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even and odd isotopes of Mo’* in tungsten phosphate
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Abstract. By computer simulation of the electron spin resonance spectra of even and odd
isotopes of Mo®™ in WO ;-BaO-P,0; glasses of various compositions, the characteristics of
the distributions of g values and hyperfine structure parameters have been deduced. Using
these data, the characteristics of the distributions of energy level splittings and bonding
parameters of Mo®* are separately determined. Variations of these parameters in relation
to the glass composition are discussed. The magnitudes of the relative distribution widths,
approximately 10% for the energy level splittings and a few per cent for the bonding
parameters, reflect the degree of short-range disorder in the environment of Mo®* ions.

1. Introduction

According to the random network model (Zachariasen 1932) the structure of glass
consistsof well ordered corner-sharing coordination polyhedra of network-forming ions;
network modifiers occupy voids of the resulting structure and therefore, presumably,
possess no distinct type of environment. However, recent extended x-ray absorption
fine structure (EXAFS) (Greaves 1985, Studer et af 1986) and electron spin resonance
(EsR) (Kliava 1986, 1988) data suggest a high degree of ordering in the surroundings of
network modifiers as well. Thus, important amendments to the traditional concept of
glass structure are required; a more adequate picture appears to be a network made of
at least two types of well ordered coordination polyhedra: those of network formers and
network modifiers, which share common corners.

In the present study, ternary phosphate glasses of the tungsten trioxide—barium
oxide~phosphorus pentoxide system (WO;—BaO-P,0;) have been investigated using
the structure-sensitive ESR method.

In phosphate glasses, the structural role of phosphorus as the network former and
that of an alkaline-earth ion, e.g. barium, as the network modifier is well established
(Rawson 1967). However, the presence in the glass of the third component, tungsten
trioxide, greatly complicates the problem of understanding the structure of ternary
phosphate glass. Therefore, it seems interesting to investigate the correlation between
the composition and structural properties in such glasses. Earlier studies by Bielis and
Millere (1977) on this system, as well as on the related one, WO;—CaO-P,0; (Bielis and
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Figure 1. Compositions {mol%) of glass samples
indicated on the ternary phase diagram of the
WO;-BaO-P,0;system. Areas ousside the glass-
forming region, bounded by the irregular and
dashed lines, are shaded. The orthophosphate
line connects the 75W0,; 25P,0; and
75800 25P;0¢ 75BaQ - 25P,0Q; points.

P05

Millere 1975}, indicate that the glass-forming region in the tungsten trioxide—alkaline-
earth oxide-phosphorus pentoxide system (see figure 1) consists of two subregions. The
boundary between these subregions coincides with the orthophosphate line cor-
responding to the molar compositions (75 — x)WO;- xBaQ - 25P,05 (0 < x < 75). With
glasses containing more than 25% of phosphorus pentoxide no detectable crystallization
occurs, whereas glasses with smaller P,O5 content possess a high crystallization ability.
The existence of these two subregions is indicative of different structural roles of
tungsten. Bielis and Millere (1975, 1977) tentatively assumed that below the ortho-
phosphate line tungsten acts as a network modifier, whereas above this line it may take
the role of network former.

2. Samples and experimental results

Ternary phosphate glasses of the tungsten trioxide-barium oxide-phosphorus pentoxide
system of different molar compositions have been chosen for this study.

The relation of these compositions to the glass-forming region in this system is shown
in figure 1.

With no special doping of the WO;~-BaO-P,0; system only the ESR spectrum of W>*
is observed in glasses of some compositions, However, its intensity depends to a great
extent on the method of preparing the glass samples. Another difficulty related to the
ESR of W3* in glass is the relative smallness of the nuclear magnetic momentum of
tungsten; as a result, the hyperfine structure (HFs) in X-band EsR spectra of W>* in
glasses is not resolved.

