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A structural study of silver borate glasses containing 20 mol% AglI and 1 mol% 5"Fe2O3 has been performed
by M&ssbauer spectroscopy. A Méssbauer spectrum of these glasses consists of an asymmetric quadrupole
doublet with an isomer shift smaller than 0.4 mm s~! with respect to metallic iron. This indicates that the
individual Fe3* ions are present at the substitutional sites of the tetrahedral boron atoms constituting BO4
units as a network former. An increase in the AgsO content results in continuous decreases in the isomer
shift and the quadrupole splitting when the AgzsO content exceeds about 16 mol%, which corresponds to the
Ag20/B20s ratio of 0.25 and the alkali oxide content of 20 mol% in the binary borate glasses. These results
are ascribed to the formation of nonbridging oxygen atoms in the tetrahedral BO4 and FeOy units. A glass
transition temperature (Tg) of the glasses shows a distinct composition dependency, having a
maximum around 16 mol% Ag20. These lead to the conclusions that planar BOs units are changed into the
tetrahedral BO4 units in the lower Ag20 content region and that the nonbridging oxygen atoms are formed in
the BO4 and FeOgs units when the AgzO content is higher than 16 mol%. These conclusions are well consistent
with the composition dependency of the electric conductivity which shows a minimum when the Ag2O content
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is 10—15 mol%.

Superionic conducting glasses have attracted much
attention because of the scientific interest in the
conduction mechanism as well as the high tech-
nological applicability. The electric conductivity of
the superionic conducting glasses is known to reach
the order of 102Scm~1,-1® which 1is almost
equivalent to that of the crystalline superionic
conductor (solid state electrolytes) such as a-Agl and
B-A1203. Comparing the magnitude of the electric
conductivity of the superionic conducting glasses to
that of ordinary oxide glasses such as borate and
phosphate glasses, which is usually smaller than
about 10-12 or 10-13S cm~1,¥ it is easily understood
that the former is extraordinary larger than the latter.
The high electric conductivity of the superionic
conducting glasses is assumed to be due to an “ion
migration” of monovalent cations such as Ag*, Lit,
and Nat which are present at the interstitial sites of
the network structure. As for the role of the Ag* ions
in the conduction mechanism of the superionic
conducting glasses, Minami et al.1:5.® suggested the
presence of two types of Agt ions; those originated
from AgX molecules (X=Cl, Br, and I) and those
from Ag20 molecules. The former is considered to be
ionically bonded with the halide ions at the
interstitial sites of the network structure, being
primarily concerned with the electric (ionic) conduc-
tion. The latter is considered to be covalently bonded
with oxygen atoms constituting a network structure
and is less mobile than the former. Raman and
EXAFS studies of the superionic conducting glasses
revealed that the mobile Agt ion is surrounded by
four halide ions at the interstitial sites of network
structure and is forming a microdomain or a
distorted sublattice of a-Agl phase having a high
electric conductivity.?:10:12  On the other hand,

