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The short-range order of vitreous V,05 and of three (ZnO),(V,0s), _, glasses with x = 0.2, 0.4, and
0.5 is studied by X-ray and neutron diffraction experiments where the change of the contrast allows to
resolve the V-0 and Zn-O correlations. The V-0 and the Zn-O first-neighbor peaks are approximat-
ed by several Gaussian functions. In case of vitreous V,05 two obvious V-0 distances exist which are
related with VO, and VOs units. With ZnO additions the V-O coordination number decreases from 4.4
in vitreous V,Os to 4.0 in the metavanadate glass where the strongest decrease of the fraction of VOs
units is found for glasses of x < 0.2. Dominantly, the VOs groups are linked with the neighboring units
by corners. The Zn-O coordination numbers of the modified glasses are about five with closest dis-

tances of = 0.200 nm.

Key words: Neutron Scattering; X-ray Scattering, Short-range Order; Vanadate Glasses.

1. Introduction

The vanadate glasses belong to those oxydic materi-
als whose structures have been investigated only rarely.
Though (MeO),(V,05), _, glasses with typical network-
modifiers MeO, such as the alkaline earths, can be pre-
pared by rapid quenching in a wide compositional range
from x= 0.1 to x < 0.5, and though vanadium atoms are
good scatterers of X-rays, systematic diffraction studies
of such materials do not exist. The glasses are known as
semiconducting materials whose property is due to the
coexistence of two valence states, V** and V>*, of the
vanadium ions [1,2]. The electrical conductivity is
based on the hopping of an unpaired 3d" electron from a
V#* to a V3* site [3]. In alkaline earth vanadate glasses
the V** cations exist in fractions of about 5% and less,
such as found, e.g., in Mg and Sr vanadate glasses [4, 5].
Thus, in a first approach the V** ions can be neglected
in the structural analysis, and a binary glass with the stoi-
chiometric formula (MeO),(V,05),_, can be assumed.
When these glasses are compared with others, first one
remembers those of P,Os. Since vanadium and phos-
phorus have the same valency, one would expect some
common features in the structures. The vanadate crystals
show some structural forms being similar to those of the
phosphates. Chains formed of corner-linked VO, tetra-
hedra exist in the Ba(VOs), crystal [6]. They are similar

to the chains of PO, units found in the polyphosphates.
But different from the phosphates formed of only PO,
units, also larger VO, polyhedra occur. Edge-connected
VOs units form zig-zag chains in crystalline (c—)V,05
[7] and in ¢-Zn(VOs3), [8]. In c~V,05 the chains are
interconnected to layers. With increasing fractions of the
modifier oxide, however, the vanadium tends to form
VO, tetrahedra. With further ZnO additions also such
units occur. The pyrovanadate V,0,; groups in
¢-Zn,V,0; [9] are pairs of corner-linked VO, tetrahe-
dra.

What is already known about the structure of the van-
adate glasses? By °'V nuclear magnetic resonance
(NMR) spectroscopy of some alkaline-earth vanadate
glasses [10] the depolymerization process was studied
which occurs along with MeO additions. This process
obeys a similar scheme of breakage of V-O-V bridges
between the VO, units as known of the PO, units in the
phosphate glasses [11]. At metavanadate composition
(x=0.5), chains of comer-linked VO, units dominate.
But additionally, the more one approaches vitreous
(v—=)V,0s, a clear fraction of VOs units occurs. Similar
changes from networks of VOs units in v—=V,05 to
chains of VO, units at metavanadate composition were
found by infrared (IR) spectroscopy [12]. For the V,05
glass a layer-like structure similar to that of c—V,05 [7]
was suggested [12]. On the basis of X-ray diffraction
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(XRD) work, other authors [13] suggested a network
structure formed of VO, tetrahedra similar to that of
v—P,0s, which idea is in line with the results obtained
for the V,05 melt [14]. Molecular Dynamics (MD) sim-
ulations of v—V,05 yield a model which is dominated by
corner-linked VOs units having no terminal V-O bonds
[15]. According to our XRD measurements using Ag K,
radiation we favoured [15] the network model from the
MD simulations [15], though the V-O bond from XRD
appears a little shorter than that from MD. A subsequent
reverse Monte Carlo (RMC) analysis of our XRD data
[16] leads to mixtures of corner-linked VO5 and VO,
units [17]. As a consequence, a reasonable fraction of
terminal V-O bonds occurs [17]. Note that SV NMR
spectroscopy of v—V,05 [18] has also preferred the con-
cept of a mixture of VO5 and VO, units. The situation of
knowledge is already controversial for v—V,05 and even
less details are known of the modified vanadate glasses.

