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Structure of fast-ion-conducting AgI-doped borate glasses in bulk and thin film forms
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Theoretical and Physical Chemistry Institute, National Hellenic Research Foundation, 48 Vassileos Constantinou Avenue

Athens 116 35, Greece
~Received 17 November 1998!

The reflectance spectra of bulk superionic glassesxAgI-(12x)@Ag2O-nB2O3# with n52, 0<x<0.65
~diborate! and n50.5, 0.40<x<0.60 ~pyroborate! have been measured in the infrared to investigate the
structure of the boron-oxygen network and the nature of sites hosting silver ions. The analysis of the midin-
frared spectra showed that the diborate network consists of borate triangles BØ3 and BØ2O

2, and borate
tetrahedra BØ4

2 ~Ø5oxygen atom bridging two boron centers!. Similarly, it was shown that pyroborate dimers
B2O5

42, orthoborate monomers BO3
32, and borate tetrahedra constitute the short-range order of pyroborate

glasses. The relative abundance of these borate units was found to be affected by AgI doping in a way that can
be described by the isomerization reaction BØ2O

2�BØ4
2 for n52 and the disproportionation reaction

B2O5
42�BO3

321BØ4
2 for n50.5. Both reactions shift to the right upon increasing the amount of AgI. This

influence of the doping salt on the glass structure causes the lowering of the glass transition and fictive
temperature at which the structure of the supercooled liquid is frozen into the glassy state. A parallel study of
infrared transmission spectra of thin films in the diborate family showed the presence of a background inter-
ference wave that affects strongly the relative intensity of bands due to borate tetrahedra and triangular units.
This finding suggests that conclusions based on direct comparison of infrared spectra of thin film and bulk
samples of the same composition should be drawn with caution. The study of the far-infrared profiles of glasses
in the pyroborate series suggested that the majority of silver ions exist in two distributions of coordination
environments; one is formed primarily by oxygen atoms provided by the borate network and the other is made
mainly by iodide ions, without excluding the presence of mixed oxyiodide sites. The spectroscopic character-
istics of silver iodide sites were found to change progressively with AgI addition and to point towards sites of
tetrahedral coordination such as those found in crystalline AgI. However, for diborate glasses the far-infrared
results suggest the presence of oxide, iodide, and mixed O/I environments for silver ions. Therefore, this study
shows that the formation and organization of separate silver iodide sites inxAgI-(12x)@Ag2O-nB2O3# glasses
depends on both Ag2O and AgI content.@S0163-1829~99!02030-5#
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I. INTRODUCTION

Fast-ion-conducting~FIC! glasses comprise a class
solid electrolytes which have been attracting much atten
for their potential applications to solid-state electrochemi
devices, including batteries, sensors, and electrochro
displays.1–3 Because of their technological importance, F
glasses have been investigated extensively to establish
chemical and structural characteristics responsible for t
high ionic conductivity. The acquisition of this knowledge
critical not only for explaining the mechanism of ion tran
port in glass, but also for designing systems with improv
performance appropriate for the current needs.1–8

The composition of oxide-based FIC glasses can be
pressed aszMX-(12z)@M2O-nFxOy# whereM is a univa-
lent metal, usually Li, Na, Ag, and Cu and the halogenX is
I, Br, or Cl. The Lewis acid FxOy is a glass-forming~e.g.,
B2O3, P2O5, SiO2, and GeO2! or other~MoO3, WO3! oxide.
The large body of conductivity data on ion-conducti
glasses accumulated over the past two decades sug
some empirical relations between ionic conductivity a
glass composition. Thus it is known that ionic conductivity
enhanced by orders of magnitude upon increasing the
centration of the metal-oxide modifier and the metal-hal
doping salt.9–15Even higher conductivity can be achieved
combining a relatively small and polarizable metal ion~e.g.,
PRB 600163-1829/99/60~6!/3885~14!/$15.00
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Ag1, Cu1! with the large and polarizable iodide ion I2.16,17

Further improvement of conductivity can be obtained
mixing two glass-forming oxides, a phenomenon known
the mixed-anion or mixed-glass former effect.18,19 Finally,
replacement of oxygen by sulfur or selenium leads to
formation of FIC chalcogenide glasses with conductivit
exceeding those of the corresponding oxide glasses by t
orders of magnitude or more.20–22Proper optimization of the
above chemical factors has resulted in the synthesis of
FIC glasses in the system

zAgI- ~12z!@0.525Ag2S•0.47SB2S3:SiS2#,

where the ionic conductivity reaches the value
431022 (V cm)21 at room temperature for the compositio
z50.4.23

Despite the numerous experimental and theoretical stu
devoted to FIC glasses, the structure and the ion conduc
mechanism are still a matter of debate.6–8 Even for the ‘‘sim-
pler’’ binary glassesM2O•nFxOy , a range of models ha
been proposed to explain the ion diffusion mechanism
includes the strong electrolyte model,24 the weak electrolyte
model,25,26 the modified random network model,27 the jump
diffusion model,28 and the dynamic structure model.29,30The
use of a doping salt as a third component of the glass c
plicates even more the situation. As a result, there is no c
3885 ©1999 The American Physical Society
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sensus for the state of the doping salt in the glass matrix
its role in the ion transport process. One model proposes
formation of a structurally inhomogeneous glass whereMX
~mainly AgI! forms microdomains or clusters within the ho

matrix.31–35 Movement of silver ions is thought to be facil
tated by the formation of conducting pathways along the A
microdomains.2 A second model suggests that AgI is high
dispersed in interstices or voids controlled by oxygen ato
of the host matrix and that AgI enhances ionic conductiv
by lowering the potential energy barriers within th
glass.36–38 Other authors emphasize the role of the dop
salt in expanding the glass network and creating larger d
ways between sites of mobile ion.39 In fact, a scaling relation
between conductivity enhancement and the expansion o
network-forming units was found to operate inMX-doped
borate and phosphate glasses.40 Thus, while it may appea
that the details of the glass structure have no direct effec
ionic conductivity, it is the interactions at the local- an
intermediate-range order that control the degree of expan
of the glass network.

Glasses in thexAgI-(12x)@Ag2O-nB2O3# system were
prepared by Magistriset al.11,12 and Minamiet al.,13–15 and
received subsequently particular attention as model syst
of FIC glasses. The special interest in these glasses is d
the fact that they are stable, with relatively high glass tr
sition temperature, high ionic conductivity, and can be p
pared easily in a wide glass-forming region. This is achiev
by varying the doping salt, AgI, content~x! and/or the modi-
fier oxide, Ag2O content~n!. Besides their high ionic con
ductivity, compositions in this glass system were found
cently to exhibit interesting nonlinear optical properties.41

