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Ion exchange is widely used to
alter the optical properties of glass
for application in emerging optical
and photonics technologies (eg., gra-
dient-index imaging systems, optical
wave guides, micro-ophc lens arrays).
The resultant dopant profile deter-
mines focal lengths, optical aberra-
tions, and coupling effidencies with
optical fibers! Several aspects of the
ion exchange {i.e. conentration de-
pendent diffusion and presence of
certain axides in the glass composi-
tions) are aritical in determining the
quality of a given optical component
and are thought to be somehow relat-
ed to glass structure. However, the
structural chemistry of this process is
far from understood.

In recent years X-ray Absorption
Fine Structure (XAFS) has become a
pivotal technique in determimng lo-
cal environments in mul icomponent
glasses. Early X AFS results lead to
the notion that in simple sodium sili-
cate glasses, alkali ions form chusters
or channels that are interlaced

throughout the sili cate former ma-
trix.? lom exchange is expeced to oc-
cur primarily through such channels
and the measured atomic environ-
ments of alkali and network forming
cations have recently been used to
predict alkali ion transport proper-
tes in binary silicate glasses’

We recently conducted a study
on Ag/Ma ion exchange in alumino-
silicate glasses in collaboration with
G M. Greaves, The glass composi-
tions and Ag/Ma ion exchange pair
are representative of those used in
the fabrication of commercal optical
waveguides and gradient-index opt-
cal components. We single out alu-
minosilicate glasses because alumina
{ALOY) has a profound effect on glass
properties. For example, the diffu-
sivities of mobile cations improve as
ALQ, is added to the alkali silicate
glasses, reaching maimum val ves
when the relative concentration R =
[mol % ALOL]/ [mol%Na,0] is unity.
Good chemical durability and sup-
pression of metallic colloid during

ion exchange with silver also result
from the addition of alumina in sili-
cate glass melts. As diffusion rates,
chemical durability and colloid for-
mation are all fundamentally linked
tor the behavior of modifier mbons,
ane can expect to observe underl ying
structural changes in the cation enwvi-
ronments as the alumina content of
the glass is varied.

We obtained direct structural in-
formation on both the constituent
(Ma*)and the dopant {Ag") cation
sites in a variety of silicate and alu-
minosilicate glasses (compositions
listed in Table 1 below) using XAFS
on Na and Ag K-edges. We acquired
silver K-edge (25514 ke V) transmis-
sion data on station A-2 at CHESS
shortly befare the new wiggler was
installed on the A-line. We used the
total electron yield technique® to col-
lect data on the sodium K-edge (1071
KeV) on station 3.4 at the Daresbury
Synchrotron Radiation Source (SRS).°
Analysis consisted of least-squares
fitting of the structure-related param-
eters to the normalized fine structure
using the Daresbury EXCURVH) pro-
gram,® which is based on curved-
wave theory. Procedural details and
results can be found in a recent arti-
de in the Journal of Physical Chemis-
try” First shell determinations are
given in Table 2 with an estimated
variation in fitted coordination num-
ber of 1.5 atom, in interatomic dis-
tance of #1024 and in variance of
00542 While overlap exists in the
values of N and 2¢F, it can be seen in

Figure 2 that the sodium and =il ver

(Figure T) Carfoon of jon-exchanged giass
struciure; an alkali silicate giass {laft) and an
alkall aluminosilicate giass (nghtl. Silicon,
aluminum and akali are all 3-foid coordinated
in this 2-0 reprasentation. Tha simpis alkalf
silicate glass on the laft indudes bridging [(2-
foid) and non-bridging (3-foid) cxygen while
the fully po ized aluminosiicate shown on
the nght includes only bridging oxygen



(Table 1)
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environments are in fact distinct
from one another. The figure gives a
mmparison of parameter correlation
maps® of Debye-Waller factor, 267,
and coordination number, M, for first
shell fits on the Na and Ag environ-
ments in the glasses hsted in Table 1.
In each case the first shell 26° and N
were varied to find the region in
which the least-squares fit index dif-
fered from its minimum by no more
than 5%. The parameter range that
mrresponds toa 95% confidence im-
it is enclosed by a heavy oval am-
tour. Tt is obvious that despite the
usual uncertainty associated with fit-
ting wrrelated parameters for a sin-
gle spectrum, the Ma and Ag envi-

ronments are distinct in all cases.