In the present work our previous XRD measurements
of v—V,05 using Ag K, radiation [16] are repeated for a
larger Q-range using the high-energy photons from a
synchrotron (Q is the magnitude of the scattering vector
with Q = 477/A sin 6, A is the radiation wavelength and 260
is the scattering angle). Details of the V-O first-neigh-
bor peak may become visible. The good resolving pow-
er should also help to separate the V-O and Me-O first-
neighbor distances of the glasses, here modified by ZnO.
The small series of vanadate glasses with ZnO fractions
of 0.0, 0.2, 0.4 and 0.5 should give some first ideas of the
effects of modifier additions. Neutron diffraction (ND)
experiments are involved to increase the available infor-
mation. The vanadium atoms have a very small coherent
scattering cross-section for neutrons and, thus, the V-O
correlations cause a very weak scattering contribution.
Though the ND data are clearly dominated by the O-O
correlations, they also corroborate the information about
the Zn—-O correlations. Thus, the combination of diffrac-
tion experiments allows to characterize the oxygen en-
vironments of the Zn** ions. Remember the behavior of
the Zn-O coordination numbers, Nz,o, in phosphate
glasses (Zn0O),(P,05),_,, where Nz, varies with the
compositions x [19, 20]. Nz,o is six for x= 0.3, and it
decreases to four at the metaphosphate composition
(x=10.5). Also the Zn-O distances decrease and ap-
proach 0.195 nm in the metaphosphate glass [19]. The
changes were attributed to effects of a change of the
number of terminal oxygen (Or) atoms available for co-
ordination of each Me site [19-21]. It arises the question
whether a similar mechanism exists in the vanadate
glasses.
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Since we do not know any other series of vanadate
glasses investigated by diffraction, only simple attempts
can be made to understand the mechanism of a change
of the VO,, polyhedra and the behavior of the medium-
range order. A more thorough analysis will be possible
after some modelling work. Here we can compare the
structural behavior of the vanadate glasses with those of
other glasses where the effects are better understood. The
phosphate glasses are already mentioned where, howev-
er, due to small P-O distances, rpg, of 0.155 nm [19],
Npo’s larger than four do not occur. On the other hand,
the mean ryg’s of more than 0.17 nm (0.172 nm in
c-Ba(VO3), [6]) are similar to the rg.o’s of about
0.175 nm in the GeO, units of the germanate glasses
[22]. For these glasses, a change of Ng.o due to modifi-
er additions is known [22] but Ng.g is four in v—GeO,,
and an increase is observed with alkali additions. The
concerning part of the discussion is limited to qualitative
remarks.

2. Experimental

2.1. Sample Preparation

The samples were prepared from powdered reagent
grade ZnO and V,0s. Batches of 5 g of mixtures of
(Zn0),(V,05);_, were melted in platinum crucibles in
the temperature range 800-1200°C for 15 min in air.
The melts were quenched very rapidly to room temper-
ature by twin-roller techniques. Cooling rates of up to
10° K/s are realized. The samples with x=0.2 and 0.4
are completely amorphous, while v—V,05 and the meta-
vanadate sample have small crystalline fractions.

2.2. Diffraction Experiments

The XRD experiments were performed on the BWS
wiggler beamline at the DORIS III synchrotron (Ham-
burg/Germany). The samples with x = 0.2 and 0.4 were
measured with an energy of 130 keV (4 =0.00954 nm)
of the incident photons, the other two samples were
measured in a later experimental run with photon ener-
gies of 120.7keV (A=0.010272 nm). The powdered
sample material was loaded into silica capillaries of
2.0 mm diameter and with a wall thickness of 0.01 mm.
During the measurements the specimens were positioned
in a vacuum vessel to suppress air scattering. Since the
scattering angles are small, the transmission factors are
assumed to be independent of the angle. The angular in-
crement in the step-scan mode was 0.05°. In the 26-
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range from 0.35° to 9° an absorber was set in the diffract-
ed beam to avoid counting rates higher than 10° s™'. The
other scans range from 8° to 25°. Details of such experi-
ments and the corrections are described in [23]. The elec-
tronic energy window of the solid-state Ge-detector was
chosen to pass the elastic line and the full Compton pro-
file, but no fluorescence scattering. The dead-time cor-
rections were made with 7= 2.4 ps. A fraction of 0.91 of
the incident photons is polarized horizontally. Both num-
bers allow to merge the data of the scans obtained for
both angular ranges and with different synchrotron cur-
rents. Corrections are made for background, container
scattering, and absorption. The scattering intensities are
normalized to the structure-independent scattering func-
tions which have been calculated by polynomial fits of
the tabulated atomic parameters of the elastic and the
Compton scattering data [24]. Finally, the Compton frac-
tions are subtracted and Faber-Ziman structure factors,
Sx(Q), are calculated [25].

