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Structure of fast-ion-conducting Agl-doped borate glasses in bulk and thin film forms
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The reflectance spectra of bulk superionic glassagl-(1—x)[Ag,0-nB,0;] with n=2, 0<x=<0.65
(diborate and n=0.5, 0.46<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 trianglearBiZB@0O~, and borate
tetrahedra Bg (@=oxygen atom bridging two boron centgrSimilarly, it was shown that pyroborate dimers
B,Os*", orthoborate monomers B®, and borate tetrahedra constitute the short-range order of pyroborate
glasses. The relative abundance of these borate units was found to be affected by Agl doping in a way that can
be described by the isomerization reaction .BZ=B@,  for n=2 and the disproportionation reaction
B,Os* =B0* +B@,” for n=0.5. Both reactions shift to the right upon increasing the amount of Agl. 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 Agl addition and to point towards sites of
tetrahedral coordination such as those found in crystalline Agl. 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 siégyin(1 —x)[ Ag,O-nB,0s] glasses
depends on both A@ and Agl content[S0163-1829)02030-5

. INTRODUCTION Ag", Cu") with the large and polarizable iodide ion.t%*’
Further improvement of conductivity can be obtained by

Fast-ion-conductingFIC) glasses comprise a class of mixing two glass-forming oxides, a phenomenon known as
solid electrolytes which have been attracting much attentiothe mixed-anion or mixed-glass former efféet® Finally,
for their potential applications to solid-state electrochemicareplacement of oxygen by sulfur or selenium leads to the
devices, including batteries, sensors, and electrochromitormation of FIC chalcogenide glasses with conductivities
displays!~ Because of their technological importance, FIC exceeding those of the corresponding oxide glasses by three
glasses have been investigated extensively to establish thgders of magnitude or mof8-22Proper optimization of the
chemical and structural characteristics responsible for theigbove chemical factors has resulted in the synthesis of new
high ionic conductivity. The acquisition of this knowledge is FIC glasses in the system
critical not only for explaining the mechanism of ion trans-
port in glass, but also for designing systems with improved zAgl-(1-2)[0.525A@S-0.47SBS;:SiS;|,
performance appropriate for the current netds.

The composition of oxide-based FIC glasses can be exwhere the ionic conductivity reaches the value of
pressed agMX-(1—-2)[M,0-nF,O, ] whereM is a univa- 4% 10‘223(9 cm)~ ! at room temperature for the composition
lent metal, usually Li, Na, Ag, and Cu and the halogeis =~ z2=0.4:

I, Br, or Cl. The Lewis acid ;(Dy is a g|ass_forminge_g', Despite the numerous experimental and theoretical studies

B,0s, P,Os, SiO,, and GeQ) or other(MoOz;, WO;) oxide. devoted to FIC glasses, the structure and the ion conduction
The large body of conductivity data on ion-conductingmechanism are still a matter of deb&t&Even for the “sim-
glasses accumulated over the past two decades suggeBt€” binary glassesM,0-nFO,, a range of models has
some empirical relations between ionic conductivity andb€en proposed to explain the ion diffusion mechanism. It
glass composition. Thus it is known that ionic conductivity isincludes the strong electrolyte modétthe weak electrolyte
enhanced by orders of magnitude upon increasing the cornodel?>?°the modified random network mod&lthe jump
centration of the metal-oxide modifier and the metal-halidediffusion model® and the dynamic structure modé*° The
doping sal?~*® Even higher conductivity can be achieved by use of a doping salt as a third component of the glass com-
combining a relatively small and polarizable metal i@g., plicates even more the situation. As a result, there is no con-
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sensus for the state of the doping salt in the glass matrix and Heat capacity measurements of Agl-borate glasses with
its role in the ion transport process. One model proposes the~1 andx~0.5 revealed the presence ofBatransition in
formation of a structurally inhomogeneous glass whddé¢  the liquid-nitrogen temperature region. This transition was
(mainly Agl) forms microdomains or clusters within the host attributed to the freezing-in of the rearrangement of silver
matrix 3135 Movement of silver ions is thought to be facili- 10NS In amorphous Agl aggregat€sRecently, Tatsumisago

tated by the formation of conducting pathways along the Aglet aI.5.° pe(forn}led field errlnission scanning electron micros-
microdomain€ A second model suggests that Agl is highly €OPY twin-roller-quenched 0.75Agl-0.p59,0-0.338,0;]

dispersed in interstices or voids controlled by oxygen atom%IaSS and reported the presence of Agl-rich amorphous par-

. e .. Ticles (40—60 nm in diametgrat ambient temperature. An-
of the host matrix and that Agl enhances ionic conductivity . . o . .
. ) : L nealing this glass at 120 °C, or increasing the Agl content to
by lowering the potential energy barriers within the

0, 1 -
glass®®*~38 Other authors emphasize the role of the dopin 80 mol %, was found to cause the aggregation of these Ag

Yich amorphous particles into island regions, which were sev-

salt in expanding the glass network and creating larger doors 5| hndreds of nanometers in size, and appeared decorated

ways between sites of mobile idRIn fact, a scaling relation by a fine dispersion of-Agl particles 20—30 nm in size
between conductivity enhancement and the expansion of the In addition to the above, the Agl-diborate systemﬁ (

network-forming units was found to op'era.te WiX-doped =2) was studied recently by neutron and x-ray diffraction
borate and phosphate glasséghus, while it may appear technigues, and the experimental data were used to construct
that the details of the glass structure have no direct effect OB ctural models using the reverse Monte Carlo meffod.
ionic conductivity, it is the interactions at the local- and The authors of this work concluded that. while the SRO of
intermediate-range order that control the degree of expansiais porate network is unaffected by Aglldoping, increasing
of the glass network. the amount of Agl improves the medium-range ordéRO)
Glasses in the.(Agl'(l_quz[Ag2o'r.‘B2O?] sys'ierrll WEI€  of the glass by inducing ordering between the neighboring
prepared by Magistrit al***?and Minamiet al,"*"**and  poron-oxygen chain segments. It was therefore proposed that
received subsequently particular attention as model systemge improvement of MRO in glass could be connected with
of FIC glasses. The special interest in these glasses is due {i§e network expansion and the creation of new pathways for
the fact that they are stable, with relatively high glass tranion transport. The idea of network expansion by Agl doping
sition temperature, high ionic conductivity, and can be pre4s supported also by results of a parallel analysis of x-ray and
pared easily in a wide glass-forming region. This is achievegeuytron diffraction data on diborate£2) and tetraborate
by varying the doping salt, Agl, conteft) and/or the modi-  (n=4) glasses*°® However, Cervinkaet al. attributed this
fier oxide, AgO content(n). Besides their high ionic con- petwork expansion to the formation of organized Agl-rich
ductivity, compositions in this glass system were found réyegions, which develop between the boron-oxygen configu-
cently to exhibit interesting nonlinear optical properttés. rations and separate them by greater distaffcs

Ealrlllylsmvestlg_atlo.ns of Agl-borate glasses by Minami 14 oyisting diversity of viewpoints regarding the details
et al,”"employing infraredIR) transmission spectroscopy of the glass structure and the ways it is affected by Agl
on thin blown films, showed that the short-range ordergoping suggests that further work is required for a better
(SRO of the borate network depends directly on the Aglynderstanding of the Agl-borate model system. Continuing
content, despite the fact that the AYB,0; ratio was kept  oyr studies on fast-ion-conducting glasé&¥, we report in
fixed. In particular, it was found that as the Agl content in this paper results of an infrared investigation of glasses in the
the glass increases, the intensity of the absorption band dlgg,stem xAgl-(1—x)[Ag,0-nB,0;] with n=2 (diborate
to boron-oxygen tetrahedral units increases also relative t8ndn=0.5 (pyroborate and with Agl contents spanning the
that of the band due to boron-oxygen triangular units. On thganges B<x<0.65 forn=2 and 0.46<x<0.60 forn=0.5.