Chiodelli et al.!® ruled out the presence of the high
electric conducting a-Agl phase dispersed in the glass
network, for the electric conductivity of the silver
borate glasses containing Agl shows a marked
increase with increasing Ag20 content when the Agl
content is constant and also the conductivity of
binary Ag20-B20s3 glasses is much higher than that
of ordinary alkali borate glasses. The conductivity
measurements of binary Ag:O-B20s3 glasses per-
formed by Matusita and Sakka!® and Tsuchiya et
al.1® revealed that the conductivity of 30Ag20 - 70B203
glass is about 10-8Scm~! at 100°C and is higher
than 108Scm~! at room temperature. These
experimental results suggest that a part of the Ag*
ions originating from Ag:O also participate in the
electric conduction. Tsuchiya et al.?® ascribed the
high conductivity of the AgsO-B2Os glasses to an
electron hopping from the colloidal Ag? to the Ag*
ions. A structural study of the superionic conducting
AgCl-Ag20-B20s glasses containing 1 mol% 5"FezOs
has already been performed by means of Mdssbauer
spectroscopy,!? where the present authors elucidated
the relationship between the distinct composition
dependency of the electric conductivity and the
structural role of the Cl- ions in those glasses.
Namely the highest conductivity is observed when
both the mobile and electric conducting Ag* ions and
the CI- ions are present at the interstitial sites of the
network structure, i.e. when the Ag20 content is lower
than about 10 mol% in the case of the silver borate
glasses containing 20 mol% AgCl. Nishida et al.1?
also elucidated that the conductivity shows a distinct
decrease when the Cl- ions are incorporated into the
network structure, as nonbridging chlorine atoms, of
the borate glasses having the AgzO content higher
than about 10 mol%. In these glasses, it was concluded
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that the mobility of the Ag* ions is depressed because
of the increased chemical bond strength between the
Agt ion and the Cl- ion when the latter ion is present
as a nonbridging chlorine atom. This conclusion is
consistent with those given by Minami et al.1.5.® that
only the Ag* ions originating from AgX molecules
(X=Cl, Br, and I) contribute to the electric conduc-
tion and that the Ag* ions originating from Ag:O
molecules are almost immobile. This will be the case
for the Ag+ ions linked with the nonbridging chlorine
atoms in the network structure. In contrast to the
distinct composition dependency of the structural role
of the C]1- and Br- ions in borate glasses,18-20 all the I-
ions are known to be present at the interstitial sites of
the network structure irrespective of the composition
of the borate glasses.2? The I- ions are quite different
from the CI- or Br- ions in terms of the nature of the
chemical bond with the Agt ions; the chemical bond
between the Ag+ and the I- ions is known to be always
ionic and therefore the mobility of the Ag* ions is
expected not to be affected by the structural role of the
I- ions.

Because of the background described above, the
present Mdssbauer study was performed in order to
elucidate the local structure of the silver borate glasses
containing 20 mol% Agl. Mdssbauer spectroscopy has
so far been applied to the structural study of several
borate glasses.17-19.21-29 Ag a result, several conclu-
sions have been obtained such as a formation of
nonbridging oxygen, chlorine, and bromine atoms
and a structural change from glass to glass-ceramics.
These structural studies by means of Méssbauer
spectroscopy suggest that the Mdssbauer spectroscopy
is a very effective method for the structural study of
glasses and that small amounts of iron (Fe3* and Fe2+),
which are used as a Mdéssbauer probe, are easily
incorporated into the glasses either as a network
former or as a network modifier. DTA measurements
of the silver borate glasses containing 20 mol% Agl
and 1 mol% Fe;Os3 were also performed because glass
transition temperature (7T;) is known to reflect the
structural changes such as a change in the coordina-
tion number of network-forming atoms (network
former) and a destruction or a depolymerization of the
network structure due to a formation of nonbridging
oxygen atoms.26-39

Experimental

Silver borate glasses containing 20 mol% Agl and 1 mol%
Fe203; were prepared by fusing the individual mixtures of
commercially available Agl, Ag20, B2Os3, and 5Fe;O3, of a
guaranteed reagent grade, at 1020 °C for 3 h in an electric
muffle furnace. After the fusion in the ambient atmosphere,
each melt in a platinum crucible was immediately quenched
with ice-cold water. Mdssbauer measurements of pulverized
samples were performed by a constant acceleration method
at room temperature using a proportional counter and a
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1024 channel multichannel analyzer. Cobalt-57 (10 mCi)
diffused into a palladium foil was used as the M&ssbauer
source. As a standard material for the isomer shift, a
metallic iron foil enriched with iron-57 was used. The iron
foil was also used for the velocity-calibration of the
spectrometer. Each Mé&ssbauer spectrum was analyzed into a
quadrupole doublet with the same linewidth. DTA mea-
surements of these glasses were performed ranging from
room temperature to 700 °C with a heating rate of 5°C
min~l.  An Al;Os powder was used as a standard material
in the DTA measurements. Electric-conductivity measure-
ments were performed at room temperature by applying a
DC voltage of 3V. Before the measurement, each glass
sample was pressed into a pellet at a net pressure of
2.6X10¢ g cm™2.