The ND experiments of the same samples were per-
formed on the time-of-flight instrument SANDALS of
the pulsed neutron source ISIS at the Rutherford Apple-
ton Laboratory. The powdered material was loaded into
thin-walled vanadium cylinders of 5 mm diameter and
with a wall thickness of 0.025 mm. Due to the limita-
tions of the available sample material the beam height
was reduced to 1 cm. The absorption and multiple scat-
tering corrections are made by the ATLAS program
suite [26]. The self scattering contributions are calcu-
lated according to the compositions of the samples,
where the inelasticity effects are small due to the small
scattering angles of SANDALS. The scattered inten-
sities recorded in the various detector groups and nor-
malized to separate self terms are merged to the diffe-
rential scattering cross-section. Due to the small quan-
tities of the samples and the limitations in the measur-
ing time, the data beyond 200 nm~! are already very
noisy. However, since mainly Zn-O and O-O correla-
tions dominate the ND data, not much information is
expected at higher Q. Finally, the incoherent scattering
is subtracted and total neutron structure factors, Sn(Q),
are calculated [25].

3. Results

The structure factors Sx(Q) and Sy(Q) of the four
samples measured are shown in Figs. 1 and 2, respec-
tively. Due to the use of high-energy photons, the Sx(Q)
functions are available up to 280 nm™" but the noisy data
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Fig. 1. X-ray structure factors, S(Q), of v—V,0s and of three
zinc vanadate glasses with ZnO fractions, x, of 0.2, 0.4 and
0.5. The little Bragg peaks in the lower and the upper functions
evidence for small crystalline fractions in these samples (cf.
also Figure 2). The upper functions are shifted for clarity.
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Fig. 2. Neutron structure factors, S(Q), of v—V,05 and of zinc
vanadate glasses with ZnO fractions, x, of 0.2, 0.4, and 0.5.
The upper functions are shifted for clarity.

beyond 250 nm™ ! show some unrealistic features and are
not used. As to a small contamination with crystalline
fractions, small Bragg reflections are visible in the Sx(Q)
and Sn(Q) functions of v—V,05 and the metavanadate
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sample. Such small contributions only little affect that
structural information which is extracted for the corre-
sponding glasses. The variations visible in the S(Q) data
according to the ZnO additions are small. Especially the
Sn(Q) data do not much change, because the O-O edg-
es of the VO,, polyhedra dominate the scattering. Thus,
the first main maximum at 27 nm™ ! in the Sn(Q) data be-
longs to the O—O correlations, and it reflects a “packing”
of the larger oxygen anions in the network of this oxide
" glass. Taking into account the strong scattering of the V
and Zn atoms for X-rays, the O—O correlations play only
a minor role in the XRD data. The maximum at
=27 nm™ ! is not visible in the Sx(Q) data. Here, the first
maximum, which is seen only as a prepeak in the Sn(Q)
data, lies at =18 nm™’, and it reflects the “packing” of
the VO,, and ZnO,, polyhedra.

The information in the short-range order is extracted
from the correlation functions, 7(r), by peak fitting pro-
cedures. The correlation functions are obtained from the
S(Q) data by Fourier transformation (FT) with

Qmax
Ti()=4mroy+2/7 |
0
-Q-[Si (@) -1]sin(Qr) dQ, €Y)

where g, is the number density of atoms. No damping
was applied in the FT procedure. The subscript k is ei-
ther X or N for the XRD and ND data. The number den-
sities used are calculated from mass densities published
in [4, 13]. Thus, g = 68.8 nm™> is used for v—V,05 [13]
and g, = 69 nm™" is used for the other glasses. The lat-
ter value is obtained from the mass densities of a series
of Mg vanadate glasses [4]. Mg and Zn have similar di-
mensions, which justifies this choice. The resulting 7(r)
data are shown in Figs. 4 and 5 in comparison with the
final fitting results. The Q. ’s used in the FT procedure
are indicated in the plots. The X-ray T(r) functions
(cf. Fig. 4) show asymmetric V-0 peaks at 175 nm. For
the glasses with 40 and 50 mol% ZnO the Zn-O corre-
lations at 0.20 nm become evident. The O-O distances
at 0.28 nm yield a rather small peak, while the large
peak of the V-V and Zn-V distances at 0.34 nm increas-
es with ZnO additions. Especially for v—V,0, and the
metavanadate glass some spurious oscillations exist be-
low 0.1 nm. Both samples were measured in the same
later run (cf. Chapter 2.2) where, obviously, some small
systematic errors could not be eliminated. The main fea-
ture of the neutron 7'(r) functions (cf. Fig. 5) is the 0O-O
peak at 0.28 nm. The Zn-O peak at 0.20 nm increases
with the ZnO fraction. The V-0 peak at 0.175 nm yields
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Fig. 3. Imperfect fit of the experimental X-ray and neutron
correlation functions, 7(r), of the (Zn0O),s(V,0s)ys glass
(dotted lines) with some model functions (solid lines) where
the V-0 and Zn-O first-neighbor peaks are approximated by
single Gaussian functions. The partial contributions given are
broadened according to the effects of Q... in the Fourier
transformations: V-O (thin solid lines), Zn-O (dashed lines),
O-O (dash-dotted lines). The upper functions are shifted for
clarity.