Early investigations of AgI-borate glasses by Mina
et al.,14,15employing infrared~IR! transmission spectroscop
on thin blown films, showed that the short-range ord
~SRO! of the borate network depends directly on the A
content, despite the fact that the Ag2O/B2O3 ratio was kept
fixed. In particular, it was found that as the AgI content
the glass increases, the intensity of the absorption band
to boron-oxygen tetrahedral units increases also relativ
that of the band due to boron-oxygen triangular units. On
contrary, Chiodelliet al.42 studied the same system by11B
NMR and IR spectroscopy and concluded that AgI is d
persed in interstices and has only minor effects on the sh
range order of the borate network. The model of disper
AgI in borate glasses is supported also by results of109Ag
NMR,38 extended x-ray absorption fine structure~EXAFS!,43

and x-ray diffraction44 investigations. Contrary to this pic
ture, Raman32,45 and infrared46–48 spectroscopic investiga
tions provide evidence for the development of disorde
AgI microdomains upon increasing the silver iodide conte
It is interesting to note that, although the IR results obtain
from the analysis of reflectance spectra of bulk glasses46,47

demonstrate that the effect of AgI on the SRO is similar
that reported by Minamiet al.,14,15 an IR transmission study
of the corresponding glass compositions in thin film form
indicates that the short-range structure remains unaffecte
AgI.48 Such variations in the IR results were attributed48 to
the different preparation methods used in different stud
since the source of the silver oxide modifier can be eit
pure Ag2O ~Refs. 14, 15, 46, and 47! or AgNO3.
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Heat capacity measurements of AgI-borate glasses w
n'1 andx'0.5 revealed the presence of ab transition in
the liquid-nitrogen temperature region. This transition w
attributed to the freezing-in of the rearrangement of silv
ions in amorphous AgI aggregates.49 Recently, Tatsumisago
et al.50 performed field emission scanning electron micro
copy in twin-roller-quenched 0.75AgI-0.25@Ag2O-0.33B2O3]
glass and reported the presence of AgI-rich amorphous
ticles ~40–60 nm in diameter! at ambient temperature. An
nealing this glass at 120 °C, or increasing the AgI conten
80 mol %, was found to cause the aggregation of these A
rich amorphous particles into island regions, which were s
eral hundreds of nanometers in size, and appeared deco
by a fine dispersion ofa-AgI particles 20–30 nm in size.

In addition to the above, the AgI-diborate systemn
52) was studied recently by neutron and x-ray diffracti
techniques, and the experimental data were used to cons
structural models using the reverse Monte Carlo metho51

The authors of this work concluded that, while the SRO
the borate network is unaffected by AgI doping, increas
the amount of AgI improves the medium-range order~MRO!
of the glass by inducing ordering between the neighbor
boron-oxygen chain segments. It was therefore proposed
the improvement of MRO in glass could be connected w
the network expansion and the creation of new pathways
ion transport. The idea of network expansion by AgI dopi
is supported also by results of a parallel analysis of x-ray
neutron diffraction data on diborate (n52) and tetraborate
(n54) glasses.52,53 However, Cervinkaet al. attributed this
network expansion to the formation of organized AgI-ri
regions, which develop between the boron-oxygen confi
rations and separate them by greater distances.52,53

The existing diversity of viewpoints regarding the deta
of the glass structure and the ways it is affected by A
doping suggests that further work is required for a be
understanding of the AgI-borate model system. Continu
our studies on fast-ion-conducting glasses,46,47 we report in
this paper results of an infrared investigation of glasses in
system xAgI-(12x)@Ag2O-nB2O3# with n52 ~diborate!
andn50.5 ~pyroborate! and with AgI contents spanning th
ranges 0<x<0.65 for n52 and 0.40<x<0.60 for n50.5.
To resolve the origin of the discrepancies found in some
the previous infrared reflectance46,47 and transmittance48 in-
vestigations, AgNO3 was used as the source of Ag2O and the
glasses were prepared in the form of both bulk samples
thin films, whenever this was possible. The infrared spec
were measured in a broad frequency range~30–4000 cm21!
using the techniques of specular reflectance and transmis
for bulk samples and thin films, respectively. The two sets
spectral data were analyzed to yield information on the sh
range order of the borate arrangements that form the g
network and on the nature of sites occupied by silver io
The results from bulk glasses and thin films are compa
and discussed in relation to previous infrared findings a
models proposed for AgI-containing borate glasses.

II. EXPERIMENT

A. Glass preparation

Glasses in the systemxAgI-(12x)@Ag2O-nB2O3# (n
52, 0.5) were prepared from reagent-grade AgI, AgNO3,
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and B2O3. Stoichiometric amounts of the dry reagents we
weighed, thoroughly mixed, and ground to form batches c
responding to ca 5 g of glass. The batches were placed
uncovered Pt crucibles and transferred in an electric
heated furnace at 650 °C. After the evolution of nitrogen o
ides had ceased the temperature was raised slowly to 8
950 °C and the melt remained in the furnace for an additio
20–30 min depending on composition. The melt was stir
frequently to ensure homogeneity.

Part of the melt was splat quenched between two polis
copper blocks to yield clear bulk samples. These specim
were in the form of;1-mm-thick disks with good surface
and were used for reflectance measurements without any
ther treatment. By using the splat quenching method, gla
could be prepared continuously in the composition ran
0<x<0.65 for the diborate family and 0.40<x<0.60 for
the pyroborate family.

For glasses in the diborate series, attempts were mad
prepare also thin films from the remaining of the melt, fo
lowing the procedure described by Liu and Angell.54 After
removing the crucible from the furnace, a 5-mm-diam Py
tube was used to attach a small viscous droplet from the m
surface. A few seconds later, dry nitrogen was admitted
the tube to produce a glass bubble from which thin fil
were collected. Depending on the viscosity of the melt dr
let and the pressure of nitrogen gas, films of different thi
ness could be prepared from the same batch composi
This technique resulted in clear films when the melt com
sition was in the range 0.1<x<0.60, but failed to yield films
for the binary glass (x50) and the composition with the
highest AgI content (x50.65), for which glasses were ob
tained only by splat quenching.

B. Infrared measurements

Infrared spectra were measured at room temperature
Fourier-transform vacuum spectrometer~Bruker 113v!,
properly equipped with sources~Hg arc and globar! and de-
tectors~DTGS with KBr and polyethylene windows! to al-
low coverage in the far-infrared~,700 cm21! and midinfra-
red ~400–5000 cm21! regions. For this purpose, five Myla
beam splitters of different thickness~3.5–50mm! were used
for far-infrared measurements and a KBr beam splitter w
used in the mid-IR. Therefore, for each sample six differ
spectra were measured and the optimum beam sp
throughputs were finally merged into one data file to giv
continuous spectrum in the range 25–5000 cm21. Each spec-
trum represents the average of 200 scans at 2 cm21 resolu-
tion.

Specular reflectance measurements on bulk samples
made in a quasinormal incidence mode~11°! using an alu-
minum mirror as reference, while for transmittance measu
ments the plane of the film was oriented perpendicular to
incident beam. Free-standing films with dimensions grea
than approximately 1 cm31 cm were mounted directly on
the sample holder. Smaller films, having areas larger than
cross section of the infrared beam, were sandwiched betw
two dry KBr windows suitable for infrared measurements.
the latter case the spectra were measured in the mid-IR r
allowed by the KBr window~600–5000 cm21!. To prevent
hydrolysis and photodecomposition the infrared spectrum
e
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each sample, prepared by either technique, was meas
immediately after its formation.

