. 1, 2 and 4 that the cut-off 
absorption edge at FV5 is at a higher energy than 
that of  either 1V or IF. By comparing the O.D. 

values of  these glasses, it seems likely that the total 
concentration of  the oxidized states (Fe3++ V s+) 
in FV5 is higher than the sum of V s§ in 1V plus Fe 3+ 
in 1F. Accordingly, this cut-off edge should move 
to lower energy, if it was due either to Fe 3+ or to 
V s+ ions. Therefore, it is suggested that a strong 
interaction is taking place between different TM 
ions facilitating the formation of  the Fe2+-O-V s+ 
and V4+-O-Fe  3+ associates, and that the charge 
transfer processes can take place in these associates. 
However, the possibility of  the charge transfer 
processes involving the individual ions cannot be 
completely ruled out. This necessitates a more 
detailed work in this system. 

It is seen from Figs. 1, 3 and 5 that the cut-off 
absorption edge of  glass CV5 is at a lower energy 
than that of  either 1~ r or 1C. By comparing the 
O.D. values of  these glasses, it seems likely that 
the total concentration of  O/s++ Cu +) in CV5 is 
lower than the sum of V s+ in IV plus Cu + in 1C. 
Therefore, the cut-off edge should move to higher 
energy if it was either due to Cu + or to V s+ ions. 
Hence, it is suggested that there is a strong inter- 
action taking place between different TM ions 
facilitating the formation of  the C u + - O - V  s+ and 
V 4 + - O - C u  2+ associates. However, the effect of  
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Figure 8 A typical ESR spectrum of V 4+ in a vanadium glass. 
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the charge transfer bands from the individual ions 
on the observed adsorption edge cannot be ruled 
out. 

The same feature is noted for glass CF5 in that 
the cut-off edge of this glass is shifted to a lower 
energy compared to that in either 1C or 1F. 
Following the above discussion, it is suggested that 
the charge transfer processes can take place in the 
Fe2+-O-Cu 2+ and Cu*-O-Fe 3+ associates in this 
mixed glass as well. However, a definite conclusion 
about the existence of different TM ions cannot 
be made for this mixed glass as for the other two. 

3.2. ESR spectra 
3. 2. 1. Vanadium glasses 
A typical spectrum is shown in Fig. 8. In contrast 
to the results of other workers, the hyperfine 
structure is well resolved [23, 24]. The spectrum 
can be described by an axial spin Hamiltonian 

~f = gllfJoSzHz + g• + SyHy) 

+ A , S j z  + A• + Sy/y). (1) 
The principal results of the above spin 

Hamiltonian is that the eight hyperfine components 
of the electron nuclear spin interaction have 
envelopes with divergencies at magnetic field 

positions Hil(ml) = HII(O)--AII(ml) 

A ~, 
[I(1+ l ) - m ~ ]  (2) 

~,(O) 

and shoulders at positions 

H• = n ~ ( O ) - A ~ ( m ~ )  

(A~ +A_~) 
[1(1+ 1)--m~] .  (3) 

4Hj_(O) 

Here m I is the nuclear magnetic quantum number 
ranging from - -7 /2  to + 7/2; Hil(O)=hv/gu{3 o 
and H• = hv/g.l.[3o, where v is the spectrometer 
frequency. The extreme points which are relatively 
pure can readily be identified on the experimental 
spectrum; we observed five perpendicular com- 
ponents and six parallel components as shown in 
Fig. 8 for different values ofrn I. 

The spin Hamiltonian parameters (g• gll, A• 
and All ) were calculated by an iterative procedure 
giving the best fit to the quadratic Equations 2 and 
3; and are given in Table II. The 60% confidence 
limits, determined by normal statistical methods, 
were maximum + 0.0009 for the g-values and -+ 0.4 
for the A-values. It is seen from Table II that there 

is a slight increase in g_L, while gn shows a steady 
decrease from glass 1V to 3V. The values of both 
A• and All increase between glasses 1V and 3V. 
These results are quite similar t o  those reported 
earlier [1]; however, there is a slight difference in 
the g- and A-values results due to different redox 
ratios in these three glasses compared to those of 
their counterparts studied in the previous work. 
The present results can also be interpreted as the 
V 4§ ion being complexed as a VO 2§ ion within a 
tetragonally distorted octahedral site, which is 
consistent with the results of the absorption 
spectra, and the V4§ bonding becomes increas- 
ingly covalent with increasing V2Os content. 