H H 42 H .. . . .
contrary, Chiodelliet al** studied the same system BB To resolve the origin of the discrepancies found in some of

NMR and IR spectroscopy and concluded that Agl is dis-y,q previous infrared reflectarféé’ and transmittanéé in-

persed in interstices and has only minor effects on the shor jestigations, AgNQwas used as the source of Ayand the
range order of the bor_ate network. The model of %'Sperseglasses were prepared in the form of both bulk samples and
Agl In horate glasses Is supported also by results®Ag i fiims, whenever this was possible. The infrared spectra
NMR,* extended x-ray absorption fine StrUCtUEXAFS), ™ \ere measured in a broad frequency raf@@-4000 cr’)

and x-ray diffractioft’ investigations. Contrary to this pic- ysing the techniques of specular reflectance and transmission
ture, Ramaif*® and infrared®~*® spectroscopic investiga- for bulk samples and thin films, respectively. The two sets of
tions provide evidence for the development of disorderedpectral data were analyzed to yield information on the short-
Agl microdomains upon increasing the silver iodide contentrange order of the borate arrangements that form the glass
It is interesting to note that, although the IR results obtainechetwork and on the nature of sites occupied by silver ions.
from the analysis of reflectance spectra of bulk gl#8€s The results from bulk glasses and thin films are compared
demonstrate that the effect of Agl on the SRO is similar toand discussed in relation to previous infrared findings and
that reported by Minamét al,'***an IR transmission study models proposed for Agl-containing borate glasses.

of the corresponding glass compositions in thin film forms

indicates that the short-range structure remains unaffected by Il. EXPERIMENT

Agl.*® Such variations in the IR results were attribdfeth

the different preparation methods used in different studies,
since the source of the silver oxide modifier can be either Glasses in the systemAgl-(1—x)[Ag,0-nB,0;] (n
pure AgO (Refs. 14, 15, 46, and 4r AgNQ,.*® =2,0.5) were prepared from reagent-grade Agl, AgNO

A. Glass preparation
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and B,0;. Stoichiometric amounts of the dry reagents wereeach sample, prepared by either technique, was measured
weighed, thoroughly mixed, and ground to form batches corimmediately after its formation.

responding to & 5 g ofglass. The batches were placed in

uncovered Pt crucibles and transferred in an electrically C. Data analysis

heated furnace at 650 °C. After the evolution of nitrogen ox- R
ides had ceased the temperature was raised slowly to 85Q— The specular reflectance spe ) of bulk samples can

950 °C and the melt remained in the furnace for an additionalc analyzed either by the Kramers-Kroril) transforma-

. . . . ion or by the curve-fitting procedure using the classical dis-
20-30 min depending on composition. The melt was stirre ersion theory to model the dielectric function. In recent
frequently to ensure homogeneity.

Part of the melt was splat quenched between two polishe tudies of ionic glasses, we have shown that both procedures

copper blocks to yield clear bulk samples. These specimeneald to almost identical resufts® In this work we have
were in the form of~1-mm-thick disks with good surfaces S'erformed the KK analysis to obtain the frequency-

and were used for reflectance measurements without any fu(;g_ependent optical and dielectric properties of glasses, and

ther treatment. By using the solat auenching method. alass resent the results in the absorption coefficient formalism
- BY 9 patd 9 1od. g at permits comparison with published data. The absorption
could be prepared continuously in the composition rangeg

0=x=0.65 for the diborate family and 0.40k=<0.60 for oefficient spectrax(v) were calculated from the expression

the pyroborate family. _ . a(v)=4mvk(v), (1)

For glasses in the diborate series, attempts were made to
prepare also thin films from the remaining of the melt, fol-wherev is the frequency in cm* andk(v) is the imaginary
lowing the procedure described by Liu and AngéliAfter  part of complex refractive indei(v)=n(v)—ik(v). Due
removing the crucible from the furnace, a 5-mm-diam Pyrexto the amorphous nature of the samples, the infrared bands
tube was used to attach a small viscous droplet from the melre very broad and any further analysis of the absorption
surface. A few seconds later, dry nitrogen was admitted ta@oefficient spectra requires spectral deconvolution into com-
the tube to produce a glass bubble from which thin filmsponent bands’ In this study, the absorption coefficient spec-
were collected. Depending on the viscosity of the melt droptra were deconvoluted into Gaussian components according
let and the pressure of nitrogen gas, films of different thick-to the relation
ness could be prepared from the same batch composition.
This technique resulted in clear films when the melt compo- -3 —2(v—vi)2A02
sition was in the range 0<lx<0.60, but failed to yield films a(v) =2 aje T,
for the binary glass X=0) and the composition with the
highest Agl contentX=0.65), for which glasses were ob- where each component band is characterized by the reso-
tained only by splat quenching. nance frequency;, the bandwidthA»;, and the value of

the absorption coefficient at the resonance frequengy,
The integrated intensitp; of the jth component band was
B. Infrared measurements calculated by

2

Infrared spectra were measured at room temperature on a .
Fourier-transform vacuum spectrometéBruker 113y, Ai:f aje‘Z(V‘ Aty = Jml2A vja;. (3)
properly equipped with sourcéklg arc and globarand de- —o
tectors(DTGS with KBr and polyethylene windowsgo al-
low coverage in the far-infrare@<700 cm 1) and midinfra-
red (400-5000 cm?) regions. For this purpose, five Mylar

For the transmittance spectra of thin films, the KK analysis is
no longer valid due to multiple internal reflections inside the

beam splitters of different thickne¢3.5—50um) were used film. In order to simulate the experimental transmittance

for far-infrared measurements and a KBr beam splitter WagpectrumT(y) of a _finite film with th%gkne_sst, we have
used in the mid-IR. Therefore, for each sample six differenfamploye<j the following exact expresstomvhich takes fully

spectra were measured and the optimum beam splittépto account the contribution of the multiple reflections in-

throughputs were finally merged into one data file to give aSide the film:

continuous spectrum in the range 25—-5000 &nffach spec- 2 2

1 [1+R°—2 Rdr“) D
trum represents the average of 200 scans at 2" aesolu- T(v,n,k,t)= : ,
tion. A+ B cos 29+ Csin26

Specular reflectance measurements on bulk samples weg, e

made in a quasinormal incidence modd.°) using an alu-
minum mirror as reference, while for transmittance measure- . 1-n+ik
ments the plane of the film was oriented perpendicular to the r=|r|e'¢=
incident beam. Free-standing films with dimensions greater
than approximately 1cml cm were _mounted directly on (1—n)2+K2
the sample holder. Smaller films, having areas larger than the R=|r]2=——5——, (4b)
cross section of the infrared beam, were sandwiched between (1+n)=+k
two dry KBr windows suitable for infrared measurements. In
the latter case the spectra were measured in the mid-IR range D=e"“, (40
allowed by the KBr window(600—5000 crl). To prevent
hydrolysis and photodecomposition the infrared spectrum of A=1+R?D?, (4d)

4

(4a)

1+n-—ik’
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FIG. 1. Infrared reflectance spectra of Agl-containing diborate
glassesxAgl-(1—x)[Ag,0-2B,0O3]. The spectra have been offset

by 0.03 to allow comparison.
B=—-2RDcos Zp,
C=—2Rsin 2,

0=2mvnt.