C. Data analysis

The specular reflectance spectraR(n) of bulk samples can
be analyzed either by the Kramers-Kronig~KK ! transforma-
tion or by the curve-fitting procedure using the classical d
persion theory to model the dielectric function. In rece
studies of ionic glasses, we have shown that both proced
lead to almost identical results.55,56 In this work we have
performed the KK analysis to obtain the frequenc
dependent optical and dielectric properties of glasses,
present the results in the absorption coefficient formali
that permits comparison with published data. The absorp
coefficient spectraa~n! were calculated from the expressio

a~n!54pnk~n!, ~1!

wheren is the frequency in cm21 andk(n) is the imaginary
part of complex refractive index,ñ(n)5n(n)2 ik(n). Due
to the amorphous nature of the samples, the infrared ba
are very broad and any further analysis of the absorp
coefficient spectra requires spectral deconvolution into co
ponent bands.57 In this study, the absorption coefficient spe
tra were deconvoluted into Gaussian components accor
to the relation

a~n!5(
j

a je
22~n2n j !

2/Dn j
2
, ~2!

where each component band is characterized by the r
nance frequencyn j , the bandwidthDn j , and the value of
the absorption coefficient at the resonance frequency,a j .
The integrated intensityAj of the j th component band wa
calculated by

Aj5E
2`

`

a je
22~n2n j !

2/Dn j
2
dn5Ap/2Dn ja j . ~3!

For the transmittance spectra of thin films, the KK analysis
no longer valid due to multiple internal reflections inside t
film. In order to simulate the experimental transmittan
spectrumT(n) of a finite film with thicknesst, we have
employed the following exact expression58 which takes fully
into account the contribution of the multiple reflections i
side the film:

T~n,n,k,t !5
@11R222 Re~r 2!#D

A1B cos 2u1C sin2u
, ~4!

where

r 5ur ueiw5
12n1 ik

11n2 ik
, ~4a!

R5ur u25
~12n!21k2

~11n!21k2 , ~4b!

D5e2at, ~4c!

A511R2D2, ~4d!
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B522RD cos 2w, ~4e!

C522R sin 2w, ~4f!

u52pnnt. ~4g!

In the above expressions the frequency dependence ofn, k,
and a has been omitted for convenience. The experime
transmittance spectra were fitted by using Eq.~4! and em-
ploying as input then(n) andk(n) spectra calculated by th
KK analysis of the bulk samples prepared from the sa
batch. Therefore, the only adjustable parameter in the fit
procedure is the thickness of the film. It can be shown t
the transmittance spectra calculated through Eq.~4! contain
interference fringes with spacingd in frequency equal to
1/2nt.

III. RESULTS

A. Infrared spectra of bulk samples

Typical reflectance spectra of bulk samples are show
Fig. 1 for glasses in the diborate series starting from
binary glass (x50) and having AgI contents as high asx
50.65. Despite the large range of AgI contents covered
this study, it is observed that all reflectance curves have q
similar bandshapes. Nevertheless, some systematic varia
in relative band intensities with addition of AgI can be o
served in the reflectance spectra of Fig. 1 and manifest th
selves in corresponding changes of the absorption coeffic
~AC! spectra. The latter were obtained by the KK analysis
the reflectance spectra and are depicted in Fig. 2. In
far-IR region the absorption spectra show the presence
weak band below 200 cm21, which can be attributed to th
localized rattling motion of Ag1 ions in their hosting
sites.46,47 The changes induced in the AC spectra with
creasing amount of AgI include the increase of the inten
of the absorption envelope centered at ca 1000 cm21 relative
to that of the envelope at ca 1350 cm21 and the systematic
narrowing of the latter.

Previous studies of alkali and silver borate glasses w
metal oxide contents below the metaborate composition~50

FIG. 1. Infrared reflectance spectra of AgI-containing dibor
glasses,xAgI-(12x)@Ag2O-2B2O3#. The spectra have been offs
by 0.03 to allow comparison.
al
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mol % M2O! have shown that the complex envelope peak
at ca 1000 cm21 can be attributed to the asymmetric stretc
ing vibration of boron-oxygen bonds in borate tetrahed
BØ4

2 ~Ø5oxygen atom bridging two boron atoms!.59,60 The
high-frequency envelope at ca 1300 cm21 is assigned to the
corresponding vibration in borate triangles. For silver-bor
glasses with Ag2O contents up to 33 mol %, there are tw
kinds of borate triangles: those having all oxygen atoms
the bridging type, BØ3, and those with two bridging and on
nonbridging oxygen atom, BØ2O

2.60 The deformation
modes of the various borate species give rise to weak in
red bands below 800 cm21.

The integrated absorption of the AC envelopes betw
780 and 1180 cm21 (A4) and between 1180 and 1570 cm21

(A3) was calculated to probe the relative population of b
rate tetrahedra (BØ4

2) and triangles~BØ3 and BØ2O
2!, re-

spectively, in AgI-containing diborate glasses. TheA4 /A3
ratio depicted in Fig. 3 demonstrates a rather complex dep
dence on the doping salt content. In the ranges 0,x,0.1
and 0.4,x<0.65, the ratio of integrated intensities increas
with AgI content, but remains constant within experimen
error for compositions 0.1<x<0.4. It is noted that the
A4 /A3 ratio of glasses prepared previously using Ag2O ~Ref.
47! was found to exhibit a stronger dependence on AgI c
tent than that deduced in the present study for glasses
pared from AgNO3. This difference may be attributed to th
presence of colloidal silver in the former glasses48,61 that
could affect the IR reflectivity background and consequen
the base line of the absorption spectra.

The absorption coefficient spectra of pyroborate glas
(n50.5) were calculated from the reflectance spectra by
KK transformation and are shown in Fig. 4. The absorpt
region of borate tetrahedra is dominated by strong band
ca 955 and 1030 cm21, while the presence of borate triangle
is manifested by features at ca 1245 and 1315 cm21 (x
50.4). Comparison with the IR spectra of alkali bora
glasses and crystals59,62 of high metal oxide content~above
50 mol %! suggests that the band at ca 1240 cm21 can be
assigned to the asymmetric stretching vibration of borate
angles with all oxygen atoms being nonbridging, BO3

32

e
FIG. 2. Absorption coefficient spectra of xAgI-

(12x)@Ag2O-2B2O3# glasses calculated by Kramers-Kronig tran
formation of the reflectance spectra. The spectra have been o
by 2.53103 cm21 to allow comparison.
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~orthoborate!. Similarly, the band at ca 1315 cm21 can be
attributed to the stretching vibration of terminal B-O2 bonds
of pyroborate dimers, B2O5

42. The latter species give also a
IR band in the range 850–1150 cm21 due to the asymmetric
stretching vibration of the bridging B-O-B bond. The fr
quency of this band depends on the mass of the cha
balancing cation and its intensity is approximately equa
that of the characteristic band of terminal B-O2 bonds of
B2O5

42.59 Thus consideration of the IR spectra of Fig.
shows that~a! the borate triangles in the pyroborate fam
are of different nature compared to those found in the di
rate family, and~b! the 800–1150 cm21 absorption region
contains contributions from both BØ4

2 tetrahedra and
B2O5

42 species. This indicates that the ratio of integra

FIG. 3. Dependence of the integrated relative absorptionA4 /A3

on the AgI mole fraction inxAgI-(12x)@Ag2O-2B2O3# glasses.
Integrated absorptionsA4 andA3 correspond to tetrahedral and tr
angular borate units, respectively. Open and solid circles repre
data obtained by the present analysis of absorption coefficient s
tra of bulk samples and transmittance spectra of thin films, res
tively. Numbers next to thin film data represent the film thickne
obtained by the fitting procedure@Eq. ~4!#. Thin film data by Hud-
gens and Martin~Ref. 48! are included for comparison~open dia-
monds!. Lines are drawn to guide the eye.