To overcome all these difficulties, we have carried out this study using molybdenum-
doped glasses. It is expected that Mo** and W** occupy one and the same type of site in
the plass structure (Bals and Kliava 1983). (Mo®* ion substitutes for its analogue W>*.)
In our previous studies (Bals er af 1980, Bals and Kliava 1983, Kliava and Bals 1984)
glasses doped with molybdenum trioxide containing Mo with natural isotopic abundance
(74.62% of even isotopes with nuclear spin 7 = 0 and 25.38% of odd isotopes with [ =
5/2) were used. In the present work,, isotopically enriched dopants have been used: each
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Figure 2. Representative room-temperature X- and C-band ESR spectra of WO,-BaO-
P,Q; glasses doped with isotopically enriched molybdenum trioxide (see text). The sample
compositions are given in table 1.

Table 1. Molar compositions of the glass samples.

Al A5 Bl B4 C1
WO, 5 60 3 60 40
BaO 5 5 48.5 20 40
P,0, 90 35 48.5 20 20

series of glasses has been doped with MoO; enriched with either 98.6% of Mo or 92.7%
of "Mo.

The method of preparing the glass samples was as follows. As starting materials,
reagent-grade barium carbonate, 85% orthophosphorous acid and extra-pure tungsten
trioxide ware used. The dopants were added to batches in the form of molybdenum

. trioxide (0.05 mol% over 100 mol%). Such a small amount of dopant precludes dipole-
dipole broadening of ESR spectral features. Mixtures were kept in air for 24 h, then fused
in an electric muffle (raising the temperature to 1100 °Cfor 4 h and keeping at maximum
temperature for 1 h). The melts were quenched by pouring onto a massive metallic plate.

The ESR spectra have been recorded with X-band, 9323MHz, and C-band,
4476 MHz, spectrometers at temperatures between 120 and 300 K. No appreciable
variation in the spectral shapes with temperature could be detected within this range.

Figure 2 exhibits a representative series of experimental ESR spectra from different
parts of the glass-forming region, which have been chosen for computer simulations.
Compositions of the corresponding glass samples are given in table 1. The only charge
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state of molybdenum observed in the ESR has been Mo>* (electron spin S = 1/2). Since
the spectral shapes for the even isotope, *Mo°*, at X and Cbands are very similar, only
the X-band spectra are shown in this case.

3. Calculation of spectra

The spin Hamiltonian for Mo®* ions in the case of even isotopes (J = 0) includes only
the Zeeman interaction:

¥ = pBgS (1)

where f is the Bohr magneton, B is the magnetic field and g is the g matrix. In the
case of odd isotopes (f = 5/2), the hyperfine interaction should be added to the spin
Hamiltonian:

% = BBgS + SAI (2)

where A is the HFS matrix.

In glass, the short-range disorder inherent in the vitreous state manifests itself in a
distribution of the spin Hamiltonian parameters (Peterson et al 1974, Taylor et af 1975,
Griscom 1980, Kliava 1986, 1988). Parametrization of the corresponding ESR spectra
has become feasible only with the advent of computer simulation techniques.

The general expression of ESR spectra in glass can be written as follows (Kliava 1986,
1988):

P(B) = —l—-f f P(H)W(H, Q)|dB,(H, Q)/dv | F|B — B{H, ), AB]dV(H, £2)
dx o’y

(3)

where P(H) is the joint probability density of the spin Hamiltonian parameters H =
(H\, H,, ..., Hy), W(H, Q) is the transition probability, 2 = (3, ), & and ¢ being,
respectively, the polar and azimuthal angles of the vector B in the principal coordinate
system of the spin Hamiltonian, B, is the resonance magnetic field, v, is the microwave
frequency (which is kept constant in a field-swept ESR experiment) and Fis the lineshape
with inewidth A B determined by spin—lattice and spin-spininteractions, The integration
in (3) is performed over all orientations of B, i.e. 0 < ¥ <m, 0 < ¢ <2x, and over
distributed values of H,, . . ., Hp.