Results and Discussion

All the transparent silver borate glasses prepared in
the present study change their color from yellowish
brown to reddish brown with increasing Ag:O
content. This is the same as the case of the silver
borate glasses containing 20 or 30 mol% AgCl and
1 mol% 5"Fez03.17 The composition dependency of
the color may be due to the different sizes of the
colloidal Ag? present at the interstitial sites of the glass
network.1® A Mdssbauer spectrum of the silver borate
glass denoted by 20Agl.-25Ag20-.54B203-1Fe20s is
shown in Fig. 1. It is seen from Fig. 1 that the
spectrum consists of an asymmetric quadrupole
doublet due to high spin Fe3+ species 35:36 and that the
absorption intensity of the lower energy peak due to
+1/2e%1/2 transition is higher than that of the
higher energy peak due to *£1/2+>1+3/2 transition.
The asymmetric spectrum is known to be caused by
the anisotropic recoil-free fraction referred to as the
“Goldanskii-Karyagin effect.”’37:39 In the case of the
borate glasses, the asymmetric Mdssbauer spectra are
often observed especially in the borate glasses with
lower alkali oxide contents, where the fraction of the
planar BOs units is generally known to be large. The
asymmetric MGssbauer spectra may be caused by the
anisotropic chemical bond strength in the B-O or
Fe-O bonds constituting the BO4 or FeOy tetrahedra,
brought about by the presence of the planar BO3 units
at the neighboring sites. It 1s seen from Fig. 1 that the
doublet peaks are a little broadened around the base
line. This will be due to a magnetic relaxation effect
because of the relatively low Fe3+ concentration in the
glasses, although the magnetic relaxation effect is not
so strong as to exhibit a hyperfine spectrum composed
of six absorption lines. All the M&ssbauer parameters
of the silver borate glasses studied in the present paper
are summarized in Table 1, from which it is seen that
the isomer shifts are located in a range of 0.32—
0.25 mm s~1. As for the coordination number of iron
in glasses, earlier works are reviewed by Kurkjian3?
and Coey.®®  Recent Mossbauer results on the
structure of glasses are reviewed by Muiiller-Warmuth
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Fig. 1. Mossbauer spectrum of 20Agl-25Ag20.
54B20s- 157Fe203 glass measured at room temperature.

Table 1. Mdéssbauer Parameters of the Agl-Ag,0-B,0,
Glasses Containing 1 mol9, %Fe,O,
.. o AP re
Composition e mmsd mmet
20AgI-5Ag,0-74B,0;- 1Fe, O, 0.31 1.20 0.88
20AgI-10Ag,0-69B,0;- 1Fe,O, 0.31 1.19 0.93
20AgI- 13Ag,0-66B,0;- 1Fe, 0, 0.32 1.17 0.91
20AgI- 15Ag,0-64B,0,- 1Fe, O, 0.31 1.15 0.97
20AgI-20Ag,0-59B,0;- 1Fe, O, 0.28 1.14 0.93
20AgI-25Ag,0-54B,0;- 1Fe,O, 0.26 1.10 0.82
20AgI-30Ag,O-49B,0;- 1Fe, O, 0.25 1.11 0.83

a) Isomer shift. b) Quadrupole splitting. ¢) Linewidth.