FIG. 4. Absorption coefficient spectra of glasses in the pyro
rate series,xAgI-(12x)@Ag2O-0.5B2O3#, calculated by Kramers-
Kronig transformation of the reflectance spectra. The spectra h
been offset by 33103 cm21 to allow comparison.
e-
o

-

d

intensities,A4 /A3 , can not be used in a straightforward wa
as in the case of diborates, to quantify the effect of AgI
the glass structure. Nevertheless, it is observed in Fig. 4
the relative intensity of at least the 1240 and 1315 cm21

bands varies with AgI content, demonstrating the effect
AgI on borate speciation.

B. Infrared spectra of thin films

Infrared transmittance spectra of thin films are shown
Fig. 5 for glasses in the diborate family having AgI conten
x50.1, 0.2, 0.4, and 0.6, and in Fig. 6 for films having
fixed composition (x50.2) but different thickness. All spec
tra exhibit strong band envelopes at ca 1000 and 1350 cm21,
in agreement with the absorption coefficient spectra resul
from analysis of the reflectance spectra. In addition, inter
ence patterns are present in the transmittance spectra
these are particularly visible in the region above 1500 cm21

where absorption is very small~see Figs. 1 and 2!.
Each experimental transmittance spectrum was fitted

means of Eq.~4! using then(n) and k(n) spectra of the
corresponding bulk sample. The results of fitting are sho
in Figs. 5 and 6 and demonstrate a satisfactory agreem
with the measured spectra. The value of film thicknesst ob-
tained by the fitting procedure is given also in Figs. 5 and
An alternative way to calculate film thickness is direct
from the interference pattern of the measured transmitta
spectrum using the expression

nt
c-
c-
s

-

ve

FIG. 5. Typical infrared transmission spectra of films with d
ferent AgI contents in the diborate family, xAgI-
(12x)@Ag2O-2B2O3#. Solid lines indicate experimental spectra
free-standing films~30–5000 cm21!, or films pressed between IR
grade KBr windows~600–5000 cm21!. Dash-dotted lines are the
best fits of Eq.~4! to the experimental spectra. The thickness
films obtained by the fitting procedure is also given.
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t5
N

2@n~n1!n12n~n2!n2#
, ~5!

whereN is the number of oscillations between two extrem
~N51 for two consecutive maxima or minima! and n1 ,
n(n1) andn2 , n(n2) are the corresponding frequencies a
indices of refraction.63 In the region above 2000 cm21 the
refractive index is practically frequency independent~see
Fig. 7! and therefore n(n1)'n(n2)5n. Thus, for n
.2000 cm21, Eq. ~5! reduces tot5N/2n(n12n2) and is
used to obtain directly the thickness of the film. The resu
are given in Table I, where comparison with the thickne
data obtained with the fitting procedure shows a good ag
ment.

The measured transmittanceT spectra shown in Figs. 5
and 6 were transformed into absorbance.A spectra (A5
2 log10T) to allow comparison with the data reported b
Hudgens and Martin for thin films48 and with those obtained
in this study by analysis of the absorption coefficient spec
of bulk samples. The integrated intensitiesA4 and A3 were
calculated by the procedure followed for bulk samples a
the ratioA4 /A3 is plotted in Fig. 3 versus AgI content. Al
though the present results show thatA4 /A3 follows the same
trend versus AgI content in both thin films and bulk sampl
the A4 /A3 ratio of thin films is larger than that of the bul
samples. This finding is consistent also with the fact that
intensity of the 1320 cm21 band relative to that at 965 cm21

is larger for the calculated spectra, usingn(n) and k(n) of

FIG. 6. Effect of film thickness on the transmittance spectra
xAgI-(12x)@Ag2O-2B2O3# glasses. Solid lines are the experime
tal spectra of films pressed between IR-grade KBr windows,
dotted lines are the best fits of Eq.~4! to the experimental spectra
The thickness of films obtained by the fitting procedure is a
given.
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the bulk, than for the measured spectra of thin films~see
Figs. 5 and 6!. The origin of these findings and possib
consequences will be discussed in a following section.

IV. DISCUSSION

A. Effect of AgI on the network structure of bulk glasses

Early NMR ~Ref. 64! and more recent IR and Raman60

studies ofyAg2O-(12y)B2O3 glasses have shown that fo
low Ag2O contents (y,0.25) the structural modification
mechanism when Ag2O is added to B2O3 involves mainly the
transformation of neutral BØ3 triangles into charged borat
tetrahedra BØ4

2. Therefore, the fraction of four-coordinate
boron atoms,X4 , obeys the lawX45y/(12y). For y
.0.25, X4 deviates considerably from its theoretical val
because of the formation of nonbridging oxygen~NBO! at-
oms in charged borate triangles, BØ2O

2. Thus the SRO of
the borate network at the diborate composition (y50.33) can

f

d

o

FIG. 7. Refractive index spectra of glasses in the syst
xAgI-(12x)@Ag2O-2B2O3#, obtained by Kramers-Kronig inver
sion of the reflectance spectra.

TABLE I. Comparison of film thicknesst data obtained by fit-
ting Eq. ~4! to the experimental transmittance spectra ofxAgI-
(12x)@Ag2O-2B2O3# glasses and by applying Eq.~5!, with n(n1)
5n(n2)5n being the value of the refractive index of the bulk gla
for frequencies above 2000 cm21.

Mole fraction
AgI ~x!

t from Eq. ~4!
~mm!

t from Eq. ~5!
~mm! n

0.1 2.4660.04 2.560.1 1.44
0.2 3.3560.07 3.460.1 1.44
0.2 5.1960.07 5.260.1 1.44
0.4 4.5360.07 4.560.1 1.48
0.6 3.0260.05 3.160.1 1.60
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PRB 60 3891STRUCTURE OF FAST-ION-CONDUCTING AgI-DOPED . . .
be described in terms of borate triangles BØ3 and BØ2O
2

and tetrahedra BØ4
2. These polyhedra participate in the fo

mation of larger borate arrangements, with well-defin
MRO, like the triborate and diborate groups.65

Since addition of AgI to Ag2O-2B2O3 glass is not ex-
pected to change the total formal negative charge on
borate network, the dependence of theA4 /A3 ratio on AgI
content~Fig. 3! can be understood in term of changes in t
population of borate species. This can be expressed by
following chemical equilibrium66 that takes place in the me
and involves the isomeric BØ2O

2 and BØ4
2 species

BØ4
2�BØ2O

2. ~6!

The data reported in Fig. 3 for bulk glasses indicate t
when the AgI content is increased the above equilibri
shifts progressively to the left. For the quantification of th
effect, it is necessary to evaluate the fractionsX4 , X3 , and
X2 of BØ4

2, BØ3, and BØ2O
2 species, respectively. Mas

and charge balance considerations for the diborate comp
tion give

X21X31X451, ~7!