From the analysis of the above results, it is 
found that there is a considerable amount of 
covalency. Therefore, taking the covalency of the 
V~+-O bonds into consideration 

g• = ge [1 -- (~2fX/E,) I  (4) 

gll = go [1 - (4~2~VE2)1  (5) 

Aj_= P[/32 ( 2 + K ) -  ~-~ Ag• (6) 

where K is proportional to the amount of isotropic 
Fermi contact interaction, z2~g• = ge --g• z~gll = 
ge--gll and P = 2~O~NTo(dxy Ir -3 Idxy). I~N is the 
nuclear magneton, 7o is the gyromagnetic ratio, ge 
is the free electron value equal to 2.0023, E1 and 
E2 are the energies of the transitions b2 ~ e* and 
b 2 ~ b~ respectively. 

The expressions (1- -72)  and ( 1 - - a  2) are 
degrees of covalency; the covalency increases as 
their values increase, the former gives an indi- 
cation of the influence of the 1r-bonding between 
the V 4§ ion and the vanadyl oxygen; while the 
latter indicates the influence of the o-bonding 
with equilateral ligands; here /32 is a measure of 
the in-plane rr-bonding with the equilateral ligands, 
which is taken to be equal to 1 for many oxide 
glasses containing VO 2§ ion, as the b2 orbital is 
assumed strictly non- (in-plane rr) bonding [25]. 

Taking f12= 1 and assuming X = 2 4 9 c m  -1 
[26], the values of (1 _3,2) and ( 1 - - a  2) were 
calculated from Equations 4 and 5 using the peak 
frequencies from the observed absorption spectra 
of these glasses, and are given in Table II. It is 
seen that, while (1 -- ~,2) remains almost constant, 
the values of ( 1 - - a  2) decrease. This means that 
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the degree of covalency of the mbonding decreases 
with increasing V2Os content. However, further 
analysis of the hyperfine tensor components show 
a reverse trend. From the molecular orbital theory, 
it can be shown that the components A j_ and All 
consist of the contributions A~_ and All of the 3dxy 
electron to the hyperfine structure and the P~2K 
term arising due to the anomalous contribution of 
the s-electrons. Equations 6 and 7 can be split into 
their component parts 

A• = P ~2 _ _~ Ag -- P~2 K = A • -- P{J2 K 

(8) (4 3) 
All = -- P / 32 +&gll +~zxg• 

--P~ZK = All--P~2K.  (9) 

The values of A~_ and All were calculated using 
the above equations and are also given in Table II. 
It is seen that both these parameters show a 
steady decrease between glasses 1V and 3V indi- 
cating an increase of  covalency in the V4+-O 
bonds with increasing V2Os content. The decrease 
of the anisotropic contribution of the 3dxy 
electron to the hyperfine splittings is brought 
about by the increasing screening of the 3dxy 
orbital from its nucleus through overlap of the 
electron orbits of the surrounding oxygen ligands. 
This produces an expansion of the 3dxy orbital 
resulting in a decreased interaction of this magnetic 
electron with the vanadium nucleus. 

3. 2. 2. I r o n  glasses 
The spectrum of glass 1F is shown in Fig. 9, which 
is similar to that of glass 2F. There is only one 
resonance observed at g = 4.3. This spectrum is 
described by the usual spin Hamiltonian 

~f = OoH.g.S + D[S~ -- 1/3S(S + 1)] 

+ E(s  - (1 o) 

where the crystal field parameters D and E deter- 

mine the resonance positions. The resonance at 
g = 4.3. arises due to the transition within the 
middle doublet among the three Kramers doublets; 
the other resonances at 6.0 and 2.0 arise due to 
the transitions in the lowest doublet; this has been 
discussed by various authors [27, 28]. 

The g = 4.3. resonance was ascribed by many 
authors as due to the tetrahedral Fe 3* ion [29-  
32]. But Kurkjian and Sigety [27] suggested that 
both tetrahedral and octahedral Fe 3+ ions with 
rhombic distortions could produce this resonance. 
The latter view was also supported by Loveridge 
and Parke [28]. In this work we shall call these 
Fe 3* ions, responsible for this resonance, as 
"distorted". Although the spin Hamiltonian para- 
meters have not been calculated from the observed 
spectra, the values of D were found to range be- 
tween 0.24 and 0.32cm -1 in different borate 
glasses [28], which represents the rhombic dis- 
tortion of the Fe 3* ions. 