In our simulations, F has been chosen in the form of a Lorentzian, while P(H) had
the form of a multidimensional Gaussian. Referring to the spin Hamiltonian (1), P(g),
the joint probability density of g values, depends on as many as nine parameters, which
are to be deduced from the computer simulations: three mean values, g, §,, §,, three
root-mean-square (RMs) deviations, Ag,, Ag,, Ag., and three correlation coefficients,
P8 8)» () 81), P(&:, &:)- In the case of spin Hamiltonian (2), P(H) in Gaussian form
depends on six mean values, g, A;, six RMS deviations, Ag,, AA;, and 15 correlation
coefficients of the type p(g;, g)), 0(A;, A)), p(g:, A)), where i, j = x, y, z. Furthermore,
for low-symmetry centres, the principal axes of g° and A? tensors do not necessarily
coincide. We are referring to ¢° and A’ tensors, since g and A in the case of lower-than-
rhombic symmetry are not true tensors {see ¢.g. Pilbrow and Lowrey 1980). In this case,
the tiiree Eulerian angles describing the mutual orientation of principal axes of g* and
A?tensors should be taken into account as additional spin Hamiltonian parameters, This
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bring about in P(H) three additional mean values and RMs deviations, as well as a great
number of correlation coefficients. Tt is evident that the number of parameters that are
to be extracted from an ESR spectrum is too high and a unique (unambiguous) set of
best-fit parameters can hardly be determined from computer simulations.

In order to simplify this problem to some extent, we confine the description of the
mutual orientation of the principal axes of g* and A? tensors to a single angle , the one
between the z axes. (Furthermore, we neglect an eventual distribution of this angle.)
Then in the principal axes system of g° tensor the HFS matrix is as follows:

A costy+A,sinyp 0 (A, —A,)sinycosy
A=]0 A, 0 . 4)
(A, —A)sinypcosy 0 A,siny+A,cos®y

Strictly speaking, this approximation provides satisfactory results only for nearly axial
symmetry of the surroundings of Mo®* ions and hence of the spin Hamiltonian,
parameters: g, = g,, A, = A,. Fortunately, the results of our computer simulations (see
table 2 below) clearly demonstrate that the difference between g, and g, is much less
than the difference between any of these valuesand g,; analogousrelations hold between
A, A,and A,. Moreover, near-to-axial symmetry is confirmed with the bulk of existing
ESR data on Mo®* in glasses (e.g. Griscom 1980, Kliava 1986, 1988).

The resonance magnetic field to second order in perturbation theory was calculated
by Golding and Tennant (1973) and Daul e af (1981). In the actual case here, the
corresponding expression reduces to the following form:

_ e 44 2 2102 2 2 2
B = 'gE — Km; - 2h—v{(L - K:Yymj; + %[TI'(A ) - L ][I(I + 1) - m;]} (5)

<

where m; is the magnetic quantum number for the nuclear spin,
K? = [GHAL + AL) + GIAL + GI(AZ + AL)

+2G,G.AL(Ay + AL)/GE + G + GY) (6)
L? = {Gi[(A% + AL + AL(A. + A)] + GI45,

+ GHALMx +4.) + (4 + AL)Y]

+2G,G AL (Ax + ALY AL + AL +240)1/IGH(AL + AL)

+ GiAL, + GHAL + AL) +2G,G,A (A, + AL)) (7)
and

Tr(A?) = A2, + A% + AL + 242, (&)

HereG; = g;l,i = x,y,z,l, = sin § cos @, 1, = sin ¥sin @, I, = cos $and A;areelements
of the HFS matrix.

In spite of the assumptions made above, the number of simulation parameters in the
case of the spin Hamiltonian (2) still remains too high. Therefore, for the natural isotopic
abundance of molybdenum, no reliable estimation of HF$ parameters is feasible. Yet,
with isotopically enriched molybdenum, a gradual (two-step) parametrization can be
carried through. At the first step, by computer simulating the ESR spectrum of the even
isotope, **Mo’*, the g;, Ag; and p(g;, g;) parameters are determined. At the second step,
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Figure 3, Results of computer simu-
lations of the *Mo®* (X band) and
Mo** (X and C bands) ESR spectra
in Al glass. Full curves: the exper-
imental spectra. Broken curves:
the computer-generated best-fit
spectra. The simulation parameters
are given in table 2. Inset; dis-
tributions of g values and HFs par-
ameters scaled in proportion to
their relative contributions to the
g1im resonance magnetic fields.
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the remaining parameters are deduced from computer simulations of the ESR spectrum
of the odd isotope, “Mo**, in glass of the same composition.

The accuracy of parametrization can be further enhanced by carrying out the simu-
lation of spectra recorded at two different microwave frequencies. One can see from
figure 2 that the spectral shapes for “Mo®* are totally different at X and C bands, while
the spin Hamiltonian parameters involved should evidently be the same.