a very small negative contribution in front of the Zn-O
peak.

Parameters of the V-0, Zn—-O and O-O first-neighbor
peaks are extracted by Gaussian fitting. The effects of
the truncation at Q,,,, of the S(Q) data used in the FT
procedures are taken into account by a method described
in [27], where in case of the X-ray data also the QO-de-
pendent weighting factors are introduced. For fitting the
T(r) data, the Marquardt algorithm [28] is used where
coordination numbers, mean distances and full widths at
half maximum (fwhm) are the parameters of the model
Gaussian functions. The fits of the XRD and ND T(r)
data are performed simultaneously. In a first approach,
the three distance peaks are approximated by single
Gaussian functions. The result for the zinc metavanadate
glass is shown in Fig. 3, which shows that this model
cannot be fitted successfully to the experimental data.
The resulting fit parameters are given in Table 1, where
also the small V-O coordination number of 3.5 differs
from the expected number of four or more. Therefore, a
more sophisticated approach must be applied. Three and
two Gaussian functions are used for the V-O and Zn-O
peaks, respectively, where the distance and fwhm param-
eters of the third and second contributions are fixed to
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Fig. 4. Experimental X-ray correlation functions, 7(r), (dot-
ted lines) in comparison with the model 7(r) functions (solid
lines) fitting the V-0, Zn—-O and O-O first neighbor peaks.
The partial contributions given are broadened according to the
effects of Q. in the Fourier transformations: V-O (thin sol-
id lines), Zn-O (dashed lines), O-O (dash-dotted lines). The
upper functions are shifted for clarity.

Table 1. Parameters resulting from an imperfect Gaussian fit
of the experimental X-ray and neutron correlation functions,
T(r), of the (ZnO), 5(V,05) 5 glass (cf. Fig. 3) where the V-O
and Zn-O first neighbor peaks have been approximated by
single Gaussian functions.

Atom Coordin. Distance fwhm
pair number (in nm) (in nm)
V-0 3.49 0.1715 0.022
Zn-0 4.73 0.2015 0.026
0-0 5.96 0.2805 0.037

equal each other (cf. Table 2). For the V-O peak of
v=V,05 even a small fourth Gaussian has to be intro-
duced whose parameters are chosen somewhat arbitrari-
ly. The excellent fit of the experimental XRD and ND
T(r) data by this approach is shown in Figs. 4 and 5. The
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Fig. 5. Experimental neutron correlation functions, 7(r) (dot-
ted lines) in comparison with the model T(r) functions (solid
lines) fitting the V-0, Zn-O and O-O first neighbor peaks.
The partial contributions given are broadened according to the
effects of Oy, in the Fourier transformations: V-O (thin sol-
id lines), Zn-O (dashed lines), O-O (dash-dotted lines). The
upper functions are shifted for clarity.

0O-0 peak at 0.28 nm, which belongs to the edges of the
VO, and ZnO,, polyhedra, may also be somewhat asym-
metric. But the possibly existing tail on its right-hand
side cannot be extracted. Only the main fraction of the
O-0 peak is obtained and, certainly, it cannot be separ-
ated from the continuous O-O correlations which may
occur beyond 0.30 nm. All the detailed parameters of the
fits are given in Table 2. The various Gaussian functions
of the V-0 and Zn-O peaks should not be interpreted as
different species of V-O and Zn-O bonds or as different
VO,, and ZnO,, polyhedra. The large number of fit pa-
rameters allows to approximate the peaks and their tails
in the T'(r) data in excellent quality. Therefore, error bars
are not given for most of the parameters in Table 2. But
the uncertainties of the total coordination numbers and
the mean distances are estimated (values given in paren-
theses). Only the V-O peak of v—V,05 really indicates
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Table 2. Parameters resulting from the Gaussian fit of the ex-
perimental X-ray and neutron correlation functions, 7(r), of
v—V,05 and of three zinc vanadate glasses (cf. Figs. 4 and 5)
where the V-0 and Zn-O first neighbor peaks are approximat-
ed by two to four Gaussian functions. * These parameters were
fixed during the fits. ** These parameters of the third V-O and
the second Zn-O Gaussian were taken to be equal. The dis-
tances and full widths at half maximum (fwhm) are given in
nm.