No resonance at g = 2.0 was observed, but a 
little background absorption is apparent in the 
higher field region for glass 1F; this background 
absorption was relatively more marked for glass 
2F, presumably due to the higher concentration of 
Fe 3* ions. The integrated intensity of the observed 
resonance was calculated as (I x AH 2), where I is 
the peak to peak derivative intensity in some arbi- 
trary units and AH is the peak to peak width in 
Gauss. The values for I and AH were obtained 
fitting the spectra with a differential Lorentzian 
function. The values of the functional constant 
were iterated by providing the initial values from 
the line shape analysis, and the values of  AH were 
also iterated within + 15% to obtain the best fit 
of the I values with those of the experimental 
spectra. The values of (I x AH 2) and &//for  glass 
2F are almost half those for glass 1F. This means 
that in glass 2F there may not be any spin-spin 
interaction, because that should increase the line- 
width. The g = 4.3 resonance was observed in dif- 
ferent borate glasses containing a high concen- 
tration of Fe203 by various authors [28, 32], and 
no mention was made about the spin-spin inter- 
action. Therefore, the observed decrease in the 
values of (I x z3J-/2) and &H could be ascribed to 
the decrease of the number of "distorted" Fe 3* 
ions from glass 1F to 2F. 

1:5 H- io 13 3:6 319 
Mognetic field (kG) 

Figure 9 The g=  4.3 resonance due to Fe 3+ in glass IF. 

3.2 .3 .  Copper-g lasses 
The spectrum for glass 2C is shown in Fig. 10. The 
Cu 2+ ion has a nuclear spin 1 = 3/2 and therefore 

198 



i.3 2'.6 2~9 312 3.'5 
Mognetic field (kG) 

Figure 10 The ESR spectrum due to Cu 2+ of glass 2C. 

i8 

( 2 / +  1) or four perpendicular and four parallel 
hyperfine components should be observed. How- 
ever, as seen in Fig. 10, four weak parallel com- 
ponents are observed in the lower field region; but 
the perpendicular components are not observed at 
all in the higher field region, because of a high con- 
centration of Cu 2+ ions in this glass. Glass 1C, 
which has a lower concentration of Cu 2+ ions than 
that of glass 2C, showed a similar type of spectrum 
except that the shape of the spectrum was more 
symmetric and the intensity of  the central reson- 
ance line was lower than that of  glass 2C. 

The Cu 2+ spectrum can be described by the 
same axial spin Hamiltonian as the V 4+ ion 
(Equation 1). The peak positions may be related 
to the principal values of the g and A tensors by 
[33] 

hv = gtlfloH + mlAII 

+ ( I +  1)- -m~ 2gll13oH 

h~, = g• + tarA• 

+ [I(I + l)--m~] A~ + A~4g~3oH " (12) 

Since the perpendicular components were not 
resolved, the values of A• could not be deter- 
mined. The values of gll and AII were first esti- 
mated from the positions of the first two peaks in 
the lower field region by Equations 11 and 23, and 
the value of g.L was estimated by a fitting procedure 
[34]. The values are given in Table II. These values 
suggest that Cu 2+ ion is in a distorted octahedral 
site [35], and this is consistent with the results of 

the absorption spectra. However, the estimated 
errors (maximum _+ 0.009 for the g-values and 
-+ 1.5 for the All values) for the parameters are too 
high to deduce anything about the change of 
covalency with Cu20 content. Even considering 
the errors, it could be suggested that Cu 2+ ions are 
relatively more distorted in glass 1C than in 2C, 
as also observed by the change of position of the 
absorption peak between glasses 1 C and 2 C. 