2500

(49

In the above expressions the frequency dependence lof

PRB 60

28T | xAgl-(1-0[Ag,0-28,0]

N
N

_ (¢}
[e] (=)

o (10°cm™)
o

n 1 1 n " "
0 500 1000 1500

Wavenumbers (cm™)

FIG. 2. Absorption coefficient spectra of xAgl-
(1—x)[Ag,0-2B,05] glasses calculated by Kramers-Kronig trans-
formation of the reflectance spectra. The spectra have been offset
by 2.5x10° cm™? to allow comparison.

mol % M,0O) have shown that the complex envelope peaking
at ca 1000 cm? can be attributed to the asymmetric stretch-
ing vibration of boron-oxygen bonds in borate tetrahedra,
B, (@=oxygen atom bridging two boron atoyrs*° The
high-frequency envelope at ca 1300 chis assigned to the
corresponding vibration in borate triangles. For silver-borate

and « has been omitted for convenience. The experimentagjlasses with AgO contents up to 33 mol %, there are two

transmittance spectra were fitted by using E.and em-

kinds of borate triangles: those having all oxygen atoms of

ploying as input thea(v) andk(v) spectra calculated by the the bridging type, Bg and those with two bridging and one
KK analysis of the bulk samples prepared from the sameonbridging oxygen atom, B® .°° The deformation
batch. Therefore, the only adjustable parameter in the fittingnodes of the various borate species give rise to weak infra-
procedure is the thickness of the film. It can be shown thated bands below 800 cm.

the transmittance spectra calculated through (Bgcontain

The integrated absorption of the AC envelopes between

interference fringes with spacing in frequency equal to 780 and 1180 cm* (A,) and between 1180 and 1570 ¢

1/2nt.

Ill. RESULTS

A. Infrared spectra of bulk samples

(A3) was calculated to probe the relative population of bo-
rate tetrahedra (Bg@) and trianglegB@d; and B@O"), re-
spectively, in Agl-containing diborate glasses. Thg/A;

ratio depicted in Fig. 3 demonstrates a rather complex depen-
dence on the doping salt content. In the rangesx€:0.1

Typical reflectance spectra of bulk samples are shown imnd 0.4<x=<0.65, the ratio of integrated intensities increases
Fig. 1 for glasses in the diborate series starting from thevith Agl content, but remains constant within experimental

binary glass x=0) and having Agl contents as high &s

error for compositions 0&x<0.4. It is noted that the

=0.65. Despite the large range of Agl contents covered irA4/A;z ratio of glasses prepared previously using@gRef.

this study, it is observed that all reflectance curves have quité7) was found to exhibit a stronger dependence on Agl con-
similar bandshapes. Nevertheless, some systematic variatiotent than that deduced in the present study for glasses pre-
in relative band intensities with addition of Agl can be ob- pared from AgNQ. This difference may be attributed to the
served in the reflectance spectra of Fig. 1 and manifest thenpresence of colloidal silver in the former glas¥és that
selves in corresponding changes of the absorption coefficiergould affect the IR reflectivity background and consequently
(AC) spectra. The latter were obtained by the KK analysis ofthe base line of the absorption spectra.

the reflectance spectra and are depicted in Fig. 2. In the The absorption coefficient spectra of pyroborate glasses
far-IR region the absorption spectra show the presence of @=0.5) were calculated from the reflectance spectra by the
weak band below 200 cnt, which can be attributed to the KK transformation and are shown in Fig. 4. The absorption

localized rattling motion of A§ ions in their hosting

region of borate tetrahedra is dominated by strong bands at

sites?®*” The changes induced in the AC spectra with in-ca 955 and 1030 cit, while the presence of borate triangles
creasing amount of Agl include the increase of the intensitys manifested by features at ca 1245 and 1315 ‘oifx

of the absorption envelope centered at ca 1000 crelative

=0.4). Comparison with the IR spectra of alkali borate

to that of the envelope at ca 1350 chand the systematic glasses and crystak® of high metal oxide contentabove

narrowing of the latter.

50 mol % suggests that the band at ca 1240 ¢ruan be

Previous studies of alkali and silver borate glasses wittassigned to the asymmetric stretching vibration of borate tri-

metal oxide contents below the metaborate compositin

angles with all oxygen atoms being nonbridging, $£0O
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FIG. 3. Dependence of the integrated relative absorpiphA; 05
on the Agl mole fraction inxAgl-(1—x)[ Ag,0-2B,0;] glasses.
Integrated absorption&, andA; correspond to tetrahedral and tri- 0.0
angular borate units, respectively. Open and solid circles represent
data obtained by the present analysis of absorption coefficient spec- 05
tra of bulk samples and transmittance spectra of thin films, respec- ’
tively. Numbers next to thin film data represent the film thickness
obtained by the fitting proceduf&g. (4)]. Thin film data by Hud- 00—t
gens and Marti(Ref. 48 are included for comparisofopen dia- 0 1000 2000 3000 4000 5000
monds. Lines are drawn to guide the eye. Wavenumbers (cm'1)
(orthoboratg Similarly, the band at ca 1315 ¢rhcan be FIG. 5. Typical infrared transmission spectra of films with dif-

attributed to the stretching vibration of terminal B-@onds ~ ferent Agl contents in the diborate ~family, xAgl-
of pyroborate dimers, fs*". The latter species give also an (1—x)[Ag,0-2B,0;]. Solid lines indicate experimental spectra of
IR band in the range 850—1150 cindue to the asymmetric free-standing filmg30—5000 cm?), or films pressed between IR-

- . . P, A _ grade KBr windows(600—-5000 cm?). Dash-dotted lines are the
stretching vibration of the bridging B-O-B bond. The fre best fits of Eq.(4) to the experimental spectra. The thickness of

quency of th'.s band _depends_on_ the mass of the Charg(ﬁTms obtained by the fitting procedure is also given.
balancing cation and its intensity is approximately equal to

that of the characteristic band of terminal B-®onds of intensities A /As, can not be used in a straightforward way,

4- 59 - : -
B2Os".>" Thus consideration of the IR spectra of Fig. 4 55 i the case of diborates, to quantify the effect of Agl on
shows that@ the borate triangles in the pyroborate family yo o555 structure. Nevertheless, it is observed in Fig. 4 that

are of different nature compared to those found in the dibos,o relative intensity of at least the 1240 and 1315 &m

rate fgmily, anc_i(b)_the 800-1150 cm- absorption region bands varies with Agl content, demonstrating the effect of
contains contributions from both B@ tetrahedra and Agl on borate speciation.