and Eckert.4? According to Coey,4? most Fe3+ ions are
known to occupy the tetrahedral sites in borate and
silicate glasses. This is well consistent with the
Mdssbauer results of a series of alkali borate!7-19,21-25)
and alkali borosilicate!2:4® glasses containing small
amounts of FezOs, obtained by the present authors.
In these Mdssbauer studies,17-19.21-25,42,43 3]] the
isomer shifts proved to lie in a range of 0.38—
0.22mm s~! with respect to metallic iron. (The
experimental error for the isomer shift has usually
been estimated to be +0.01 mm s~1.) Judging from the
experimental results shown in the reviews?—4V and the
recent Mdssbauer results on the structure of glasses
performed by the present authors,17-19,21-25,42,49 the
isomer shift of the Fe3+ ions is concluded to be smaller
than about 0.40 mm s~! when they are tetrahedrally
coordinated. = On the other hand, octahedrally
coordinated Fe3+ ions have been observed in several
phosphate glasses, 4449 where all the isomer shifts
proved to be larger than 0.42mms-1.  Those
experimental results lead to the conclusion that the
criterion of the isomer shift, with respect to metallic
iron, lies at about 0.40 mm s-! for the tetrahedrally
and octahedrally coordinated Fe3+ ions. The
symmetries refer to “‘distorted” tetrahedral or octahed-
ral configurations, for the bond lengths and the bond
angles are more or less distributed in glasses. This is
well reflected in the large linewidth values sum-
marized in Table I, where the linewidth is much
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larger than that of the ordinary crystalline compounds
containing iron.35:3® The large linewidth of the
glasses studied in the present paper is partially due to
the magnetic relaxation effect described above. The
present MGssbauer results therefore suggest that most
of the Fe3*+ ions are present at the tetrahedral
environments in the silver borate glasses. This
indicates the presence of the tetrahedral FeO4 units at
the substitutional sites of the tetrahedral BO4 units. It
is considered that the Fe3+ ions are easily incorporated
into the matrix of borate glasses. The substitution of
the iron for the other metal or metalloid ions will
easily occur in the high energy and nonequilibrium
states when the glass samples are prepared by fusion.
The composition dependencies of the isomer shift
and the quadrupole splitting of the Fe3* ions are
shown in Figs. 2 and 3, respectively. It is seen from Fig.
2 that the isomer shift shows a distinct decrease when
the Ag20 content exceeds about 16 mol%. A distinct
decrease in the isomer shift of the Fe3+ ions has already
been observed in alkali borate2!-29 and borosilicate42.43
glasses when the alkali oxide (K20) content is higher
than 20 and 8—10mol%, respectively. In these
glasses,21-25,42,43) the decrease in the isomer shift of the
Fe3t ion, which is present at the substitutional site of
the tetrahedral boron or silicon atoms, was ascribed to
the formation of nonbridging oxygen atoms (-O~) in
the BO4 or SiOy4 tetrahedral units, because the forma-
tion of the nonbridging oxygen atoms results in de-
creased interatomic distances in the B-O or Si-O bonds.
This will be the case for the chemical bond length in
the Fe-O bond. On the other hand, germanate
glasses,?0:47 of which network structure is composed
of GeO4 and GeOg units, showed a drastic increase in
the isomer shift of Sn*+ ions when nonbriding oxygen
atoms are formed in the tetrahedral GeOy units. In the
case of the 113Sn-MGssbauer spectroscopy, an increase
in the s-electron density at the tin nucleus results in an
increase in the isomer shift. This is apparently
opposite to the case of the 57Fe-Mé&ssbauer spectros-
copy.35:3® It should be noted that the formation of
the nonbridging oxygen atoms in the GeOg tetrahedra
was concluded through an increase in the isomer shift
of the Sn*t ions present at the interstitial sites of the
network structure composed of the GeOy tetrahedra
and the GeOg octahedra. These experimental results
lead to the conclusion that the distinct decrease in the
isomer shift shown in Fig. 2, observed when the Agz20
content is equal to or higher than about 16 mol%, is
due to the formation of nonbridging oxygen atoms in
the tetrahedral BO4 or FeO4 units. This conclusion is
consistent with the distinct and continuous decrease
in the quadrupole splitting in the similar Ag;O
content region (Fig. 3). It is seen from Fig. 3 that the
quadrupole splitting shows a distinct decrease when
the Ag20 content is equal to or higher than 15 mol%.
As to the composition dependency of the quadrupole
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Fig. 2. Composition dependency of the isomer shift
(8) of the Fe3* ions in the Ag20-B20s glasses con-
taining 20 mol% Agl and 1 mol% 57Fe;Os.
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Fig. 3. Composition dependency of the quadrupole
splitting (4) of the Fe3* ions in the Ag:O-B20s
glasses containing 20 mol% Agl and 1 mol% 5FezO3.