Atom Coordin. Distance  fwhm Total Mean
pair  number coordi- distance
nation
number

vitreous V,05

V-0 1.54 0.1640 0.019 4.8(2) 0.184(2)
2.08 0.1830 0.017
0.82 0.2035 0.022
0.36* 0.2320* 0.030*

0-0 6.00(15) 0.2750(20) 0.035(4)

(Zn0)( 5(V,05)0 3

V-0 267 0.1690 0.022 452) 0.180(2)
1.46 0.1885 0.024
0.36 0.2290**  0.058**

Zn-0 4.21 0.2005 0.024 6.2(10) 0.210(5)
1.96 0.2290**  0.058**

0-0 6.14(15) 0.2775(20) 0.036(4)

(Zn0)o.4(V205)0.6

V-0 273 0.1695 0.018 42(2) 0.176(2)
1.34 0.1875 0.027
0.10 0.2205**  0.040**

Zn-0 3.96 0.1995 0.025 49(5) 0.203(3)
0.91 0.2205**  0.040**

0-0 5.86(15) 0.2795(20) 0.035(4)

(Zn0)( 5(V,0s)0 5

V-0 265 0.1700 0.018 42(2) 0.180(2)
1.27 0.1890 0.029
0.32 0.2240**  0.033**

Zn-O 3.83 0.2000 0.024 473) 0.204(2)
0.90 0.2240**  (0.033**

0O-O0 5.67(15) 0.2800(20) 0.035(4)

the existence of two different lengths of V-O bonds (cf.
Figure 4).

The positions and the asymmetry of the Zn-O peaks
do not change in dependence on the glass compositions
(cf. Figure 5). The total Zn—O coordination numbers are
about five. The uncertainty of N, of the glass with
20 mol% ZnO is too large to interprete the number of six
(Table 2) as a real change. The V-O distances of the
three modified glasses do not change, but the asymme-
try of the peak and also Nyq increase from 4.2 to 4.5 in
direction of the smaller ZnO fractions. Finally, a V-O
coordination number of 4.8 is observed for v—V,0s,
which is the same as observed before by Ag K, radiation
[16]. Two distances are visible (0.164 and 0.183 nm)
where the second possesses more weight. The long tail
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Fig. 6. Comparison of the experimental weighted interference
functions, Q - [S(Q) — 1], of v—V,05 obtained by neutrons and
X-rays (dotted lines) with model functions calculated by the
parameters of the V-0 and O-O first-neighbor peaks given in
Table 2 (solid lines). In the lower part of the plot, the data pre-
viously obtained by Ag K, radiation from a conventional X-
ray tube [16] (circles) are compared with the synchrotron data
(dots). The upper and lower functions are shifted for clarity.

of V-0 distances of v—V,05 shows some small oscilla-
tions from 0.24 to 0.28 nm in the X-ray 7'(r) function,
which are not well approximated. They should not have
any physical meaning.

4. Discussion

4.1. The Structure of Vitreous V,05

In order to understand the structural behavior of the
modified glasses it would be helpful to have detailed
knowledge of the structure of v—V,0Os. As already point-
ed out in Chapt. 1, v—V,05 is hardly obtained even by
quenching and its structure is still a matter of controver-
sy [13-18, 29-31]. An origin of differences might be
found in the preparation conditions. Nabavi et al. [18]
gave an excellent survey of studies of v—V,05 using the
various methods which are sensitive to the structure. The
present diffraction results agree with our previous data
obtained by Ag K, radiation with V-O coordination
number, Ny, also being 4.8 [16]. For illustration of the
gain of information which is obtained by the high-ener-
gy photons of the synchrotron the weighted interference
functions, Q -[S(Q)-1], are compared in Figure 6.
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Though further reduction of the noise of the synchrotron
data is desirable, the additional information in the Q-
range up to 250 nm™! is responsible for the new details
visible in the shape of the V-O peak (cf. Figure 4). The
V-0 first-neighbor distances can no more be fitted by a
single Gaussian peak but three peaks at 0.164, 0.183, and
0.203 nm are necessary. Moreover, a flat tail accompa-
nies the V-O peak which is approximateed by a fourth
Gaussian. The model function of the X-ray Q - [S(Q) — 1]
data (Fig. 6) results from the interference of several
damped oscillations of different frequency which corre-
spond to the various Gaussian peaks used for the approx-
imation of the V-O and O-O first-neighbor distances.
Some oscillations of rather short periods, which are vis-
ible between 150 and 200 nm™!, are not approximated by
this function. They are attributable to the effects of the
strong V-V peak at 0.34 nm. A large range of the neu-
tron data (Fig. 6) is well approximated by a single
damped oscillation which is due to the strong O-O peak
at 0.275 nm (cf. Figure 5).
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@ vanadium