B,Os" species. This indicates that the ratio of integrated

B. Infrared spectra of thin films

Infrared transmittance spectra of thin films are shown in
Fig. 5 for glasses in the diborate family having Agl contents
x=0.1, 0.2, 0.4, and 0.6, and in Fig. 6 for films having a
fixed composition x=0.2) but different thickness. All spec-
tra exhibit strong band envelopes at ca 1000 and 1350'cm
in agreement with the absorption coefficient spectra resulting
from analysis of the reflectance spectra. In addition, interfer-
ence patterns are present in the transmittance spectra and
these are particularly visible in the region above 1500 tm
2r where absorption is very smdliee Figs. 1 and)2
_ Each experimental transmittance spectrum was fitted by
x=0.40 .

means of Eq.(4) using then(v») and k(v) spectra of the
0 . T S — . e
0 500 1000 1500 corresponding bulk sample. The results of fitting are shown
in Figs. 5 and 6 and demonstrate a satisfactory agreement
with the measured spectra. The value of film thicknesk-

FIG. 4. Absorption coefficient spectra of glasses in the pyroboiained by the fitting procedure is given also in Figs. 5 and 6.
rate seriesxAgl-(1—x)[Ag,0-0.5B,05], calculated by Kramers- An alternative way to calculate film thickness is directly
Kronig transformation of the reflectance spectra. The spectra haviom the interference pattern of the measured transmittance
been offset by %X 10° cm™ to allow comparison. spectrum using the expression

|| xAgl-(1-x)[Ag,0-0.58,0,) |

oo

x=0.60

o (10°cm™)
'

Wavenumbers (cm™)
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FIG. 7. Refractive index spectra of glasses in the system
Wavenumbers (cm'1) xAgl-(1—x)[Ag,0-2B,0;], obtained by Kramers-Kronig inver-
sion of the reflectance spectra.
FIG. 6. Effect of film thickness on the transmittance spectra of
xAgl-(1-x)[Ag,0-2B,O;] glasses. Solid lines are the experimen- the py|k, than for the measured spectra of thin filfase

tal spectra of films pressed between IR-grade KBr windows, anq:igs. 5 and & The origin of these findings and possible
dotted lines are the best fits of E@) to the experimental spectra. consequences will be discussed in a following section.
The thickness of films obtained by the fitting procedure is also

given.
IV. DISCUSSION
t= N (5) A. Effect of Agl on the network structure of bulk glasses
2[n(vy)vi=n(wz)vy] Early NMR (Ref. 64 and more recent IR and Ran?4n

whereN is the number of oscillations between two extremaStudies 0fyAg,0-(1-y)B,0; glasses have shown that for
(N=1 for two consecutive maxima or minifhand v, low Ag,O contents ¥<0.25) the structural modification
n(»,) andv,, n(v,) are the corresponding frequencies andMechanism when A is added to BO; involves mainly the
indices of refractior® In the region above 2000 ch the transformation of neutral B@trlangle_s into charged t_)orate
refractive index is practically frequency independésee tetrahedra Bg . Therefore, the fraction of four-coordinated
Fig. 70 and thereforen(v;)~n(v,)=n. Thus, for v boron atoms,X,, obeys the lawX,;=y/(1-y). Fory
>2000cm’, Eq. (5) reduces tot=N/2n(v,—v,) and is >0.25, X, deviates considerably from its theoretical value
used to obtain directly the thickness of the film. The resultf?€cause of the formation of nonbridging oxygedBO) at-
are given in Table |, where comparison with the thicknes?™s in charged borate triangles, B®. Thus the SRO of
data obtained with the fitting procedure shows a good agredh borate network at the diborate compositigr-0.33) can
ment.

The measured transmittandespectra shown in Figs. 5 TABLE I. Comparison of film thickness data obtained by fit-
and 6 were transformed into absorbandespectra A= ting Eq. (4) to the experimental transmitt.ance spegtraxﬂgl-
—log,T) to allow comparison with the data reported by (1~X)[Ag20-2B,05] glasses and by applying E(), with n(»y)
Hudgens and Martin for thin filn& and with those obtained = N(¥2)=n being the value of the refractive index of the bulk glass
in this study by analysis of the absorption coefficient spectrd”" freduencies above 2000 crh
of bulk samples. The integrated intensitiks and A; were
calculated by the procedure followed for bulk samples and

Mole fraction t from Eq. (4) t from Eq. (5

the ratioA,/Az is plotted in Fig. 3 versus Agl content. Al- Adl (9 () () n

though the present results show tiat/ A5 follows the same 0.1 2.46:0.04 2.5-0.1 1.44
trend versus Agl content in both thin films and bulk samples, 0.2 3.35-0.07 3.450.1 1.44
the A,/Az ratio of thin films is larger than that of the bulk 0.2 5.19-0.07 5.2:0.1 1.44
samples. This finding is consistent also with the fact that the 0.4 4.53:0.07 4.5-0.1 1.48
intensity of the 1320 cm® band relative to that at 965 ¢rh 0.6 3.02-0.05 3.10.1 1.60

is larger for the calculated spectra, using) andk(v) of
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10 Since two types of borate triangléB8d; and B@O™)
contribute to the infrared activity in the ca 1200—-1600 ¢m
0.3Ag1-0.71Ag,0-2B,0,] B region, assignment of the three deconvoluted components in
8r i this region can be made. For the B@nit with Dy, point
oY group symmetry, theory predicts the following normal
~ 6f ' | modes of vibration: T'p =Aj(R)=2E'(IR,R) +A3(IR),
§ no . with R and IR denoting Raman and infrared activity,
> 4l ‘,’5\‘ ',’4 .'l “. respectively’’ From these modes, the asymmetric stretching
fg ~g A vibration of the borate triangle active in the infrared H&s
CHEHE ,’7‘\ A symmetry. The six normal modes of vibration of the &2
2r Y \ ‘\\',:'3\ IR unit with C,, symmetry are distributed as followsT'c,
e e A VN Z3M0RR4BL(RR) £ 28,(R R), with two of these

0 300 400 600 800 1000 1200 1400 1600 modes_ Al,_Bz) _correspondlr_ng to IR-active asymmetric
\ stretching vibrations of the triangle. Thus replacement of a
Wavenumbers (cm) bridging by a nonbridging oxygen atom in B@riangles

) . . causes(a) the splitting of the doubly degenerak¥ mode
FIG. 8. Deconvolution of the absorption coefficient spectrum

o . _ into two components of symmetr,; and B,, and(b) the
(solid ling of the 0.3Agl-0.TAG0-2B,0 glass into Gaussian ooy activation in the infrared of the symmetric stretching
componentgdashed lings The simulated spectrum is shown by the d deed i . havi
dotted line. mode,A; . Indeed, crysta ine _IQO—_ZBzog aving a structure

based on Bgand B@,~ units in diborate arrangements pre-

. ) . _ sents a very strong infrared feature at ca 1390 Grwhile
be described in terms of borate triangles B#hd BAO crystalline a-Li,0-B,0O3 consisting of BGO™ units in me-

and'tetrahedra BY. These polyhedra participate in the fpr- taborate chains exhibits two strong IR bands at ca 1445 and
mation of larger borate arrangements, with WeII-deﬂned1260 cm! and a shoulder at ca 1510 chf® On these

MRSQ' like g:je. .tribor]:a\ti zlind (ii\borazte grou?:’s. . grounds, it is reasonable to attribute the 1325-1350%cm
ince addition of Agl to AgD-2B,0; glass is not ex- 1 04 15 the asymmetric stretching vibration of B@hits

pected to change the total formal negative charge on thf’oand 2 in Fig. 8 and the two remaining bands at 1220—
borate network, the dependence of thg/A; ratio on Agl 1245 cm't ang 1430-1450 ciit (bands 3 gnd 1in Fig.)80

content(Fig. 3) can be understood in term of changes in they, : . P . .