splitting of the Fe3t ions in glasses, distinct decreases
have been observed when the nonbridging oxygen
atoms are formed in alkali borate,21-25 borosilicate,42:43
and phosphate®5:40 glasses. The decrease in the
quadrupole splitting of the Fe3+ ions is ascribed to an
increased symmetry around the Fe3+ ions, because the
Fe3+ ions of high spin state have a symmetric electron
configuration of 3d5 in the outermost orbital and
therefore only the electric field gradient brought about
by the neighboring atoms or ions primarily affects the
electric field gradient at the iron nucleus. Similar
phenomenon has been observed in the case of
potassium germanate glasses containing tin (Sn4+),
which also has a symmetric electron configuration of
4d10,30.47 in spite that the Sn*t ions are ionically
present at the interstitial sites of the network struc-
ture. In the germanate glasses, the formation of
nonbridging oxygen atoms was concluded to start
when the alkali oxide content exceeds about 16 mol%.
In the light of these reasons, the decrease in the
quadrupole splitting of the Fe3+ ions observed in the
present study is ascribed to the formation of
nonbridging oxygen atoms in the tetrahedral BO4 and
FeOys units. (Each Fe3+ ion is concluded to be present
at the substitutional site of the tetrahedral boron atom
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as described above.) These conclusions are well
consistent with those obtained in the previous
Méssbauer?!-29 studies of alkali borate glasses, i.e., the
formation of nonbridging oxygen atoms in the BOy
units starts when the alkali oxide content is equal to
or higher than 20 mol%. The alkali oxide content of
20 mol% in the binary alkali borate glasses cor-
responds to about 16 mol% in the present ternary silver
borate glass system containing 20 mol% Agl. (The
Ag20/B203 ratio of 16/63 (=0.25) is consistent with
the K2O/B203 ratio of 20/80.) Effect of the Fe2O3 on
the structure of the borate glasses can be neglected
because the content is very low, i.e. 1 mol% in the
present study and 0.33 mol% in the previous studies.23.29
The same results have also been obtained in the borate
glasses with the Fe:Os content of 7 mol%.2!.22.29
These results suggest that the structure of the silver
borate glasses is essentially the same as that of the
alkali borate glasses and that the I- ions are present at
the interstitial sites of the network structure all over
the compositional range studied in the present paper.
This is obviously different from the case of the Cl- and
the Br— ions which change their structural role from
the interstitial anions to the nonbridging halogen
atoms, depending on the composition.17-20

Each DTA curve of silver borate glasses containing
20 mol% Agl and 1 mol% Fe;Os consists of a simple
endothermic peak due to glass transition and one or
two exothermic peak(s) due to crystallization. All the
glass transition temperatures (7T,) obtained in the
present study are shown in Fig. 4, where the T is
plotted against the Ag2O content of the glasses. DTA
studies of several glasses have revealed that T, shows a
close relationship with a change in the coordination
number of the network-forming atoms (network
former) and with the formation of nonbridging
oxygen or halogen atoms which means a destruction
or depolymerization of the glass matrix.7.26-39 In
general. T, shows a distinct increase when the
coordination number of the network forming atoms
increases. For example the change in the coordination

420 b

410 b

Tg9 1 °C

400

n A 1 "