O Oxygen

Fig.7. A five-membered ring
formed of VO, and VOs units taken
from ¢-K;3VsO;4 [33] and a chain
segment of four VO, tetrahedra tak-
en from c-Ba(VO;3), [6]. Bond
lengths are given in nm. Single lines
denote single bonds, the double lines
mark V=0 double bonds and the
dashed lines indicate the delocaliza-
tion of the one V=0 bond of a VO,
unit onto its terminal V-Or bonds.
The bond lengths in the K;VsO4
crystal [30] indicate the weakening
of the V=0 bond of the VO, unit due
to a shift of electron density from an
adjacent VOs of the VO, unit which
also causes an elongation of the
V-Og bond of the VOs unit and a
shortening of the V-Og bond of the
VOy unit.

The total V-O coordination number of v—V,0Os, which
includes also the tail of the V-O peaks, is 4.8 +0.2
(Table 2). This number could be interpreted with a net-
work of VOs units which includes a minor fraction of
VO, tetrahedra. Since 4.8 does not much differ from
five, and since three V-O distances of 0.164, 0.183, and
0.203 nm are found (Table 2), also a structure similar to
that of ¢c—=V,05 [7, 32] could be assumed. However, as
already pointed out in [16] the strong peak of V-V dis-
tances at 0.34 nm (cf. Fig. 4) contradicts the existence of
a reasonable fraction of edge-connected VO,, units hav-
ing shorter V-V separations, which are typical of the
V,05 crystal [7, 32]. Hence, the network structure of
v=V,0s is formed of VO, and VOs units, mainly linked
by corners.

The V-0 distances found between 0.21 and 0.30 nm
are longer than those being typical of V-O bonds in
compact VO,, polyhedra. In a first approach, such V-O
distances should not be taken into account for identifica-
tion of the network units. In several crystal structures,
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e.g.,c—Zn(VO;), [8] and c-V,05 [7, 32] such longer dis-
tances exist where the VOs units can also be interpreted
as very distorted VOg¢ octahedra. Accordingly, if the flat
tail of the V-O peak observed, i.e. the fourth Gaussian
function at 0.232 nm, is assumed to be composed of such
additional distances, then an Nyq of =4.4 instead of 4.8
has to be considered for estimation of the network units.
This number indicates a mixture of equal amounts of
VO, and VOs units forming the network of v—V,05 such
as found by 31y NMR [18]. According to V-V distanc-
es of 0.34 nm, the VO,, units are mostly linked by cor-
ners. For stoichiometric reasons one terminal V=0 dou-
ble bond occurs per VO, unit, and due to the needs of
charge compensation the V=0 bond should be located in
a VO, unit. Minor fractions of other structural features,
such as three-coordinated O sites and edge-sharing VOs
units with terminal V=0 bonds, cannot be excluded. Ac-
cording to Nyq = 4.4, a fraction of 0.6 of VO, units with
V=0 bonds is expected. This number of V=0 bonds is
too small for the explanation of the fraction of short V-O
bonds of 0.164 nm. A VO, unit having one terminal
V=0 bond is known for the K;3V50,,4 crystal [33]. This
VO, unit has single V-O bonds with lengths of 0.165 nm
(cf. Figure 7). Thus, these bonds as well as all terminal
V=0 bonds contribute to the peak of the shorter V-O
distances. The single V-O bonds of the VOs units in
c-K;3V50,4 [33] have lengths of 0.186 and 0.193 nm,
and they contribute to the peak of the longer V-O dis-
tances. Though the V-O peak in the T(r) function of
v-V,05 (Fig. 4) is visibly composed of these two frac-
tions, it is not feasible to separate the peak into these
contributions. Asymmetric distributions of unknown
shape would have to be taken into account for both frac-
tions.