: . . e asymmetric stretching vibration of B@™ units with
populgtlon of bprate spgc!es.GThls can be expfessed by th@z\/ symmetry. It is noted that detailed assignments of the
following chemical equilibriurf® that takes place in the melt bands in the range of boron-oxygen tetrahetBa0—1200
and involves the isomeric B and B@, - species cm %, bands 4, 5, and 6 in Fig.)8s not essential for the

e - analysis presented below.

B, =B20". © Denoting byA. the integrated intensity of thiégh compo-
The data reported in Fig. 3 for bulk glasses indicate thahent band (%i=<6) normalized by the total integrated in-
when the Agl content is increased the above equilibriuntensity of the stretching modé¢800—1600 cm? rangé and
shifts progressively to the left. For the quantification of thisfollowing the assignments made above, the fracti¥nsnd
effect, it is necessary to evaluate the fractios X5, and X, are given by
X, of BG, , Bd,;, and BGO™ species, respectively. Mass
and charge balance considerations for the diborate composi- X2=A1/a1, Xo=Aglaz, Xz=(As+As+As) ay,

tion give 9
ot Xk X 1 ) wherea, and ag are the normalized absoretion coefficients

213 of the corresponding modeé(,B,) of B@,0™ units anda,

X+ Xo=0.5. ®) is a normalized average absorption coefficient of,B@et-

rahedra. From Eq$8) and(9) it is obvious that there are five
ThusX3=0.5, i.e., the fraction of the Bgunits, is indepen- unknown parametergX,, X4, a;, as, and a,) and four
dent of the presence of Agl. To obtaity andX,, deconvo- equations. This difficulty can be handled if the absorption
lution of the absorption coefficient spectra was performed, agoefficientse; of borate species are assumed to exhibit neg-
shown in Fig. 8 for a typical Agl-containing borate glass. It ligible dependence on the Agl content. Then, by combining
was found that the characteristic range of the stretching viEds. (9) for two glasses and |, we obtain the following
bration modes of the borate netwotR00—1600 crm?) is ratios:
best fitted with six Gaussian components; three of them are

in the range of boron-oxygen trianglé$430—1450 cm?, ﬂ_ ﬁ_ @—F (10)
1325-1350 cm?, and 1220—1245 cit), and the remaining Ay Ay Xy D

bands in the range of borate tetrahe870—1085 cr’,

980-995 cm?, and 890-905 ct). The frequency of each (Ag+As+Ag)k  Xak

band depends on composition, and it is determined with an (11)
accuracy of+3 cm L. The corresponding error for the band-
widths is+5 cm ! and the integrated intensities are accurateThe fractionsX,,, X, Xa, andX, for glassesk andl can

to +3%. be obtained now by solving the system of E¢E0), (11),

(Ag+As+Ag) Xy = K
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FIG. 9. FractionsX, and X, of borate tetrahedra (B@) and
triangles (B4O™), respectively, as a function of Agl content in
xAgl-(1—x)[Ag,0-2B,0;] glasses.

xAgl

FIG. 10. Effect of Agl on the equilibrium constant of reaction
(6), Keg=X2/X4 (&) and on the glass transition temperatiige(b)
and(8) and noting that there is one E@) for each glask  for glassexAgl-(1—x)[Ag,0-2B,0;]. T, data are those reported
andl. The results, averaged over all possible combinations ofy Chiodelliet al. (Ref. 42. Lines are drawn as guides to the eye.
spectra, are reported in Fig. 9 versus Agl content. The frac-
tion of four-coordinated boron atom¥,, obtained in this From the dependence &f,, on T, we can estimate the
study varies from 0.34x=0) to 0.39 &=0.65) with an enthalpy changeXH) associated with reactiof6) accord-
experimental error estimated to be about 2.5%, while théng to
fraction X, varies from 0.16 to 0.11 with the experimental
error being about 3%. The changesXf and X, resulting
from the Agl addition are well outside our experimental error
in determining these fractions. It is noted also that ¥e
=0.34 value for the AgD-2B,0; glass found by the IR WwhereAS is the entropy change aridis the gas constant.
analysis is in very good agreement with the NMR resultFrom the least-squares fitting of theKg, vs 1/T plot in
(N,=0.35) reported by Kim and Bra/. Fig. 11, it is found thatAH=32+5 kJ/mol andAS=42

The data in Fig. 9 demonstrate the notion that accommo=5 J/Kmol of boron. The value akH is consistent with that
dation of Agl by the diborate glass network is effected byreported recently by Seet al. (35=12 kJ/mol of boroi for
local rearrangements of the SRO structure, as manifested e reaction Bg —=B@;+NBO in sodium borate melf®.

AH AS

_J’_ ,
RT, R

INKeg= — (13)

the progressive shift of equilibriurt6) to the left. Once the It is clear from the above discussion that accommodation
fractions X, and X, are obtained, a quasiequilibrium con- of a relatively inert metal halide salt, such as Agl, in a modi-
stantK, for reaction(6) can be evaluated by fied binary glass matrix affects the SRO structure. These

changes in SRO are responsible for the decreask, @nd
presumably the decrease of the fictive temperature at which

X5 the structure of the supercooled liquid is arrested into the
Keq:x_4’ (12) glassy state. For the diborate system, the changes in SRO are
effected by the transformation of B@™ triangles into B~
where activity coefficients are ignored. As shown in Fig. 06

10(a), K¢q decreases systematically as the Agl content in-
creases. The equilibrium constant of a reaction depends on
both pressure and temperature, but the present glasses wer  -08r
prepared under identical quenching conditions. Therefore,
Keq refers mostly to the fictive temperature at which the
structure of the supercooled liquid was “frozen” into the _g -'0F
glassy state. Since fictive temperatures for these glasses aréc
not available, we employ the glass transition temperafiiges
determined by Chiodellet al** and observe thaf, shows

the same dependence on Agl content as the equilibrium con-
stant[see Fig. 1()]. Thus it appears that the decreasd pf i
is directly related to the decrease Kf, caused by the Agl ' : L ! s ! - !
addition. These findings are consistent with the results of the 0.00150 0.00155 000160 000165 0.00170
statistical mechanical calculations of Aratfjdor the corre- 1T (K"

lation of temperature and borate speciation in alkali borate s

glasses. In particular, Araujo finds tha is a function of FIG. 11. Dependence of the equilibrium constiigg of reaction
both temperature and composition, and that for the diboratgs) on the glass transition temperatufg. The solid line is the
compositionX, increases with decreasing temperature. least-squares fitting of the data.
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tetrahedra. This mechanism favors a better packing of the
borate backbone, because the effective volume of borate tet:- %8 10
rahedra is approximately 70% smaller than that of their iso- 12.0
meric triangles’? and thus this process would leave more 0.4 7o =7 10
room to be occupied by the bulky Agl. This is also consistent A . em
with the results of x-ray and neutron diffraction studies in 0.0 0.0
this system that indicate an improvement of the medium- 08 20
range order of the glass by addition of AGr.>3