3.2.4. Glasses containing mixed TM oxides 
3.2.4.1. Iron-vanadium Glasses. The spectra of 
the first five F e - V  glasses (from the vanadium 
end) are shown in Fig. 11. It is seen that these five 
glasses show the symmetric resonance due to Fe 3+ 
at g = 4.3. (it was, in fact, observed in all nine 
glasses), but the hyperfine structure due to V 4+ is 

" ~ / / ' ' - - - - ' ~ ' ~  FV5 

t - - _ _  i , / }  ~ ~ ~ ~ J 

1.3 1.5 3.0 3.3 3.6 3.9 4.1 
Magnetic field (kG) 

Figure 11 The ESR spectra due to V 4§ and Fe 3§ in mixed 
Fe-V glasses. 
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only observed dearly for the first two glasses FV1 
and FV2 and less clearly for the other three 
(FV3-FV5). After glass FV5, no hyperfme struc- 
ture was observed at all. Instead, a broad back- 
ground became more marked in the higher field 
region, presumably due to Fe a§ as in the glasses 
containing only iron. Both the intensity and the 
line-width of the Fe 3+ resonance decreased with 
increasing Fe2Oa (i.e. decreasing V2Os) content. 
This behaviour, coupled with the observation that 
the intensities of the V 4+ hyperfine components 
decrease with composition, suggests that there is a 
considerable interaction between Fe 3+ and V 4+ 
ions which obscures the hyperfme structure of the 
latter. However, the ESR spectra show that V 4§ is 
certainly present in glasses FV1 to FV5, and it is 
probably present in glasses beyond FV5. 

From the V 4+ hyperfme structure of glasses 
FV1 to FV3, the ESR parameters were calculated 
according to the method described in Section 
3.2.1. and are given in Table II. The calculation for 
glasses FV4 and FV5 gave considerable errors and, 
therefore, they were excluded from the analysis. 
The maximum error for the g-values was + 0.0011 
and -+ 0.7 for the A-values. It is seen that, while 
gll increases slightly compared to that in glass 2V, 
gl shows a considerable decrease. This indicates a 
decrease in covalency or tetragonal distortion 
along the V4+-(vanadyl) oxygen bond in the 
mixed glasses with very little substitution (from 1 
to 3%) of V2Os by Fe203 in glass 2V. The values 
of both AI and A II also show a significant decrease, 
while those of A~_ and All show a considerable de- 
crease from glass 2V to glasses FV1, FV2 and FV3. 
This indicates a decreased interaction of the 3dxy 
electron with the V 51 nucleus. The g-values show 
that a small replacement of V2Os by Fe203 in 
glass 2V involves a considerable change in V 4+-- 
(vanadyl) oxygen bonding without significantly 
altering that along the V 4§ and equilateral ligands. 
It is thought that this trend should be followed 
through the whole series of Fe -V mixed glasses. 

Taking the values of E1 and E2 for glass 2V 
(Table I) and using Equations 4 and 5, the values 
of (1 - -72)  and ( 1 - - a  2) were calculated for 
glasses FV1 to FV3 as shown in Table II. It is seen 
that, while (1--or 2) remains almost constant, 
(1 - -3  '2) decreases from glass 2V to the mixed 
glasses FV1 to FV3. This again shows the change 
in covalency of the vanadium-oxygen bonding. 

Using Equations 4 and 5, the ratio 

AglllAg• = (4a 2/~ ~) (~1/~2) 
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which eliminates the variable quantities, ~t and/~2, 
and hence the uncertainities in their values, can be 
taken as a measure of tetragonality [26]. This will 
provide a more meaningful estimate of the sym- 
metry of the octahedral V 4+ site. Although the 
bonding parameters 72 and a 2 are involved in this 
expression, their values would not affect E1 and 
E2 so much that Agll/Ag • is invalidated as a 
measure of tetragonality. The values of this ratio 
for the vanadium and Fe -V mixed glasses are 
given in Table II. Lower values of this ratio in the 
mixed Fe -V glasses compared to those in vana- 
dium glasses again show the improvement of the 
octahedral symmetry of the V 4+ site in mixed 
glasses. 

The g-values show that the interaction between 
the electron and nuclear spin moments should in- 
crease significantly both along the perpendicular 
and parallel orientations, i.e. the 3dxy electron 
should be increasingly localized on the vanadium 
nucleus in the mixed Fe -V glasses. However, the 
hyperfme structures are progressively destroyed in 
these glasses, and the values of A~_ and All show a 
steady decrease. This implies that a process of 
nuclear relaxation may take place in the vanadium 
nuclei when V2Os is replaced by Fe203 in glass 
2V. A similar observation was made in a barium 
borate glass containing V 4+ and Co 2§ ions by 
Bogomolova et aL [10]. 