Figures 3 and 4 illustrate the results of computer fitting to the experimental EsR
spectra. The best-fit parameters obtained are summarized in table 2.

4. Discussion

4.1. Symmetry of ‘average’ paramagnetic sites

We begin our analysis with mean spin Hamiltonian parameters, a full set of which
describes an ‘average’ paramagneticsite, i.e. one characterized by structural parameters
obtained by statistically averaging over the whole ensemble of Mo®* sites in a glass
sample.

From the general aspect of ESR spectral shapes (see figure 2), as well as from the best-
fit parameters summarized in table 2, mainly from the HFS matrix elements, the existence
of two somewhat different Mo®* sites can be inferred. The first site is observed befow
the orthophosphate line, i.e. in Al, A5 and Bl glasses, while the second site pre- "
dominates above the orthophosphate line, in B4 and C1 glasses.

A comparison of the g; values, as determined from the computer simulations, with g
values characteristic of Mo** ions having different coordination numbers, C=4, 5, 6
(Latef et al 1987, Louis and Che 1987), leads one to opt for C between 5 and 6. This
value is consistent with a molybdenyl compliex, in which case one molybdenum-oxygen
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Table 2. Best-fit parameters of the joint probability density P(g, A) for Mo** in W0,-BaQ-
P,0; glasses (the HES parameters are given in 1074 T)2.

Al AS Bl B4 C1

z 1.937(2)  1.935(2)  1.939(2)  1.934(2)  1.934(2)
2, 1.928(2)  1.924(2)  1.920(2)  1.913(2)  1.913(2)
z 1.874(2)  1.865(3)  1.887(2)  1.849(2)  1.865(2)

Ag,  0.0067(3) 0.0070(3) 0.0082(3) 0.0098(3) 0.0110(3)
Ag,  0.0095(3) 0.0095(3) 0.0078(3) 0.0141(2)  0.0140(3)
Ag,  0.0097(3) 0.0179(3)  0.0093(3)  0.0215(3)  0.0185(3)

A, 54(2) 48(2) 53(2) 49(2) 53(2)
A, 42(3) 42(3) 39(3) 35(3) 30(3)
A, 104(1) 104(1) 100(1) 93(1) 87(1)
AA, 6(2) 7(2) 6(2) 5(2) 8(2)
A4, 42) 6(2) 4(2) 5(2) 8(2)
AA, 6(1) 8.5(10) 6(1) (1) 9.5(10)

* Figures in parentheses are the standard errors in the last digit. The correlation coefficients
between different spin Hamiltonian parameters lie within the limits—0.5to +0.5. g = 0(5)°,

bond is substantially shortened, while oxygen occupying the trans position to the first
one is located at a much longer distance than the remaining ones (or is even altogether
absent) (Griscom 1980, Studer ez al 1988). Consequently, a tungstyl-type surrounding
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Figure5. Degreesof axial and rhombic distortions
as functions of glass composition. & and p are
defined in equations (9). The straight lines are
guides to the eye.

Figure 6. Energy level scheme for a molybdenyl
complex of C,, symmetry. Asterisks mark anti-
bonding orbitals. n-bonding with equaterial
ligands is neglected for simplicity. The unpaired
electron occupies the B; arbital.

can be inferred for W¥* ions in these glasses. Note that the above-mentioned data on
crystallization of ternary phosphate glasses also provide evidence in support of sixfold
coordination of tungsten. -

Variations of the g values for Mo®* ions with glass composition (see table 2) can be
characterized by the degree of axial distortion, &, and the degree of rhombic distortion,
o, determined as follows:

a=%(§x+gy)_§z p=(gx_gy)/w' (9)

Analogous parameters can be defined for the A matrix elements; however, these
would be of less use, since anisotropy of the g matrix is directly related to symmetry of
a paramagnetic centre, whereas anisotropy of the A matrix to a first approximation is
due to dipole—dipole interactions. Parameters « and p are shown in figure 5.