For reasons explained in Sec. IllA, the above detailed %4 10
analysis for the diborate family can not be performed for =Sum
glasses in the pyroborate series. Therefore, the spectroscopi g 0.0 0.0 ©
data will be discussed only in a qualitative manner. Figure 4 § 08 110 p
shows the presence of intense bands at 955 and 1036 cm E t=3um -8
due to BZ~ tetrahedra, despite the fact that in glasses of the & %4} t=3um 105 2
pyroborate compositiof67 mol % of metal oxidgthe frac- I‘_i’ il <
tion of B@, is almost zerd® This situation can be under- 0.0 ' : ) ' 0.0
stood in terms of the following equilibriurif 0.8 t=1um 04

B,Os' B0 +B@, (14 0.4 - {02
=Tum

which appears to be favored by Agl. In view of this it is of 0.0 . . , - 0.0
interest to note that crystalline silver-orthoborate {B@-) 0.8}
and metaborate (AgB{ have been prepared under oxygen t=0.7um
pressure, but the pyroborate crystal (BgOs) has not been 04l ~ 0.2
prepared so faf*">Therefore, the stabilization of pyroborate 70 7um
(B,Os*") species in the present silver-borate glasses seems o9 0.0

to result from the disproportionation reactipiq. (14)] that 0 1000 2000 3000 © 1000 2000 3000

leads to the coexistence of orthoborate (BQ and metabo- Wavenumbers (cm”)

rate (B4,") species in the presence of Agl. . .
(BG") sp P 9 FIG. 12. Calculated transmittance and absorbance spectra using

o ) ) Eqg. (4) and the optical constanfs1(v) and k(v)] obtained by

B. Spectra of thin films and comparison with bulk samples Kramers-Kronig analysis of the specular reflectance spectrum of the

The data reported in Fig. 3 show thaj thin films exhibit ~ bulk glass 0.2Agl-0[8Ag,0-2B,0;].
largerA, /A5 values than bulk sample&y) A,/A5; decreases
upon increasing film thickness, arid) the values reported position 0.2Agl-0.8Ag,0-2B,03] and shows that in the
by Hudgens and Martffi for thin films are larger than those ranget;<t<t, the value ofA,/A; changes rapidly with film
obtained in this work. To evaluate these findings we considethickness. We have repeated the same calculations for all
first the effect of film thickness on th&, /A value. For this  compositions of interest and found that both threshold thick-
purpose, transmittance and absorbance spectra were caldess values, andt, increase almost linearly with Agl con-
lated using Eq(4) and then(v) and k(v) spectra of bulk tent of the glass, as shown in the inset of Fig. 13. This trend
samples. Typical calculated spectra are shown in Fig. 12 for

flms  having the same composition, 0.2Agl-

0.4 Ag,0-2B,05], but different thickness. As shown in Fig. 1201 30 t, . I

12(b), the intensity of the 970 cnt band(borate tetrahedja = 25| mom

appears to decrease relative to that at 1325 ‘ciborate 115 TSLI T 20}

triangles as the thickness of the film increases. Obviously, ot =4 15l ™

this is not due to real structural differences because all spec- 110} i‘ - t‘_....: ----- =

tra were computed on the basis of the same sei(oj and <, i 108 o’

k(v). Instead, the spectra of th_|n films represent the.|nte_rfer-< 105l L 0.5l

ence between the corresponding spectrum at the first inter- i‘ 2 xAgl

face of the sample and the multiple internal reflections be- x

tween the two interfaces. Therefore, each spectrum results 9T e o =

from the combined contribution of the real spectrum of the I \\I""i'-*i-———}t--—i

sample and a harmonic oscillatory interference term. 0 s & 10
The degree of change of the relative intensity of the 970

and 1325 cm! bands depends on the period (ifRand the t(um)

amplitude of interferencfR"D", whereR andD are given FIG. 13. Dependence of the relative integrated absorption

by Egs.(4b) and (4c) and N is the order of interferende  a,/A; on film thicknesst for glassy films with composition
Both the period and amplitude of interference decrease upog2agl-0.§Ag,0-2B,0,]. For t;<t<t, the ratioA,/A; shows a
increasing film thickness, and this is demonstrated also iBtrong dependence on film thickness. The inset illustrates the de-
Fig. 12 for the calculated spectra. The calculated dependeng@ndence ot; andt, on Agl content for glasses in the system
of A4/A, on film thickness is shown in Fig. 13 for the com- xAgl-(1—x)[Ag,0-2B,05].
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can be attributed to the progressive decrease of the number 1.2 1.2
of borate species per unit thickness of the film with Agl
addition. 0.8} los
The points presented above explain our experimental evi-
dence thatA,/A; decreases when the film becomes thicker 04l Yo
and approaches the value obtained from the absorption coef- | :
ficient spectrum of the bulk sample. In practice, though, f
transmittance values below ca 0.5—1 % cannot be measured 0.0 0.0
with accuracy even with modern spectrometers. With refer- 08}
ence to Fig. 12 this indicates that the 970 and 1325%tm e 38 108
bands in the experimental spectrum would exhibit saturation ~ _© 3 7105 1’8\3 7
effects when the film thickness exceed$ um, and thus 2 o4 s \ VIV X A
any variations ofA,/A; with composition would be very = '~ 48 ‘\/'-\ ”('45 ,’\ A
difficult to distinguish. ANl VAN AN
Regarding the comparison 8f, /A values found for thin 0.0 E— E— 0.0
films with those obtained from the absorption coefficient 0.8t x=0 x=04
spectra of bulk samplé$,it is noted that they cannot be the 10.8
same, even when thick films are considered. Indeed, for thick 146 3 et
films, Eq.(4) can be reduced to 04r A A\ g 96\\/"70\‘ 0.4
7 AY - " e
T: | 1_ r2|267 at. (15) 00 ’/:/Y\\sf ’/,"\:232 /,’/.I\l\?\1 /// \)(/}(\\ 268 y
Therefore, the raticA,/A5 calculated from the absorbance 0 100 200 0 100 200
spectrumA(v) will be Wavenumbers (cm'1)
Aj _ J tetranear@(v)dv FIG. 14. Far-infrared spectr&olid lineg of glassesxAgl-(1
Az [iiangeA(v)dy —x)[Ag,0-nB,04 with n=2, 0<x=<0.6 (diboraté¢ and n=0.5,

0.4<x=<0.6 (pyroborate, deconvoluted into Gaussian component
bands(dashed linegs The simulated spectra are shown by dotted
lines.