Since Fe 2§ ions having a very short spin-lattice 
relaxation time are also present in the mixed F e -  
V glasses, they can interact with the V 4§ ions 
(having longer spin-lattice relaxation t ime)via  
cross-relaxation processes between two spin 
systems [36]. However, this point should be veri- 
fied by low temperature measurements. Another 
possibility is that there is a process of spin dif- 
fusion within the vanadium spin system. Following 
Bogomolova et al. [12], when the intensities of 
the lines corresponding to ml = + 7/2 were com- 
pared, they showed a steady decrease with increas- 
ing Fe2Oa content; it was assumed that the num- 
ber of V 4+ ions contributing to the spectra does 
not change significantly. This behaviour could be 
related to a process of spin diffusion which results 
in a progressive disappearance of the V 4§ hyperfme 
structure. 

The above possibilities could be thought to be 
more prominent up to glass FV5, after which the 
influence of the Fe 3§ ion would be more marked. 
Although there are various types of interaction 
taking place in this system, it is suggested that the 
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Figure 12 The integrated intensity (I • AH 2) of the g = 
4.3 resonance against mol% F%O 3 for mixed Fe-V 
glasses: �9 Glasses FV1 to FV9 and ~'glasses 1F and 2F. 

strong interaction between the V 4§ and Fe 3+ ions 
may result in the formation of  V 4 + - O - F e  3+ 
associates. This is thought to be facilitated by the 
formation of  less covalent V4+O6 units in the 
F e - V  mixed glasses. 

In order to see the changes occurring with Fe 3§ 
the integrated intensity ( / x  AH z) was plotted 
against mol% FezOs, as shown in Fig. 12. This 
shows a progressive decrease in the number of  
"distorted" Fe 3+ ions as Fe203 content increases; 
this was also observed in the glasses containing 
only iron. Assuming that the "distorted" Fe 3+ ions 
are not favourable for forming associates with V 4+, 
it is suggested that, as Fe203 content increases in 
the F e - V  mixed glasses, more o f  the less "dis- 
torted" Fe 3+ ions become available, resulting in 
the formation of  the V 4 + - O - F e  3+ associates. In a 
variety o f  glasses containing Fe 3+, the disappear- 
ance o f  the g = 4.3 resonance was associated with 
the appearance o f  the g = 2.0 resonance, which 
was ascribed to the increase in spin-spin inter- 
action with increasing concentration o f  Fe 3+ [27].  
But in our case we did not  observe any g = 2.0 
resonance. This could be due to the progressive 
coupling o f  the less "distorted" Fe a* ions with the 
V 4+ ions t o  form the associates. It could be 
thought that the change in g = 4.3 resonance was 
due to spin-spin interaction in glasses containing 
more Fe203 than in glass FV5, but this should 
lead to an increase in AH, which was not observed. 
However, a possibility of  magnetic coupling, either 
between the Fe 3* ions or between the Fe 2* and 
Fe 3+ ions, cannot be completely ruled out [37].  
More detailed work is necessary in this system to 
obtain a better understanding of  the different 
magnetic interactions. 

t i i I I i i 

2.3 2.6 2.9 3.2 3.5 3.8 4.1 
Magnetic field (kG) 

Figure 13 The ESR spectra due to V 4+ and Cu 2+ in mixed 
Cu-V glasses. 

3. 2. 4. 2. Copper- vanadium and copper-iron 
glasses. The ESR spectra for the first five C u - V  
glasses are shown in Fig. 13. It is seen that the 
hyperfine structure components, presumably due 
to both V 4+ and Cu 2§ ions, are clearly observable 
in the first two glasses CV1 and CV2 and less 
clearly in the glasses CV3 to CV5. A central asym- 
metric resonance line was also observed for all nine 
glasses, presumably due to Cu 2+ ions. This shows 
that Cu z§ ions are present in all mixed glasses; the 
V 4+ ions are also present in at least these five 
mixed glasses. After CV5, the hyperfine structure 
disappears completely. From the observed spectra, 
it can be suggested that there is a considerable 
interaction taking place between Cu 2+ and V 4+ 
ions, simply because both these ions exhibit hyper- 
fine spectra in the same region of  the magnetic 
field. Therefore, there is a considerable overlap o f  
the spectra due to both ions. An attempt to  fit the 
spectra by Lorentzian analysis was not successful 
in separating the hyperfine components for the 
two ions. 