X21X450.5. ~8!

ThusX350.5, i.e., the fraction of the BØ3 units, is indepen-
dent of the presence of AgI. To obtainX2 andX4 , deconvo-
lution of the absorption coefficient spectra was performed
shown in Fig. 8 for a typical AgI-containing borate glass.
was found that the characteristic range of the stretching
bration modes of the borate network~800–1600 cm21! is
best fitted with six Gaussian components; three of them
in the range of boron-oxygen triangles~1430–1450 cm21,
1325–1350 cm21, and 1220–1245 cm21!, and the remaining
bands in the range of borate tetrahedra~1070–1085 cm21,
980–995 cm21, and 890–905 cm21!. The frequency of each
band depends on composition, and it is determined with
accuracy of63 cm21. The corresponding error for the ban
widths is65 cm21 and the integrated intensities are accur
to 63%.

FIG. 8. Deconvolution of the absorption coefficient spectru
~solid line! of the 0.3AgI-0.7@Ag2O-2B2O3] glass into Gaussian
components~dashed lines!. The simulated spectrum is shown by th
dotted line.
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Since two types of borate triangles~BØ3 and BØ2O
2!

contribute to the infrared activity in the ca 1200–1600 cm21

region, assignment of the three deconvoluted componen
this region can be made. For the BØ3 unit with D3h point
group symmetry, theory predicts the following norm
modes of vibration: GD3h

5A18(R)52E8(IR,R)1A29(IR),
with R and IR denoting Raman and infrared activit
respectively.67 From these modes, the asymmetric stretch
vibration of the borate triangle active in the infrared hasE8
symmetry. The six normal modes of vibration of the BØ2O

2

unit with C2v symmetry are distributed as follows:GC2n

53A1(IR,R)1B1(IR,R)12B2(IR,R), with two of these
modes (A1 ,B2) corresponding to IR-active asymmetr
stretching vibrations of the triangle. Thus replacement o
bridging by a nonbridging oxygen atom in BØ3 triangles
causes~a! the splitting of the doubly degenerateE8 mode
into two components of symmetryA1 and B2 , and ~b! the
weak activation in the infrared of the symmetric stretchi
mode,A1 . Indeed, crystalline Li2O-2B2O3 having a structure
based on BØ3 and BØ4

2 units in diborate arrangements pr
sents a very strong infrared feature at ca 1390 cm21, while
crystallinea-Li 2O-B2O3 consisting of BØ2O

2 units in me-
taborate chains exhibits two strong IR bands at ca 1445
1260 cm21 and a shoulder at ca 1510 cm21.59 On these
grounds, it is reasonable to attribute the 1325–1350 cm21

band to the asymmetric stretching vibration of BØ3 units
~band 2 in Fig. 8!, and the two remaining bands at 1220
1245 cm21 and 1430–1450 cm21 ~bands 3 and 1 in Fig. 8! to
the asymmetric stretching vibration of BØ2O

2 units with
C2v symmetry. It is noted that detailed assignments of
bands in the range of boron-oxygen tetrahedra~800–1200
cm21, bands 4, 5, and 6 in Fig. 8! is not essential for the
analysis presented below.

Denoting byAi the integrated intensity of thei th compo-
nent band (1< i<6) normalized by the total integrated in
tensity of the stretching modes~800–1600 cm21 range! and
following the assignments made above, the fractionsX2 and
X4 are given by

X25A1 /a1 , X25A3 /a3 , X45~A41A51A6!/a4 ,
~9!

wherea1 anda3 are the normalized absorption coefficien
of the corresponding modes (A1 ,B2) of BØ2O

2 units anda4
is a normalized average absorption coefficient of BØ4

2 tet-
rahedra. From Eqs.~8! and~9! it is obvious that there are five
unknown parameters~X2 , X4 , a1 , a3 , and a4! and four
equations. This difficulty can be handled if the absorpti
coefficientsa i of borate species are assumed to exhibit n
ligible dependence on the AgI content. Then, by combin
Eqs. ~9! for two glassesk and l, we obtain the following
ratios:

A1k

A1l
5

A3k

A3l
5

X2k

X2l
5F2kl , ~10!

~A41A51A6!k

~A41A51A6! l
5

X4k

X4l
5F4kl . ~11!

The fractionsX2k , X2l , X4k , andX4l for glassesk andl can
be obtained now by solving the system of Eqs.~10!, ~11!,
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and ~8! and noting that there is one Eq.~8! for each glassk
andl. The results, averaged over all possible combination
spectra, are reported in Fig. 9 versus AgI content. The fr
tion of four-coordinated boron atoms,X4 , obtained in this
study varies from 0.34 (x50) to 0.39 (x50.65) with an
experimental error estimated to be about 2.5%, while
fraction X2 varies from 0.16 to 0.11 with the experiment
error being about 3%. The changes ofX4 and X2 resulting
from the AgI addition are well outside our experimental er
in determining these fractions. It is noted also that theX4
50.34 value for the Ag2O-2B2O3 glass found by the IR
analysis is in very good agreement with the NMR res
(N450.35) reported by Kim and Bray.64

The data in Fig. 9 demonstrate the notion that accomm
dation of AgI by the diborate glass network is effected
local rearrangements of the SRO structure, as manifeste
the progressive shift of equilibrium~6! to the left. Once the
fractions X4 and X2 are obtained, a quasiequilibrium con
stantKeq for reaction~6! can be evaluated by

Keq5
X2

X4
, ~12!

where activity coefficients are ignored. As shown in F
10~a!, Keq decreases systematically as the AgI content
creases. The equilibrium constant of a reaction depend
both pressure and temperature, but the present glasses
prepared under identical quenching conditions. Theref
Keq refers mostly to the fictive temperature at which t
structure of the supercooled liquid was ‘‘frozen’’ into th
glassy state. Since fictive temperatures for these glasse
not available, we employ the glass transition temperatureTg
determined by Chiodelliet al.42 and observe thatTg shows
the same dependence on AgI content as the equilibrium
stant@see Fig. 10~b!#. Thus it appears that the decrease ofTg
is directly related to the decrease ofKeq caused by the AgI
addition. These findings are consistent with the results of
statistical mechanical calculations of Araujo68 for the corre-
lation of temperature and borate speciation in alkali bor
glasses. In particular, Araujo finds thatX4 is a function of
both temperature and composition, and that for the dibo
compositionX4 increases with decreasing temperature.