2
_ tf tetraneargt(v)dv— ftetrahedra|n| 1- I’c| 2dv
tf’[rianglesa’( v)dv— ftriangles |n| 1- r§| “dy

and the corresponding ratib, /A3 calculated from the ab-
sorption coefficient spectrum(v) of the bulk glass is

. (16)

C. Far-IR spectra and the nature of silver ion sites
in Agl-containing glasses

Ay [ietranedrg(v)dy In this section we focus on the IR profiles below ca 300
= (170 cm ! where the vibrations of metal ions in their sites are
active, and thus useful information regarding the nature of
It is evident from Eqs(16) and(17) that the value oA,/A;  anionic sites hosting silver ions can be extracted from spec-
obtained through thé(v) spectrum is different to that cal- tral analysis. Characteristic far-infrared absorption spectra
culated from thea(v) spectrum. Thus a quantitative com- are shown in expanded frequency and intensity scales in Fig.
parison between the results of the two methods cannot b&4(a) and 14b) for glasses in the diborate and pyroborate
made. It is noted also that the absorbance spectra reported fgmilies, respectively.
Hudgens and Martin were measured on films with thickness Starting with the diborate family, because it includes the
~10-100um, as indicated by these auth8f<ur findings ~ Agl-free composition, we note that the spectra of the Agl-
in Fig. 12 indicate that, even for the thinnest filfis10  containing glasses show no remarkable differences compared
um), the spectra should exhibit saturation effects in the reto that of the AgO-2B,0; glass. Nevertheless, it is observed
gion of strong absorptiof800—1500 crm?). that the main peak at ca145cmm (x=0) shifts progres-

An additional difficulty in comparing the spectra of thin sively to lower frequency ag increases. Because of their
films and bulk samples arises from the possibility that thesdiighly asymmetric nature, the far-IR profiles were deconvo-
can exhibit structural differences because of their differentuted using the minimum number of component bands that
thermal histories. As described in the experimental sectiongive a reasonable agreement between experimental and cal-
bulk samples were obtained by splat quenching the melt imeulated spectrur® >’ The spectrum of the=0 glass has
mediately after removal from the furnace, while for thin been fitted with three Gaussian components centered at
films the melt was allowed to cool first slowly, for viscosity 52 cm (), 146 cm (vy), and 272 cm'. The last com-
to reach an appropriate value, and then very quickly by filmponent can be attributed to a borate network deformation
blowing. Under such conditions, it is reasonable to assumenode, while the bands with frequencies designatedvpy
that bulk samples have higher fictive temperatures, and a@nd vy can be assigned to Ag-O vibrations, most probably in
cording to Eq.(4), the fraction of borate tetrahedra would be two anionic site environments involving oxygen atoms of the
larger in thin films than in bulk samples. Therefore, besidesorate network® This proposition is compatible with earlier
the optical effects discussed above, there are structural re&XAFS results for the same glasz=0) that indicate the
sons for thin films and bulk samples to exhibit different val- presence of two coordination environments for silver ions
ues of theA, /A ratio. differing in coordination number and Ag-O distarCe.

A_3 a ftriangleﬂ( v)dy
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The ability of silver ions to adopt different coordination 160
environments depending on the charge density of oxygen
atoms is demonstrated very well in crystalline Ag-borate
compounds. For example, in AQ-4B,0; all oxygen atoms
bridge two boron centers and silver ions fulfill their bonding
requirements in sevenfold and eightfold coordinated $ftes. 120 -
The orthoborate crystal A@-0.33B0O;, where all oxygen
atoms are nonbridging and the silver requirements are met
with twofold coordination to oxygef? provides the other
extreme. In crystalline silver-metaborate, ,83B,0;, there
are both bridging oxygen atoms in interlinked B&tetrahe-
dra and B@O™ triangles and nonbridging oxygen atoms in

140

B@,0™ triangles. This situation allows silver ions to explore

a range of sites with coordination numbers varying from 3 to 60 |- ]
6.”1 As discussed elsewhefeésmall metal-oxygen distance EEXINYy Ty

and high charge density characterize sites with small coordi- 40k o 4 7 I 11, L
nation numbers, both factors leading to a high metal-oxygen 00 02 04 06 08 10
stretching frequenc{” On these grounds, it is reasonable to xAgl

attribute the higher-frequency barit46 cm %) of the x=0

diborate glass to Ag-O vibrations in a distribution of oxide  F|G. 15. Effect of Agl addition on the Agion motion frequen-
sites with relatively low coordination number$i sites.  cies (v,,v,) in XAgl-(1—x)[Ag,0-2B,0;] glasses. The solid line
Similarly, the lower-frequency componef2 cmi ') can be  was calculated by Eq18). Dash-dotted and dotted lines were cal-
attributed to Ag-O vibrations in a distribution of sites with culated by Eq(19) using the dipole and tetrahedral site approxima-
larger coordination numbers siteg tions, respectively. For details see text.

The spectra of the Agl-containing diborate glasses could
be fitted also with three Gaussian components as shown inumbers’? and this would naturally lead to higher Ag-O
Fig. 14@). Following the assignments for the=0 glass, the stretching frequencies. Therefore, the analysis of the far-IR
bands at 50-45 cnht (v.) and 146-128 cm' (vy) are profiles of Agl-doped pyroborate glasses suggests that silver
attributed to localized vibrations of Ag ions in their suitable ions are distributed in a range of environments. A fraction of
sites and the one at ca 270 chto a network mode. The silver ions occupy oxide network sités andH siteg and
nature of sites hosting silver ions in these glasses will behe rest of them are present in iodide sites with varying de-
discussed after considering the spectra of pyroborate glassegee of organization.