However, by a comparison of  the spectra of  
glasses CV1 and CV2 only with those of  vanadium 

201 



and copper glasses, some hyperfme lines due to 
V 4* were identified;only two parallel components 
due to Cu 2* could be identified in the observed 
spectra. The spin Hamiltonian parameters for both 
these ions were calculated according to the 
methods described in Sections 3.2.1 and 3.2.3. 
The values are given in Table II. The maximum 
error for the g-values was + 0.012 and -+ 2.5 for the 
All values for Cu 2* ions, and those for V ~ ions 
were ---0.0015 and -+ 0.9 respectively. In the case 
of Cu 2* ions, even considering the errors, it can be 
suggested that there is a decrease in distortion of 
the Cu2+O6 octahedra, as V~Os is replaced by 
Cu20 in glass 2V, compared to that in glasses 
containing only copper (see the g-values in Table II). 

By comparing the g-values for the V 4* ions, it is 
seen from Table II that the tetragonal distortion of 
the V4*O6 octahedra in glasses CV1 and CV2 is 
much less compared with that in glass 2V. The 
values of ( 1 - 7 2 )  and ( 1 - a  2) show that the 
covalency of the vanadium-oxygen bond de- 
creases when V2Os is replaced by Cu20 in glass 
2V. However, the effect is relatively less in these 
glasses compared to that in F e - V  glasses. 

The values ofA 1 and All for both Cu 2* and V 4* 
ions show a steady decrease in the mixed glasses 
CV1 and CV2, compared with those in glasses con- 
taining only vanadium or copper; the values of A~_ 
and All for V 4+ ions show a steady decrease. This 
implies a decrease in the interaction between elec- 
tron and nuclear spin moments with increasing 
Cu20 content. Therefore, the progressive dis- 
appearance of the hyperfme structure could be 
interpreted as due to a process of  nuclear relax- 
ation in the vanadium nucleus and possibly in the 
copper nucleus as well. 

This disappearance could be also due to spin 
diffusion within the vanadium spin system, as ob- 
served by the decrease of  the intensities of the 
m1 = + 7/2 lines with increasing Cu20 content. 
This process possibly takes place within the copper 
spin system as well, because the intensity of  the 
mt = - -3 /2  line was also found to decrease with 
increasing Cu20 content in the mixed Cu-V 
glasses. 

It is suggested that a considerable interaction 
takes place between the V 4§ and Cu 2§ ions facili- 
tating the formation of V4*-O-Cu 2§ associates. 
The formation of the associates could be facilitated 
by the changes in covalency of both the V4*O6 
and C'u2*O6 octahedra. These results along with 
those for the F e - V  mixed glasses give some 

support to the suggestions, made from our study 
of the absorption spectra, about the formation of 
different associates. 

In the spectrum of glass CF5 (not shown) a 
very narrow resonance around g = 4.3 was ob- 
served due to Fe 3§ ions, but no hyperfme structure 
was observed due to Cu 2§ ions. However, an asym- 
metric central resonance due to Cu 2+ ions was ob- 
served in the spectrum. The spectrum obtained 
suggests that there is also a considerable inter- 
action between Cu 2§ and Fe s§ ions in the copper-  
iron mixed glass. A more detailed work on this 
system is in progress. 

4. Conclusion 
The analysis of the optical absorption and ESR 
spectra of  the mixed TM oxide glasses, in relation 
to those of the single TM oxide glasses, show the 
presence of all the possible valence states of two 
TM elements. In all the mixed glasses there is a 
considerable interaction between the TM ions 
present. It is suggested that there is a formation of 
different associates composed of two TM ions, one 
from each TM element, with one oxygen ligand. A 
more detailed spectroscopic study is necessary to 
elucidate the interaction between ions of different 
TM elements in the mixed TM oxide glasses with 
a wide variety of  compositions, and consequently 
correlate with the electrical data, since the semi- 
conducting behaviour of  these glasses is very 
interesting. 
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A recent M6ssbauer experiment on mixed F e - V  glasses suggests that there is a pronounced structural change taking 
place with both the Fe 2+ and Fe 3+ ions when V~O 5 is replaced by Fe203. The results will be published when the 
analysis is complete on the whole series of glasses. 
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