FIG. 9. FractionsX4 and X2 of borate tetrahedra (BØ4
2) and

triangles (BØ2O
2), respectively, as a function of AgI content i

xAgI-(12x)@Ag2O-2B2O3# glasses.
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From the dependence ofKeq on Tg we can estimate the
enthalpy change (DH) associated with reaction~6! accord-
ing to

ln Keq52
DH

RTg
1

DS

R
, ~13!

whereDS is the entropy change andR is the gas constant
From the least-squares fitting of the lnKeq vs 1/Tg plot in
Fig. 11, it is found thatDH53265 kJ/mol andDS542
65 J/Kmol of boron. The value ofDH is consistent with that
reported recently by Senet al. ~35612 kJ/mol of boron! for
the reaction BØ4

2�BØ31NBO in sodium borate melts.69

It is clear from the above discussion that accommodat
of a relatively inert metal halide salt, such as AgI, in a mo
fied binary glass matrix affects the SRO structure. Th
changes in SRO are responsible for the decrease ofTg and
presumably the decrease of the fictive temperature at w
the structure of the supercooled liquid is arrested into
glassy state. For the diborate system, the changes in SRO
effected by the transformation of BØ2O

2 triangles into BØ4
2

FIG. 10. Effect of AgI on the equilibrium constant of reactio
~6!, Keq5X2 /X4 ~a! and on the glass transition temperatureTg ~b!
for glassesxAgI-(12x)@Ag2O-2B2O3#. Tg data are those reporte
by Chiodelli et al. ~Ref. 42!. Lines are drawn as guides to the ey

FIG. 11. Dependence of the equilibrium constantKeq of reaction
~6! on the glass transition temperatureTg . The solid line is the
least-squares fitting of the data.
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PRB 60 3893STRUCTURE OF FAST-ION-CONDUCTING AgI-DOPED . . .
tetrahedra. This mechanism favors a better packing of
borate backbone, because the effective volume of borate
rahedra is approximately 70% smaller than that of their i
meric triangles,70 and thus this process would leave mo
room to be occupied by the bulky AgI. This is also consist
with the results of x-ray and neutron diffraction studies
this system that indicate an improvement of the mediu
range order of the glass by addition of AgI.51–53

For reasons explained in Sec. III A, the above detai
analysis for the diborate family can not be performed
glasses in the pyroborate series. Therefore, the spectros
data will be discussed only in a qualitative manner. Figur
shows the presence of intense bands at 955 and 1030 c21

due to BØ4
2 tetrahedra, despite the fact that in glasses of

pyroborate composition~67 mol % of metal oxide! the frac-
tion of BØ4

2 is almost zero.59 This situation can be under
stood in terms of the following equilibrium:66

B2O5
42�BO3

321BØ4
2, ~14!

which appears to be favored by AgI. In view of this it is
interest to note that crystalline silver-orthoborate (Ag3BO3)
and metaborate (AgBO2) have been prepared under oxyg
pressure, but the pyroborate crystal (Ag4B2O5) has not been
prepared so far.71,72Therefore, the stabilization of pyrobora
(B2O5

42) species in the present silver-borate glasses se
to result from the disproportionation reaction@Eq. ~14!# that
leads to the coexistence of orthoborate (BO3

32) and metabo-
rate (BØ4

2) species in the presence of AgI.

B. Spectra of thin films and comparison with bulk samples

The data reported in Fig. 3 show that~a! thin films exhibit
largerA4 /A3 values than bulk samples,~b! A4 /A3 decreases
upon increasing film thickness, and~c! the values reported
by Hudgens and Martin48 for thin films are larger than thos
obtained in this work. To evaluate these findings we cons
first the effect of film thickness on theA4 /A3 value. For this
purpose, transmittance and absorbance spectra were c
lated using Eq.~4! and then(n) and k(n) spectra of bulk
samples. Typical calculated spectra are shown in Fig. 12
films having the same composition, 0.2Ag
0.8@Ag2O-2B2O3#, but different thickness. As shown in Fig
12~b!, the intensity of the 970 cm21 band~borate tetrahedra!
appears to decrease relative to that at 1325 cm21 ~borate
triangles! as the thickness of the film increases. Obvious
this is not due to real structural differences because all s
tra were computed on the basis of the same set ofn(n) and
k(n). Instead, the spectra of thin films represent the inter
ence between the corresponding spectrum at the first in
face of the sample and the multiple internal reflections
tween the two interfaces. Therefore, each spectrum res
from the combined contribution of the real spectrum of t
sample and a harmonic oscillatory interference term.

The degree of change of the relative intensity of the 9
and 1325 cm21 bands depends on the period (1/2nt) and the
amplitude of interference@RNDN, whereR andD are given
by Eqs. ~4b! and ~4c! and N is the order of interference#.
Both the period and amplitude of interference decrease u
increasing film thickness, and this is demonstrated also
Fig. 12 for the calculated spectra. The calculated depend
of A4 /A2 on film thickness is shown in Fig. 13 for the com
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position 0.2AgI-0.8@Ag2O-2B2O3# and shows that in the
ranget1,t,t2 the value ofA4 /A3 changes rapidly with film
thickness. We have repeated the same calculations fo
compositions of interest and found that both threshold thi
ness valuest1 and t2 increase almost linearly with AgI con
tent of the glass, as shown in the inset of Fig. 13. This tre

FIG. 12. Calculated transmittance and absorbance spectra u
Eq. ~4! and the optical constants@n(n) and k(n)# obtained by
Kramers-Kronig analysis of the specular reflectance spectrum o
bulk glass 0.2AgI-0.8@Ag2O-2B2O3].

FIG. 13. Dependence of the relative integrated absorp
A4 /A3 on film thickness t for glassy films with composition
0.2AgI-0.8@Ag2O-2B2O3#. For t1,t,t2 the ratio A4 /A3 shows a
strong dependence on film thickness. The inset illustrates the
pendence oft1 and t2 on AgI content for glasses in the syste
xAgI-(12x)@Ag2O-2B2O3#.
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can be attributed to the progressive decrease of the num
of borate species per unit thickness of the film with A
addition.

The points presented above explain our experimental
dence thatA4 /A3 decreases when the film becomes thick
and approaches the value obtained from the absorption c
ficient spectrum of the bulk sample. In practice, thoug
transmittance values below ca 0.5–1 % cannot be meas
with accuracy even with modern spectrometers. With re
ence to Fig. 12 this indicates that the 970 and 1325 cm21

bands in the experimental spectrum would exhibit satura
effects when the film thickness exceeds'6 mm, and thus
any variations ofA4 /A3 with composition would be very
difficult to distinguish.

Regarding the comparison ofA4 /A3 values found for thin
films with those obtained from the absorption coefficie
spectra of bulk samples,48 it is noted that they cannot be th
same, even when thick films are considered. Indeed, for th
films, Eq. ~4! can be reduced to

T5u12r 2u2e2at. ~15!

Therefore, the ratioA4 /A3 calculated from the absorbanc
spectrumA(n) will be

A4

A3
5

* tetrahedraA~n!dn

* trianglesA~n!dn

5
t* tetrahedraa~n!dn2* tetrahedralnu12r c

2u2dn

t* trianglesa~n!dn2* triangles lnu12r c
2u2dn

, ~16!

and the corresponding ratioA4 /A3 calculated from the ab
sorption coefficient spectruma(n) of the bulk glass is

A4

A3
5

* tetrahedraa~n!dn

* trianglesa~n!dn
. ~17!

It is evident from Eqs.~16! and~17! that the value ofA4 /A3
obtained through theA(n) spectrum is different to that cal
culated from thea(n) spectrum. Thus a quantitative com
parison between the results of the two methods canno
made. It is noted also that the absorbance spectra reporte
Hudgens and Martin were measured on films with thickn
;10–100mm, as indicated by these authors.48 Our findings
in Fig. 12 indicate that, even for the thinnest films~;10
mm!, the spectra should exhibit saturation effects in the
gion of strong absorption~800–1500 cm21!.