Sodium environments in silicate
and aluminosilicate glasses

Crystalline binary sodium s h-
cates are comprised of sheets of co-
wvalently bound silica tetrahedra, sep-
arated by soda-rich layers which de-
polymerize the network. The distine-
tion between the trisilicate and disili-
cate species lies primarily in the
number of silica sheets between the
soda-rich layers” This also appears
to be true for the glassy sodium bina-
ry silicates. We found that the local
Ma environments in sodium tetrasili-
cate [Naﬁi‘O_,] glass are virtually in-
distinguishable from those previous-
ly found® in sodium disilicate
Ma,5i.0.) glass. However, the addi-
tion of even small amounts of alumi-
na changes the Ma environments, as
15 seen in the R=0117 glass {Table 2).
While the Na-() distance is essential-
ly unchanged, the coordination
drops from 4.3 to 2.8 and the static
disorder increases signifi cantly.

The change in Na environment
@n be understood by consideration
of crystalline albite (NaAlSi,0). Al-
bite 15 an open aluminosilicate net-

Glass Compositions and XAFS Edges; (R=[mol% AlaO4] /[mol% NasO]).

R Comments K-edges

0.00 tetrasilicate MNa Ag
017 AlpOs-poor; R = 0117 NAS Na Ag
0.92 AlyOz-rich; R =0.92 NAS Ag

work in which both 5i and Alare
four fold coordinated by oxygen to
form tetrahedra arranged as three-di-
mensionally interconnected cages.
All oxygen in this crystalline stroc-
ture “bridge” between either 5i or Al
cations through covalent bonds. The
negative [AIQ,] groups are charge
compensated by Ma® ions which oc-
cupy the oxygen-rich cages off-cen-
ter. Similar features can be expected
in aluminasilicate glasses,

In glasses with equal parts ALO,
and Na 0 {R=1), the Na* cations can
be envisioned as “stuffing” the oxy-
gen rich cavities of the fully-paly-
mernized former network. On the
other extreme, in binary glasses
{R=0), the Na" cations are tethered to
the silicate network through non-
bridging ooy gens (NB(OYs). The dis-
tinction is shown in the cartoons (Fig.
1) of two 2-dimensional ion ex-
changed glasses: a binary silicate for
which B=0 and an aluminosilicate for
which E=1. The modifier cations are
colored Ma* (blue) and Ag* {green).
Bridging and non-bridging oxy gen
{both yellow) are distinguished by
their mordination to surrounding
cations. Mote that the binary silicate
contains bath types of oxygen, while
the R=1 glass contains only bridging
oxygen. In the R=1 glass, the cluster-
ing of alkalis that is present in the bi-
nary silicate is essentially absent.
Further, the bridging oxy gen cavities
are such that the alkali sites generally
fall offcenter. The difference in the
A0 and Si-0 distances (1.7 A and
164, respectively) and the extra dis
order in the alkali sites that results is
not obwvious from the cartoon. In ale-
minasilicate glasses for which 0=R=1,
some combination of the two ex
treme structures can be expected.
Evidence for this is seen in Table 2.

Stlver emvironments in the same
glasses after Ag/Na ion exchange

Ton exchange vsually involves a
one-fir-one substitution of an alkali
ion {e.g, Ma®) from the glass by a
monovalent dopant cation {e.g, Ag©)L
The common assumption is that the
dopant makes an isostructural re-
placement of the constituent.™ How-
ever, we found the Ag environment
in the ion-exchanged tetrasilicate
glass to be remarkably different than
that of the Ma which it replaces. In
the tetrasilicate glass, the mton coor-
dination number drops from 4.3 {MNa-
0) to 21 (Ag-O) on ion exchange, the
distance shortens from 232 A {Ma-()
to 2084 (Ag-0) and the Debye-
Waller factor sharpens from a 2¢°
value of 0.017 A* (Na-O) to 001242
{Ag-0). The local Ag environment is
wery similar to our determination of
the Ag environment in crystal line
Ag O two oxygen at 2,044 with 26°
=0.008 A% The differences are cer-
tainly not due to the presence of me-
tallic colloid since the Ag-Ag distanc-
s in silver metal occur at 2,894
these did not feature in the XAFS
spectra. The change in oxygen sur-
round can be interpreted in terms of
the higher field strength of the silver,
the increased covalency of the Ag-0O
bond and the relative ease with
which the mostly ionic NBO /modifi-
er cation bonds can bend. Similar re-
sults are obtained for the Ag environ-
ments in the low alumina glass in
which NE(Ys pred ominate the modi-
fier cation sites.