The Al glass network for the most part is formed by phosphorus—oxygen tetrahedra.
Because of their low concentration, tungsten ions here are supposed to act as network
modifiers, building themselves among PO, structural units. In this glass the most prob-
able next nearest neighbours (atoms of the second coordination shell) of tungsten, and
presumably of molybdenum, are phosphorus atoms, In A5 glass the most probable next
nearest neighbours of tungsten (and molybdenum) are both phosphorus and tungsten.
In B1 glass the likely pretenders to this role are phosphorus and barium. In B4 and CI
glasses all three ions, phosphorus, tungsten and barium, are supposed to occupy the
second shell of Mo®* with comparable probabilities (if one assumes a purely statistical
(random) distribution of these ions in the glass structure).

The above considerations can to a certain extent account for the observed variations
inthe degree of distortion of the Mo’* surroundings with glass composition (see figure 5).
Indeed, the lowest degree of rhombic distortionis observed in Al glass, the intermediate
onesin A5, B4 and C1 glasses and the highest one in B1 glass. A comparison of the ionic
radii of eventual next nearest neighbours of Mo®* ions, i.e. PS* (0.31 A), W (0.76 A)
and Ba?* (1.49 A) (Shannon and Prewitt 1969), indicates that rhombic distortion of
coordination polyhedra of molybdenum is due to the difference in size of ions forming
the second coordination shell of the paramagnetic ion.
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The dependence on glass composition of the parameter a exhibits a more complex
behaviour. Attention is drawn, first of all, to the fact that & has the lowest value in Bi
glass, intermediate onesin Al and C1 glasses and the highest valuesin AS and B4 glasses
(see figure 5). Thus, it can be concluded that one of the main causes of axial distortion
in the environment of molybdenum and, presumably, of tungsten is a high tungsten
oxide content.

4.2. Estimation of the mean bonding parameters

In order to gain further insight into the observed variations of the spin Hamiltonian
parameters with glass composition, we can calculate the concomitant variations in the
bonding parameters, using the molecular orbital approach. Since the symmetry of
‘average’ paramagnetic sites of Mo®* in ternary phosphate glasses turns out to be nearly
axial (see table 2), one can denote

g-l=§(g:x+g-y) g_ﬂ=g_z
AJ.=%(AX +"4y) AH:Az
and further consider axially symmetric ions having d’ electronic configuration, C,,

symmetry and hence d,, ground state. In this case the molecular orbitals involved (De
Armond ef al 1965, Hecht and Johnston 1967) are (see figure 6):

|B2>=ﬂ2|dxy>+ﬁ£lb2>
gldy,) + €'le,)

E =

IE} Ji.-zldy,)+:s'[ey)r

IB1>=ﬁI|dx2—y2)+6{|b!>

where the mon-primed and primed coefficients determine, respectively, the con-
tributions of the Mo orbitals and of ligand orbitals (group orbitals of appropriate
symmetry).

Approximate expressions describing the relationship between the spin Hamiltonian
parameters and the covalent bonding parameters can be written as follows (De Armond
et 2l 1965, Hecht and Johnson 1967):

(10)

(11)

g =g.(1 — 4AB1B3/E)) (12)
81 =8.(1 — ABie?/E)) (13)
Ap=P[-Bic+ N +g — g + (g, — 8)] (14)

= P[—B3(x — #) + Hr(g, — gJ)] (15)

where g, = 2.0023, A is the spin—orbit coupling constant, 8,, 8, and € describe, respect-
ively, the covalency of ¢ and & bonding with equatorial ligands and z bonding with polar
ligands, Ey = E(B}') — E(B;) and E, = E(E*) — E(B,) are splittings between the cor-
responding energy levels, P is the dipolar term and x is the Fermi contact term, which
accounts for the isotropic HF interaction.