An additional difficulty in comparing the spectra of th
films and bulk samples arises from the possibility that th
can exhibit structural differences because of their differ
thermal histories. As described in the experimental sect
bulk samples were obtained by splat quenching the melt
mediately after removal from the furnace, while for th
films the melt was allowed to cool first slowly, for viscosi
to reach an appropriate value, and then very quickly by fi
blowing. Under such conditions, it is reasonable to assu
that bulk samples have higher fictive temperatures, and
cording to Eq.~4!, the fraction of borate tetrahedra would b
larger in thin films than in bulk samples. Therefore, besid
the optical effects discussed above, there are structural
sons for thin films and bulk samples to exhibit different v
ues of theA4 /A3 ratio.
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C. Far-IR spectra and the nature of silver ion sites
in AgI-containing glasses

In this section we focus on the IR profiles below ca 3
cm21 where the vibrations of metal ions in their sites a
active, and thus useful information regarding the nature
anionic sites hosting silver ions can be extracted from sp
tral analysis. Characteristic far-infrared absorption spec
are shown in expanded frequency and intensity scales in
14~a! and 14~b! for glasses in the diborate and pyrobora
families, respectively.

Starting with the diborate family, because it includes t
AgI-free composition, we note that the spectra of the A
containing glasses show no remarkable differences comp
to that of the Ag2O-2B2O3 glass. Nevertheless, it is observe
that the main peak at ca 145 cm21 (x50) shifts progres-
sively to lower frequency asx increases. Because of the
highly asymmetric nature, the far-IR profiles were deconv
luted using the minimum number of component bands t
give a reasonable agreement between experimental and
culated spectrum.55–57 The spectrum of thex50 glass has
been fitted with three Gaussian components centered
52 cm21(nL), 146 cm21(nH), and 272 cm21. The last com-
ponent can be attributed to a borate network deforma
mode, while the bands with frequencies designated bynL
andnH can be assigned to Ag-O vibrations, most probably
two anionic site environments involving oxygen atoms of t
borate network.60 This proposition is compatible with earlie
EXAFS results for the same glass (x50) that indicate the
presence of two coordination environments for silver io
differing in coordination number and Ag-O distance.73

FIG. 14. Far-infrared spectra~solid lines! of glassesxAgI-(1
2x)@Ag2O-nB2O3] with n52, 0<x<0.6 ~diborate! and n50.5,
0.4<x<0.6 ~pyroborate!, deconvoluted into Gaussian compone
bands~dashed lines!. The simulated spectra are shown by dott
lines.
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The ability of silver ions to adopt different coordinatio
environments depending on the charge density of oxy
atoms is demonstrated very well in crystalline Ag-bora
compounds. For example, in Ag2O-4B2O3 all oxygen atoms
bridge two boron centers and silver ions fulfill their bondi
requirements in sevenfold and eightfold coordinated site74

The orthoborate crystal Ag2O-0.33B2O3, where all oxygen
atoms are nonbridging and the silver requirements are
with twofold coordination to oxygen,72 provides the other
extreme. In crystalline silver-metaborate, Ag2O-B2O3, there
are both bridging oxygen atoms in interlinked BØ4

2 tetrahe-
dra and BØ2O

2 triangles and nonbridging oxygen atoms
BØ2O

2 triangles. This situation allows silver ions to explo
a range of sites with coordination numbers varying from 3
6.71 As discussed elsewhere,75 small metal-oxygen distanc
and high charge density characterize sites with small coo
nation numbers, both factors leading to a high metal-oxy
stretching frequency.75 On these grounds, it is reasonable
attribute the higher-frequency band~146 cm21! of the x50
diborate glass to Ag-O vibrations in a distribution of oxid
sites with relatively low coordination numbers~H sites!.
Similarly, the lower-frequency component~52 cm21! can be
attributed to Ag-O vibrations in a distribution of sites wi
larger coordination numbers~L sites!

The spectra of the AgI-containing diborate glasses co
be fitted also with three Gaussian components as show
Fig. 14~a!. Following the assignments for thex50 glass, the
bands at 50–45 cm21 (nL) and 146–128 cm21 (nH) are
attributed to localized vibrations of Ag ions in their suitab
sites and the one at ca 270 cm21 to a network mode. The
nature of sites hosting silver ions in these glasses will
discussed after considering the spectra of pyroborate gla

Deconvolution of the far-IR profiles of pyroborate glass
@Fig. 14~b!# showed the presence of at least four compone
i.e., at ca 40, 175, and 260 cm21 and the fourth component a
ca 100 cm21. By analogy with the binary Ag2O-2B2O3 glass,
the components at ca 40 and 175 cm21 are attributed to
Ag-O vibrations in sites made primarily by oxygen atoms
the borate network, sitesL andH, respectively, and the 26
cm21 feature is attributed to a network mode. As shown
the spectra, both the frequency and intensity of the ca
cm21 band increase with AgI content. In view of these fin
ings and our previous work,46,47 we assign this band to lo
calized vibrations of Ag1 ions in primarily iodide environ-
ments. This assignment is consistent also with the fact
crystalline b-AgI ~wurtzite! and a-AgI ~superionic phase!
exhibit their main infrared absorption at;110 cm21, due to
the Ag-I stretching modenAg-I , in a tetrahedral iodide
environment.76,77 The increase ofnAg-I from 96 to 107 cm21

as the AgI content increases fromx50.4 to 0.6 could indi-
cate a gradual aggregation of silver-iodide sites into clust
the size of which cannot be estimated at present from
infrared spectroscopic data. It is noted that the spectrosc
data suggest also a slight variation of the nature ofH sites
with addition of AgI and, in particular, a gradual strengthe
ing of the Ag-O interactions sincenH increases withx @Fig.
14~b!#. This effect can be understood in terms of chemi
equilibrium ~14! that was found to shift towards the orthob
rate triangles (BO3

32) in the presence of AgI. The oxyge
atoms of such borate species participate in the formatio
sites with high charge density and small coordinat
n
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numbers,72 and this would naturally lead to higher Ag-O
stretching frequencies. Therefore, the analysis of the far
profiles of AgI-doped pyroborate glasses suggests that s
ions are distributed in a range of environments. A fraction
silver ions occupy oxide network sites~L and H sites! and
the rest of them are present in iodide sites with varying
gree of organization.

Based on the above analysis, we can now seek a m
detailed description of the nature of silver ion sites in Ag
doped diborate glasses. As shown in Fig. 15, bothnH andnL
decrease with increasing AgI content, this trend being m
pronounced fornH . One way of explaining this result is b
assuming that theH band in AgI-doped diborate glasses
the convolution of two close-lying components; one at
146 cm21 ~oxide band! and another at ca 110 cm21 ~iodide
band!. As the AgI content increases, the former componen
reduced in intensity, while the latter exhibits the oppos
effect. On the overall, the convolutedH band appears to shif
to lower frequency with addition of AgI. According to thi
simple model, which ignores interactions between neighb
ing oxide and iodide sites, the frequencynH of the convo-
luted band can be approximated by

nH5 f InAg2I1 f OnAg2O, ~18!

wherenAg-I5110 cm21, nAg-O5146 cm21, and f I and f O are
the fractions of silver ions in iodide andH-type oxide sites,
respectively. Since the intensity of theL band in thex50
glass spectrum contributes less than;10% to the total Ag-
ion motion activity, we assume for simplicity that all Ag ion
introduced by Ag2O contribute to theH oxide band. Hence
the fractions in Eq.~18! are given byf I5x/(22x) and f O
52(12x)/(22x). CalculatednH frequencies by employing
Eq. ~18! are shown by the solid line in Fig. 15.