0 10 20 30 40
Ag,0/mol%

Fig. 4. Composition dependency of the glass transi-
tion temperature (T) of the Ag20-B203 glasses con-
taining 20 mol% Agl and 1 mol% FezOs.
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number of Ge from 4 to 6 in germanate glasses is
observed as a continuous increase in the 7.27.28.30
The increase in the T, observed with increasing
Ag20 content of the silver borate glasses in the lower
Ag20 content region (Fig. 4), is therefore ascribed to
the well-known structural change from the BOs
triangles to the BOy tetrahedra in the ordinary borate
glasses, i.e. an increase in the coordination number of
boron from 3 to 4. Contrary to this, the formation of
nonbridging oxygen atoms results in a decrease in the
T,.27.28,30.30  These experimental results suggest that
a decrease in the T, observed in the present silver
borate glasses having the Ag2O contents higher than
15mol% (Fig. 4), is due to the formation of
nonbridging oxygen atoms in the tetrahedral BO4 or
FeO; units. This is well consistent with the
Massbauer results described above.

Composition dependency of the electric conduc-
tivity is shown in Fig. 5a, from which it is seen that
the conductivity of the silver borate glasses containing
Agl shows a slight increase with increasing Ag20
content when the AgeO content exceeds about
15mol%. This is very contrary to the composition
dependency of the silver borate glasses containing the
same amount (20 mol%) of AgCl,'” shown with a
broken line (Fig. 5b). In the silver borate glasses
containing 20 mol% AgCl and 1 mol% 5"Fe203,1? the
drastic decrease in the conductivity was ascribed to the
decreased number of the mobile Ag* ions present at
the interstitial sites of the network structure, brought
about as a result of the change in the structural role of

the Cl- ions. (Most of the Cl- ions were concluded to '

change their structural role from the interstitial
anions to the nonbridging chlorine atoms when the
Ag20 content exceeds about 10 mol%.17) Also, the
decrease in the mobility of the electric conducting Ag+
ions was concluded to be due to the increased chemical
bond strength between the Agt ions and the non-
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Fig. 5. Composition dependencies of the electric con-
ductivity of the Ag:0-B2O3 glasses containing (a)
20 mol% Agl and 1mol% FezOs, and (b) 20 mol%
AgCl and 1 mol% Fez03.17
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bridging chlorine atoms.!”? Judging from the struc-
tural information on the silver borate glasses con-
taining 20 mol% Agl, obtained from the Mdssbauer
and DTA measurements in the present study, the
slight increase in the conductivity observed with
increasing Ag20 content (Fig. 5a) is ascribed to the
open structure of the borate glasses brought about as a
result of the formation of nonbridging oxygen atoms
in the tetrahedral BOy4 (or FeO4) units. This means a
destruction of the complicated network structure
composed of the planar BO3 and the tetrahedral BO4
(and FeOy) units linked with bridging oxygen atoms.
In these glasses, the mobility of the Ag+ ions will be
enhanced because of the decreased physical and
chemical interactions between the Ag* and the glass
matrix. These results are well consistent with the
general rule that the ionic conduction in solids is
enhanced when the electric charge and the ionic
radius of cations are small and the size of space or
“tunnel,” where the conducting ions actually pass
through under an electric field, is large enough. This
is also the case for the decrease in the electric
conductivity observed in the Ag:O content region
lower than about 15 mol% (Fig. 5a), since the increase
in the Ag2O or alkali oxide contents results in a
structural change from the planar BOs; to the
tetrahedral BO4 units, as described above. This
structural change will bring about a more com-
plicated network structure of the borate glasses
compared to that of the original boric (B2Os) glass
having only the planar BO3 units. The complicated
structure will result in a decreased mobility of the
electric conducting Ag+ ions.
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One of the authors (TN) is grateful to the Itoh Science
Foundation and Grants-in-Aid for Scientific Research
(Nos. 60740234 and 61740350) from the Ministry of
Education, Science and Culture, for the financial
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