Deconvolution of the far-IR profiles of pyroborate glasses Based on the above analysis, we can now seek a more
[Fig. 14b)] showed the presence of at least four componentsietailed description of the nature of silver ion sites in Agl-
i.e., at ca 40, 175, and 260 crhand the fourth component at doped diborate glasses. As shown in Fig. 15, bgtland v
ca 100 cm. By analogy with the binary AgD-2B,0; glass,  decrease with increasing Agl content, this trend being more
the components at ca 40 and 175 Crare attributed to  pronounced for,,. One way of explaining this result is by
Ag-O vibrations in sites made primarily by oxygen atoms ofassuming that thél band in Agl-doped diborate glasses is
the borate network, sitds andH, respectively, and the 260 the convolution of two close-lying components; one at ca
cm ! feature is attributed to a network mode. As shown in146 cmit (oxide band and another at ca 110 ¢rh(iodide
the spectra, both the frequency and intensity of the ca 108and. As the Agl content increases, the former component is
cm * band increase with Agl content. In view of these find- reduced in intensity, while the latter exhibits the opposite
ings and our previous work;*’ we assign this band to lo- effect. On the overall, the convolutétiband appears to shift
calized vibrations of Ag ions in primarily iodide environ- to lower frequency with addition of Agl. According to this
ments. This assignment is consistent also with the fact thagimple model, which ignores interactions between neighbor-
crystalline B-Agl (wurtzite) and a-Agl (superionic phase ing oxide and iodide sites, the frequeney of the convo-
exhibit their main infrared absorption at110 cmi ?, due to  |uted band can be approximated by
the Ag-l stretching modev,g,, in a tetrahedral iodide
environment®’’ The increase of gy, from 96 to 107 cm* vy=f1vag_ 1+ forag_o, (18)
as the Agl content increases fraxs 0.4 to 0.6 could indi-
cate a gradual aggregation of silver-iodide sites into clustersyherev,g,=110 cm?, Vpg-0= 146 cm'l, andf, andfg are
the size of which cannot be estimated at present from ththe fractions of silver ions in iodide artd-type oxide sites,
infrared spectroscopic data. It is noted that the spectroscopiespectively. Since the intensity of thheband in thex=0
data suggest also a slight variation of the naturéidites  glass spectrum contributes less thath0% to the total Ag-
with addition of Agl and, in particular, a gradual strengthen-ion motion activity, we assume for simplicity that all Ag ions
ing of the Ag-O interactions sincey increases withx [Fig.  introduced by AgO contribute to theH oxide band. Hence
14(b)]. This effect can be understood in terms of chemicalthe fractions in Eq(18) are given byf,=x/(2—x) and fg
equilibrium (14) that was found to shift towards the orthobo- =2(1-x)/(2—x). Calculatedvy frequencies by employing
rate triangles (B ") in the presence of Agl. The oxygen Eq.(18) are shown by the solid line in Fig. 15.
atoms of such borate species participate in the formation of A different model to explore the trend of; with x could
sites with high charge density and small coordinationinvolve the progressive substitution of oxygen atoms by io-
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dide ions in the coordination sphere of silver, i.e., the formanetwork consists of borate triangléB@,0 and B@) and
tion of mixed OXyiOdide sites. This process will affect the tetrahedra (Bg) Spectra| deconvolution was performed to
reduced mass and force constant and thus the frequency gfjantify the glass structure by calculating the mole fractions
the silver-site vibration. Denoting by and ey the effec- o the Jocal borate structural units. It was found that the
tive force constant and redu_ced mass of the silver-oxyiodid¢ s ctions of B@O™ triangles and B@ tetrahedra depend on
site vibration, vy would be simply the Agl content of the glass, and this effect was explained in
1 K terms of the isomerization reaction B@=B@,0™ between
- i“, (19) metaborate tetrahedra and triangles. A quasiequilibrium con-
27C N fest stantKg, of this reaction was calculated from the spectro-
scopic data and found to decrease with increasing Agl con-

VH

wherec is the speed of light, ankl; and u.; are approxi-

mated by tent of the glass. It was concluded that the Agl-induced
transformation of B@O™ triangles into B@™ tetrahedra
Kefr= f1Kag-1t foKag-o» (208  leads to a better packing of the borate backbone and thus to
an improvement of the medium-range order of the glass.
tett=fiuag1+ foragos (20b Similarly, it was shown that the network structure of py-

roborate glasses can be understood on the basis of the dis-
proportionation of pyroborate dimers 4§B*") to orthobo-
rate monomers (Bg~) and metaborate tetrahedra, i.e.,
B,0:* B0, +B@,” . The spectroscopic data indicate
. . . that Agl favors this disproportionation reaction and thus ex-
were c.alcu.la:%d using the dipole .and the tetrahedral—snslam glass formation in the silver-pyroborate system, despite
approximation,”and the corresponding force constakiig, . _the fact that the AgD-0.5B,05 composition does not vitrify
andkag.o Were calculated subsequt_antly from the expression ¢ o crystalline phase.
k=4m?c?»’u, where the frequencies angy,=110cm* The study of the infrared transmission spectra of thin
and vpg.0=146 cni ', Calculatedy, frequencies on the ba- fiims in the diborate family showed that the relative intensity
sis of the silver-oxyiodide moddlEgs. (19) and (20)] are  of the absorption envelope due the borate tetrahedra de-
shown also in Fig. 15 for the dipol@ash-dotted lineand  creases with increasing film thickness and approaches the
tetrahedraldotted ling approximations. behavior of the corresponding bulk glass. It was demon-
Comparison in Fig. 15 of the experimenta} data with  strated that the main origin of this trend is traced to optical
the results of the two Simple models considered above indieffects and, in particu|ar' to the strong dependence of the
cates that a model in between these two extreme cases, i-ﬁeriod and amplitude of the background interference wave
the existence of a range of oxide, iodide, and mixed oxy-n film thickness. Besides optical effects, thin films and bulk
iodide environments for silver ions, is more realistic for glassy samples may exhibit differences in thermal history
diborate glasses. However, the far-infrared results of pyrobothat can lead to structural variations and thus to additional
rate glasses suggest that silver ions occupy mainly oxide anghectral differences. Therefore, dirégtiantitativé compari-
iodide sites. Upon increasing the Agl content the iodide siteson of infrared spectral data of thin films and bulk glasses
grow probably in size as monitored by the progressive inshould be avoided, since it may lead easily to erroneous con-
crease ofv(Ag-1). Overall, the formation and nature of ¢|ysions.
silver-iodide sites inxAgl-(1—x)[Ag,0-nB;03] glasses The far-infrared absorption spectra of Agl-doped pyrobo-
were found to depend on both the AYB,O; ratio and the  rate glasses showed that, besides the presence of the two
Agl content. bands at ca 40 and 175 ciarising from the vibration of
silver ions in oxide sites, a third band develops at ca 100
V. CONCLUSIONS cm ! as Agl is added to the glass. This new feature was
assigned to the localized vibration of silver ions in primarily
iodide sites. The intensity and resonance frequency of this
(1 ) band were found to increase with Agl content, suggesting the
XAgl- (1= X)[Ag20-nB,0s], organization of silver-iodide units into tetrahedral sites such
with n=2 (diborat¢ and n=0.5 (pyroborat¢, have been as those found in crystalline Agl. The aggregation of silver-
prepared and studied by infrared spectroscopy. The purposedide sites into Agl-like pseudophases cannot be excluded,
of this work is to investigate the structure of the glass netthough the dimensions of such domains cannot be estimated
work and its dependence on the Agl doping salt, as well ady infrared.
the nature of sites occupied by the charge carrying silver In contrast to pyroborates, the far-infrared profiles of
ions. Glasses were obtained in bulk and thin film forms usingdiborate glasses could be simulated with only two silver-ion
AgNO; as the source of A, and their spectra were mea- motion bands. The resonance frequency of the stronger com-
sured by the specular reflectance and transmission teclponent was found to decrease from 146 to 128 tas the
nigues, respectively. Reflectance spectra were analyzed gl content increases from=0 to 0.65. The experimental
the Kramers-Kronig inversion and transmission spectra werdata were compared with the results of two simple-extreme
simulated by taking into account the multiple reflections in-models. The first considers the formation of separate silver-
side the film. oxide and silver-iodide sites with varying population, and the
The analysis of the midinfrared profiles of diborate bulk second proposes the formation of only mixed oxy-iodide en-
compositions showed that the short-range order of the glassronments. Comparison with the experimental results shows

where kpg; and uaq., are the force constant and reduced
mass of silver-site vibration in crystalline Agl, akg,;.o and
Mag-o are the corresponding quantities for silver oxide site
in Ag,0-2B,0; glass. The reduced massgggy, and pag.o

Agl-containing superionic glasses
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that the existence of a range of sites for silver ions including
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