A different model to explore the trend ofnH with x could
involve the progressive substitution of oxygen atoms by

FIG. 15. Effect of AgI addition on the Ag1 ion motion frequen-
cies (nH ,nL) in xAgI-(12x)@Ag2O-2B2O3# glasses. The solid line
was calculated by Eq.~18!. Dash-dotted and dotted lines were ca
culated by Eq.~19! using the dipole and tetrahedral site approxim
tions, respectively. For details see text.
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dide ions in the coordination sphere of silver, i.e., the form
tion of mixed oxyiodide sites. This process will affect th
reduced mass and force constant and thus the frequenc
the silver-site vibration. Denoting bykeff andmeff the effec-
tive force constant and reduced mass of the silver-oxyiod
site vibration,nH would be simply

nH5
1

2pc
Akeff

meff
, ~19!

wherec is the speed of light, andkeff andmeff are approxi-
mated by

keff5 f IkAg-I1 f OkAg-O , ~20a!

meff5 f ImAg-I1 f OmAg-O , ~20b!

where kAg-I and mAg-I are the force constant and reduc
mass of silver-site vibration in crystalline AgI, andkAg-O and
mAg-O are the corresponding quantities for silver oxide si
in Ag2O•2B2O3 glass. The reduced massesmAg-I andmAg-O
were calculated using the dipole and the tetrahedral-
approximation,78 and the corresponding force constantskAg-I
andkAg-O were calculated subsequently from the express
k54p2c2n2m, where the frequencies arenAg-I5110 cm21

andnAg-O5146 cm21. CalculatednH frequencies on the ba
sis of the silver-oxyiodide model@Eqs. ~19! and ~20!# are
shown also in Fig. 15 for the dipole~dash-dotted line! and
tetrahedral~dotted line! approximations.

Comparison in Fig. 15 of the experimentalnH data with
the results of the two simple models considered above i
cates that a model in between these two extreme cases
the existence of a range of oxide, iodide, and mixed o
iodide environments for silver ions, is more realistic f
diborate glasses. However, the far-infrared results of pyro
rate glasses suggest that silver ions occupy mainly oxide
iodide sites. Upon increasing the AgI content the iodide s
grow probably in size as monitored by the progressive
crease ofn(Ag-I). Overall, the formation and nature o
silver-iodide sites inxAgI-(12x)@Ag2O-nB2O3# glasses
were found to depend on both the Ag2O/B2O3 ratio and the
AgI content.

V. CONCLUSIONS

AgI-containing superionic glasses

xAgI- ~12x!@Ag2O-nB2O3#,

with n52 ~diborate! and n50.5 ~pyroborate!, have been
prepared and studied by infrared spectroscopy. The purp
of this work is to investigate the structure of the glass n
work and its dependence on the AgI doping salt, as wel
the nature of sites occupied by the charge carrying si
ions. Glasses were obtained in bulk and thin film forms us
AgNO3 as the source of Ag2O, and their spectra were mea
sured by the specular reflectance and transmission t
niques, respectively. Reflectance spectra were analyze
the Kramers-Kronig inversion and transmission spectra w
simulated by taking into account the multiple reflections
side the film.

The analysis of the midinfrared profiles of diborate bu
compositions showed that the short-range order of the g
-
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network consists of borate triangles~BØ2O
2 and BØ3! and

tetrahedra (BØ4
2). Spectral deconvolution was performed

quantify the glass structure by calculating the mole fractio
of the local borate structural units. It was found that t
fractions of BØ2O

2 triangles and BØ4
2 tetrahedra depend o

the AgI content of the glass, and this effect was explained
terms of the isomerization reaction BØ4

2�BØ2O
2 between

metaborate tetrahedra and triangles. A quasiequilibrium c
stant Keq of this reaction was calculated from the spectr
scopic data and found to decrease with increasing AgI c
tent of the glass. It was concluded that the AgI-induc
transformation of BØ2O

2 triangles into BØ4
2 tetrahedra

leads to a better packing of the borate backbone and thu
an improvement of the medium-range order of the glass.

Similarly, it was shown that the network structure of p
roborate glasses can be understood on the basis of the
proportionation of pyroborate dimers (B2O5

42) to orthobo-
rate monomers (BO3

32) and metaborate tetrahedra, i.e
B2O5

42�BO3
321BØ4

2. The spectroscopic data indica
that AgI favors this disproportionation reaction and thus e
plain glass formation in the silver-pyroborate system, des
the fact that the Ag2O-0.5B2O3 composition does not vitrify
or form a crystalline phase.

The study of the infrared transmission spectra of th
films in the diborate family showed that the relative intens
of the absorption envelope due the borate tetrahedra
creases with increasing film thickness and approaches
behavior of the corresponding bulk glass. It was dem
strated that the main origin of this trend is traced to opti
effects and, in particular, to the strong dependence of
period and amplitude of the background interference w
on film thickness. Besides optical effects, thin films and b
glassy samples may exhibit differences in thermal hist
that can lead to structural variations and thus to additio
spectral differences. Therefore, direct~quantitative! compari-
son of infrared spectral data of thin films and bulk glass
should be avoided, since it may lead easily to erroneous c
clusions.

The far-infrared absorption spectra of AgI-doped pyrob
rate glasses showed that, besides the presence of the
bands at ca 40 and 175 cm21 arising from the vibration of
silver ions in oxide sites, a third band develops at ca 1
cm21 as AgI is added to the glass. This new feature w
assigned to the localized vibration of silver ions in primar
iodide sites. The intensity and resonance frequency of
band were found to increase with AgI content, suggesting
organization of silver-iodide units into tetrahedral sites su
as those found in crystalline AgI. The aggregation of silv
iodide sites into AgI-like pseudophases cannot be exclud
though the dimensions of such domains cannot be estim
by infrared.

In contrast to pyroborates, the far-infrared profiles
diborate glasses could be simulated with only two silver-
motion bands. The resonance frequency of the stronger c
ponent was found to decrease from 146 to 128 cm21 as the
AgI content increases fromx50 to 0.65. The experimenta
data were compared with the results of two simple-extre
models. The first considers the formation of separate silv
oxide and silver-iodide sites with varying population, and t
second proposes the formation of only mixed oxy-iodide
vironments. Comparison with the experimental results sho
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that the existence of a range of sites for silver ions includ
oxide, iodide, and mixed I/O environments describes be
the AgI-containing diborate glasses. Therefore, it is c
cluded that the extent of formation and organization of se
rate AgI-like sites inxAgI-(12x)@Ag2O-nB2O3# glasses is
a function of both Ag2O and AgI content.
g
r
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-
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