4.2. Structural Effects of the ZnO Additions

Strongest changes of the V-O distance peaks are
found between the samples v—V,05 and the 20 mol%
glass, while less changes occur beyond 20 mol% ZnO
content (cf. Figure 4). This behavior is confirmed by the
Nyo’s and the mean ryg’s when the tails, i.e. the flat
Gaussian peaks at =0.23 nm, are not taken into account
such as made for the numbers given in Table 3. Only the
larger width (fwhm) of the first component of the V-O
peak of the 20 mol% sample (Table 2) indicates already
some changes toward that of v—V,0s. Thus, additions
of ZnO do not change the structure of the vanadate
glasses in a continous way, but the modification process
itself is changed. At first, most of the VOs5 network units
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Table 3. Total V-O coordination numbers and mean V-0 dis-
tances calculated from the parameters of the Gaussian func-
tions given in Table 2. Different from the data also given in Ta-
ble 2, here the flat Gaussian peaks with distances of
=0.23 nm are not taken into account. The distances are given
in nm.

Sample Total coordination Mean
number distance
v-V,05 4.44(15) 0.180(2)
x=0.2 4.13(10) 0.176(2)
04 4.07(10) 0.175(2)
0.5 3.92(10) 0.176(2)

are transformed to VO, tetrahedra, where Nyq decreas-
es clearly. After 20 mol% ZnO only a small but signifi-
cant decrease of Nyo exists with Nyo approaching
about four at the metavanadate composition. The transi-
tion from a VOs to a VO, unit is accompanied by the
formation of a terminal oxygen (Or) site. Additionally,
each ZnO leads to the breakage of a V-Og—V bridge
(bridging oxygen — Og) with the formation of two O
sites. Thus, a strong increase of the number of Or sites
accompanies the modification process near v—V,Os,
while a smaller but continuous increase of the Ot frac-
tion is developed beyond 20 mol% ZnO toward the met-
avanadate composition. Vanadate glasses of the latter
range with compositions from 30 to 55 mol% MeO
were studied by 'V NMR spectroscopy, where the
modifier oxides are CaO, SrO, and BaO [10]. No VOs
units were found in the metavanadate glasses, but frac-
tions of up to 25% VOs units were detected in glasses
of 30 mol% MeO. This would correspond to an increase
of Nyo from four in metavanadate glasses to 4.25 in
glasses of 30 mol% MeO, which is little more than we
observed, but the differences are in the limits or error.
The behavior of the VO, units with the occurrence of
branching, middle and end groups with three, two and
one links per VO, unit is similar to that known of the
phosphate glasses [11]. Additions of ZnO decrease the
number of links between the VO, units. The V-O coor-
dination number does not reflect this process. But the
small decrease of Ngq indicates the decomposition of
the networks because an O atom participates in a
smaller number of edges of the network units than an
Opg atom.

When studying the phosphate glasses by neutron
diffraction experiments of high resolving power, two
different P-O distances were observed [34, 35]. These
two distances belong to the P-Oy and P-Og bonds. In
case of the present study of the vanadate glasses simi-
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lar observations are not possible. The V-O correla-
tions are not obtained by ND experiments and the
XRD experiments with Q,.,,’s of 250 nm™' are not
sufficient to resolve the two distances (O, of about
400 nm™! is required). Such a Qpay of 400 nm™' be-
comes possible when scattering angles larger than
those available at BWS are used, where also the Comp-
ton scattering has to be suppressed [36]. But increased
widths of the V-Or and V-Og components of the V-O
peak if compared with those of the P-O bonds can
make it impossible to separate the distances irrespec-
tive of any Q... Nevertheless, the two different
lengths of V-O bonds are found if one analyses the
bond lengths of the Ba(VOj), crystal [6] which is
formed of only VO, middle groups. A chain segment
of this crystal (cf. Fig.7) illustrates this behavior.
Thus, the concept of delocalization of the one P=0
double bond of a PO, unit on all its P-Ot bonds [37]
should also be valid for the VO, units. A detailed anal-
ysis of the P-O bonds of phosphate glasses containing
mixtures of branching and middle PO, groups has
shown [35] that the delocalization concept [37] acts in
combination with the rules of structural variability
[38] with electron shifts from the more negative mid-
dle groups to the branching units, which has conse-
quences for the bond lengths. A similar behavior is ef-
fective between the VOs and VO, units of the
K3Vs0,4 crystal [33] (cf. Fig.7) where negative
charge is shifted from the VOs to the VO, unit. This
shift is indicated [38] by an elongation of the V-Og
bond in the VOs unit and a shortening of the V-Og
bond in the VO, unit. Thus, changes in the neigh-
borhood of the network units have effects on the
lengths and the strengths of the bonds, which limits
the possibility of the identification of the fractions of
the network units when only poorly resolved peaks
either in correlation functions or in vibration spectra
are analysed on the basis of data of the related crys-
tals.