To estimate the mean bonding parameters, the following values have been used (in
cm™'); P = —55 X 107%, 4 = 820 (Che et/ 1979). In connection with the choice of £jand
E, afew remarks should be made. Since in tungsten phosphate glasses the molybdenum
oxide content is low, these parameters cannot be directly determined. Indeed, as one
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Table 3, Characteristics of distributions (mean values and root-mean-sguare deviations) of
the encrgy level splittings (in cm™') and bonding parameters for Mo** in WO;-BaO-P,0,
glasses obtained from computer simulations of the ESR spectra®,

Al A5 Bl B4 C1

B 0.993 0.999 0.978 0.936 0.370
E? 0.433 0.461 0.396 0.549 0.530
£ 0.643 0.667 0.681 0.769 0.828
g 1.164 1.128 1,138 1.036 1.051

AE 1090 2320 1220 2320 . 1880
1660 2870 1770 3080 2960
AE, 1520 1240 1400 is00 1800
1740 1690 1650 270 3

ABE 0.140 0.054 0.040 0.081  0.064
0.0133 0.0144 0.0137 0.022  0.0154

Ax 0.084 0.099 0.086 0.083 0.157
0.073 0.051 0.075 0.0680 0342

* Forall samples E‘n = 23000, E, = 15000 have been assumed. The values of AE, AE,, AB}
and Ax above and below the horizontal bars correspond, respectively, to p(h, k) = 0 for
i # jand to p{h,, h,) chosenin accordance with (22). Values of AB and Ag? can be estimated
using equations (21).

can see from the optical absorption spectra obtained by Selvaraj and Rao (1988), for
Mo*+ and W+ the optical bands due to the d-d transitions, in contrast to the ESR bands,
overlap almost completely. Selvaraj and Rao (1988) and Studer e af (1988) believe that
the split absorption band of Mo®* and W>* in the range between approximately 11000
and 18000 cm™' comprises both B;— E* and B,— B} transitions (see figure 6).
However, these authors do not take into account the fact that, as our SR data have
demonstrated (see Bals ez al 1980, Bals and Kliava 1983, Kliava and Bals 1984, table 2
in present paper), the actual symmetry of Mo®* (and W>"}is lower than axial. Therefore,
our belief is that the above-mentioned absorption bands correspond to B;— E* tran-
sition split by the rhombic component of the ligand field. If this is the case, the B;—
B} absorption band should occur at much higher energies, presumably, around
25000 cm™! (Goldstein et af 1987). Unfortunately, in the same range ligand-to-metal
charge transfer bands can be observed (see e.g. Selvaraj and Rao 1988).

So, for E and £, we have chosen the following values (in cm™): EH 23000, E,
15000. These values can be considered as typical for molybdenyl ions with o;_cygen
ligands (see Che et al 1979, Goldstein et af 1987, Serwicka 1984). Assuming that £ and
E | donot vary appreciably with glass composition, we get the mean bonding parameters
summarized in table 3 and shown in figure 7 versus the content of phosphorus pentoxide.
The magnitudes of variations in 8} and £2, as can be seen from equations (12) and (13),
would be somewhat altered if the aSSumptlon of constant energy level splittings was
rejected. However, for any reasonabile size of variations in EII and E_ with glass com-
EZ)Slthn the general tendencies would remain the same: ;32 {and K) increase as _é_l and

decrease (see figure 7). At first sight, this seems rather unusual since higher B3 (and
K) values correspond to less covalent bonding, while lower ,Bl and ¢ indicate a higher
degree of covalency. Such behaviour can be accounted for on the basis of the following
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reasoning. Itis evident that phosphorus—oxygen bonds are more covalent in comparison
with barium-oxygen or tungsten—oxygen bonds. Therefore, in the latter cases a higher
absolute value of negative charge on the oxygen ligands is expected. Consequently, in
glasses with lower phosphorus pentoxide content, where the probability of finding
barium or tungsten in the second shell of Mo®* is higher, stronger molybdenum-oxygen
bonding and shorter mean Mo—Q interatomic distances should occur. A similar con-
clusion has been reached by Studer er a/ (1986) in relation to W** ions in phosphate
glasses.

Thus, two opposite trends can be, in principle, observed for the mean bonding
parameters, as the glass composition is varied. On the one hand, for shorter Mo-O
distances, the density of the unpaired electron of Mo>* on the ligands should increase.
On the other hand, owing to a concomitant increase of negative ligand charge, the
density of the unpaired electron will be repelled from the ligands onto the central atom.

It is evident that the first trend should predominate for those Mo®* orbitals which to
alesser extent overlap with the ligand orbitals, namely, for the ground B, state. Indeed,
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one can see that the parameter B3, which describes the contribution of the d,, Mo™
orbital to the ground-state molecular orbital, increases in glasses with higher phosphorus
pentoxide contents (hence, presumably, with shorter mean Mo—0 distances). On the
contrary, for Mo®* orbitals overlapping to a greater extent with the ligands, the pre-
dominant effect should be the electrostatic repuls:on This is the case with the excited
states E and, especially, B,: the parameters ¢ £2 and ﬁl , which describe the contributions,
respectively, ofd,,(d,,) and d,2_ ,»Mo** orbitals to the corresponding molecular orbitals
(see equations (11)), decrease as the phosphorus pentoxide content increases, in agree-
ment with the presumed decrease of electrostatic repulsion.

4.3. Electron spin resonance and disorder of the glass structure

From equations (12) to (15) it is seen that the distributions of the g values and HFs
parameters for Mo™ , in principle, can be related to distributions of energy level splittings
and bonding parameters.

In previous aitempts to obtain numerical estimates of disorder parameters in glasses
from EsR data, the distributions of either energy level splittings (Froncisz and Hyde
1980, Momo et af 1984) or bonding parameters (Bals and Kliava 1983, Kliava and Bals
1984) were neglected. Nicula and Culea (1987) estimated the distribution widths of both
g and A for V** ion in oxide glasses using rather arbitrary assumptions concerning
the distributions of energy level splittings and bonding parameters. Their estimates,
however, have not been tested by computer simulations of the ESk spectra.

In the present study, we have attempted to evaluate the distribution widths of both
energy level splittings and bonding parameters. The following general expression has
been used:

E z ( ah Bh )A-’hAh,p(h,.h,) i ’ (16)
b= h k= R

where k; and #; are random parameters Ey, E,, B3, B3, € and k, Ak, and Ah; are their
rMS deviations, and p(k;,, k) are correlation coefficients, p(h;, 11,) = 1.
If all correlation coefficients for i # j are equal to zero, equations (12) to (16) result
in
(Ag))* = (64A%/Ef)((BT BIAE/Ey)? + (BTAB): + (BZABDY  (17)
(8g.)* = (423 /ED)[(BE €PAELJEL)? + (BIAL)® + (7ABD]  (18)

(AA41/P)* = (x + (A + (BFAK) + (Ag)) + Fu(Ag.,)’ (19)

(AA/PY = (x — B (AF3)” + (FRAK) + Hh(Ag. ). (20)
Making natural, though somewhat arbitrary, assumptions that
(8B3/B) = (AB3/BY) = (A /eT) @

one can soive the resulting system of equations for AE), AE,, Af] and Ak. The results
of these caleulations are listed in table 3.

In order to estimate the influence exerted on these parameters by non-zero cor-
relations between different random variables, the following set of p(h;, h;) can be
considered:
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hy

h; E E, i3 g? i K
E 1 1 -1 1 1 -1

1 1 -1 1 1 -1
g -1 -1 1 -1 -1 1 (22)
£? 1 1 -1 1 1 -1
B3 1 1 -1 1 -1
K -1 -1 1 -1 -1 1

Such a choice of signs of the correlation coefficients is consistent with the reasoning
presented and the tendencies described in the previous section, as well as taking into
account the obvious fact that the energy level splittings increase as the negative ligand
charge is increased and/or the Mo-O distance is shortened.

In this case, one obtains from equations (12) to (16) and (22):

Agy = 8ABIPIAE|/E} (23)
Ag, =203’ AE, JE? (24)
AA/IP| = (& + HABE + BIAK + Agy + 3Ag, (25)
AA /IP| = (£ - $)ABE + B3AK + HAg,. ©(26)

The results of solving the system of equations {23) to (26) are also listed in table 3,

It should be understood that, in reality, p(k;, &) for i # jhardly equal zero; however,
they never approach unity in absolute value. Thus, the actual values of distribution
widths of the energy level splittings and bonding parameters are believed to lie between
those corresponding to the limiting cases considered above.

Figure 8 displays the dependence of AE/E, AE, /E, and A} /B% on glass compo-
sition. One can see that both AEj and A3 and, less distinctly, AE, tend to increase as
(i) the content of tungsten trioxide is increased and (ii) the content of phosphorus
pentoxide is decreased. Note that, in spite of the pronounced dependence of the mag-
nitudes of these parameters on the choice of correlation coefficients, these tendencies
are well preserved. It can be concluded that in multicomponent glasses the degree of
short-range disorder to a considerable extent depends on the glass composition.