Different from the phosphate glasses, a fraction of up
to 40% VOs unit is found toward v—V,0s. Since a rea-
sonable fraction of short V-V distances of about
0.31 nm is missing, edge-sharing links of the VOs units
can play only a minor role. The V-V distance peak of
v=V,05 found at 0.34 nm broadens with increasing
ZnO fractions (cf. Figure 4). Thus, the Zn-V separa-
tions have lengths of the same magnitude. Therefore, for
the modified glasses edge-sharing VO, units cannot be
excluded by analysing the correlation functions. But
VO, units sharing edges are not known of any vanadate
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crystal, and the fraction of VO, units increases with
ZnO additions. It should not be assumed that the VOs
units existing in the structure of the modified glasses
share some edges if this behavior is not typical for
v—=V,05 whose network has the highest fraction of VOs
units. So the VOs units are suggested mostly to share
corners with the neighboring VO, polyhedra, where
with increasing ZnO fractions also an Or site can occur
in the VOs unit.

The decrease of the V-O coordination number al-
ready beginning from v—V,05 seems to contradict the
behavior of the Ge-O coordination in the alkali ger-
manate glasses [22, 39], whereby Ge-O and V-O
bonds have similar lengths. In accordance with the
formation of GeOg octahedra due to alkali additions
one would expect the V atoms to increase their oxy-
gen coordination number too, because a vanadium
atom has an even higher valency. In contrast, a change
of VO5 to VO, units is detected with ZnO additions,
whose origin is not understood. If one compares the
crystal structures of c—Zn(VO3), [8] and c-Ba(VO;),
(6], the larger Ba®* cations prefer the formation of
VO, units while the smaller Zn>* cations fit a struc-
ture with zig-zag chains of edge-sharing VOs units.
Each of the VO, and VOs units has two Or sites. In
the crystal the Zn?* cations are coordinated with six
oxygens while Nz,o is about five in the vanadate
glasses (cf. Table 2). Smaller Zn—O coordination num-
bers indicate more open structures which would be
equivalent with the situation of larger modifier cat-
ions. Thus, it is suggested that the networks formed of
VO, instead of VOs5 units are more suitable to accom-
modate larger Me?* cations and also higher MeO frac-
tions.

It was already mentioned that the V-V and Zn-V
distances are similar. Thus, it would be interesting to
study the medium-range order of this system where
VO, polyhedra are replaced by ZnO,, polyhedra. No
clear changes of the first diffraction peaks in the Sx(Q)
data are observed in dependence on the ZnO fraction
(cf. Figure 1). An analysis of the medium-range order
is planned together with some modelling. Here only
the local environments of Zn?* cations are discussed.
The Zn-O peak is approximated by two Gaussian
functions, where for all three modified glasses studied
a first Zn-O distance of 0.200 nm is obtained with
about four oxygen neighbors. The second distance ap-
proximates the tail of this asymmetric peak and is fit-
ted by a Gaussian at 0.22 to 0.23 nm with one further
oxygen. This tail yields a larger contribution only in
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case of the 20 mol% ZnO glass, where due to the small
ZnO fraction the uncertainty of the determination of
parameters of the Zn-O peak is higher. Thus, the in-
crease to about six for Nz,o of the 20 mol% glass is
not significant. Different from the (Zn0O),(P,0s),_,
glasses, where a decrease of Nz,o from six for x = 0.33
to four for x = 0.5 is observed accompanied by a de-
crease of rz,o from 0.205 to 0.195 nm [19, 20], in the
vanadate glasses no change of the Zn—O coordination
with Nz,o of five and rz,o of =0.204 nm is observed.
In the phosphate glasses this change was attributed to
effects of the number of Op sites available for each
Zn®* cation. Several reasons may reduce such effects
in the vanadate glasses: The number of O sites is
smaller when VOs units are formed. The VOs units co-
existing with the VO, branching units in glasses of
x<0.5 give an additional degree of freedom for
the network formation which supplies a better way
for the distribution of charges. VOs units have nearly
the same dimensions as the ZnOs polyhedra. Finally,
also the few V** atoms may occupy those octahedral
sites which, otherwise, would be occupied by a Zn?*
cation. Thus, the high flexibility of the vanadate net-
works if compared with a phosphate network allows
the Zn** cations to form ‘convenient’ environments
which have not to be changed in dependence on the
ZnO fraction.
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