As is apparent from table 3, the estimates of distribution widths of energy level
splittings for various glass compositions are confined within the following limits:
5% < AE|/E < 14%; 7% < AE | [E, <16%. Those of bonding parameters do not
exceed a few per cent: 1.3% < AB%/B% < 7.5%. These findings, together with the
previous ones, namely that relative distribution widths of the Mo—O {and W-0O) bond
lengths in phosphate glasses are about 2-3% (Bals and Kliava 1983, Kliava and Bals
1984), give support to the viewpoint according to which the short-range order in glasses
is relatively well preserved.

Last, it should be pointed out that both the characteristics of ‘average’ sites and the
short-range disorder parameters for Mo’ * ions containsome indications on the presumed
dichotomy between the structural role of tungsten above and below the orthophosphate
line. On the other hand, one might argue that there are only certain gradual variations
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in the structure of the environment of Mo * ions and in the amount of short-range
disorder as the glass composition is varied.

Nevertheless, it is interesting to note that, as one can see from figure 8, Mo ions
possess a more ordered environment in glasses with high P,O; content and/or low WO,
content, in which molybdenum issupposed tosubstitute for tungsten at network modifier
sites. Atthe same time, in the region above the orthophosphate line, where molybdenum
presumably substitutes for tungsten at network former sites, a higher degree of short-
range disorder occurs. We remind the reader that an analogous conclusion has been
reached earlier in relation to two different Mn?* sites, with g = 2.0 and g = 4.3, in oxide
glasses (Kliava 1982, 1986).

5. Concluding remarks

The main problem that one has to deal with in ESR studies of disordered solids is the high
number of parameters to be deduced from computer simulations of the ESR spectra. This
may result in an ambiguity in the best-fit parameters obtained.

For some paramagnetic ions, such as Mo**, isotopic enrichment permits one, using
a gradual parametrization procedure, to determine separately the g values as well as the
HFs parameters. This substantiaily extends the accuracy and reliability of information
deduced from experimental ESR spectra.

Using acomputer simulation approach that explicitly takes into account distributions
of the spin Hamiltonian parameters, the characteristics can be determined of both the
‘average’ paramagnetic sites (degree of distortion from cubic symmetry, mean energy
level gplittings and mean bonding parameters) and of short-range disorder (root-mean-
square deviations of energy level splittings and bonding parameters). In the present
study, it has been demonstrated that in molybdenum-doped WO;—Ba(Q-P,0, glasses of
various compositions the degree of rhombic distortion of the ‘average’ Mo®* site is
related to the difference in size of atoms forming the second coordination sheil of
molybdenum, while the degree of axial distortion depends on tungsten trioxide content.
As the glass composition is varied, the mean values of bonding parameters show con-
sistent trends, which can be accounted for by concomitant variations in the Mo—O bond
lengths and in the ligand charges.

Using more or less judicious simplifying assumptions, we have been able to estimate
separately the RMs deviations of energy level splittings and bonding parameters for
Mo**. Itis shown that a rather moderate amount of short-range disorder occurs in WO;—
BaO-P,0; glasses. Concerning the presumably ambivalent structural role of tungsten
in these glasses (that of network former or network modifier), the widely acknowledged
concept of well ordered network former sites and ill defined network modifier sites is
not confirmed. Evidence is given rather in support of the opposite viewpoint.

In summary, the present study highlights the significance of next nearest neighbours
in determining the structure of a site in glass. Indeed, from the viewpoint of short-range
ordering the main consequence of varying the composition of ternary phosphate glass is
a replacement of different atoms (P, W or Ba) in the second coordination shell of an
atom in question (molybdenum). It is demonstrated that this replacement perceptibly
modifies such structural features as the degree of axial and rhombic distortion in the
environment of molybdenum ions, the covalency of metal-ligand bonds and the amount
of short-range disorder, which manifests itself in distributions of energy level splittings
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and bonding parameters. The last item implies that the short-range disorder in
multicomponent glasses is closely related to the compositional or chemical disorder.
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