In the alumina-rich {R=0.92)
glass, virtually all modifier cation
sites will be associated with brid ging
oxygen. The change in the silver en-
wironment (moygen distances in-
rease from 2084 (R=0) to 2234
{F=092), mordination numbers in-
aease from 2.1 (R=0) to 2.5 (R=0.92)
and Debye-Waller factors rise from



{(Table2) First Shell X AFS Fits
Covrdination Shell Radius Debye-Waller
Glass Cation Dumber, N Eactor 207 [A2]
sodinm dizilicate Na 5 230 0
sodium fefrasilicate Na 4.3 232 0.0z
Ag 2.1 208 001z
R =0.17 NAS Na 2.8 2.30 0024
Ag 1.8 211 0.0ig
R =092 NAS Allg 2.5 223 0.036
001247 to 0,036 A%) reflects the new rFﬂgul.;e 2) S:J.D_Bn'm 0.050
s . R - posed comaiation C
Flmﬁtraul'l.t.-. exper enced 'b') the silver meps of Debye- r R=0.52 HAS
in the stiff, ﬁ.llll}'-'lptﬂ)mermed net- Waller factor versus C
wurk. The bridging oxygen bonds coordination numbear 0.040 [~ Ma K-adge e -
are not so free to bend as are the for first sheil fitting to L A K-sdgs m—
MEQ bonds in low alumina glasses, obtain the parameters F 9
A o for the glasses listed -
and the -‘“-1":“ L unable to pull near- in Tabie Z: (1) sodium 0.030 [~ o P IR=0ATHAS
by oxygen intoits preferred Ag O- in sodium tetrasilicate, ™\ L . - T
like configuration. Instead, the silver {2) sodiumin fhe A= BTt pes I o I
must conform to the available oxy- 0.17 aluminosiicats, C L , # "
= iy ) - (3) sifver in jon-ax- 0.0z0 - * o
gen distances in the relatively rigid changad sodium tetra- r - »
network and it therefore is acommo- silicata, (4) sivar in - " - 4
dated in the network by a higher co- the R =017 aiumino- C ’ L
ordination number and greater local silicats and () sifver =019 = ’ >
N A in the & = (.82 alumi- C ® o -
disorder. Incidentally, these fully nosilicate giass. The el S
i i an . r tmirasiicabe -
polymerized aluminosilicate glasses region of 95% confi- F L . L L n n L L
are exactly the compositions wsed to dence is gven. Tha % 20 3.0 4.0 5.0
inhibit formation of metallic silver g S
group to tha nght and M

lloid in ion exchanged glasses.

lonic Diffusion and lon Exchange
The different environments of
the dopant and constituent cations
have important implications for ion
exchange. For example, relative sil-
ver and sodium diffusion rates can
be inferred from structural informa-
tion in these glasses. The electrostat-
icbinding energy E_ for an isolated
alkali is given by
=1 &
Eo dmege,, IM-0
where ¢ _is the high frequency di-
electric constant and 1, the alkali-
oxygen distance which can be ob-
tained from X AFS. Compared to the
host sodium sites, the shorter Ag-O
bonds and consequently larger Cou-
lomb forces on the silver indicate that
the binding energy, 'EE 15 larger for
silver than for sodium, so slower dif-
fusion rates can be expected. This is
bormn out by experiment at all tem per-

1)

atures of interest. For example, the

the silver anvironmeants o fhe feft Nobe the distinciion befween environments of the same cation
in differant gissses (ag. R=0, 017, 0.82) and batwesn differsnt cations in the same gass,

silver diffusion coefficient is 4 imes smaller than that of the sodium in the R =
017 glass at typical diffusion temperatures (T @ 500°C)" In terms of the hop-
ping of isolated cations, we can express the diffusivity ratio, 'DN. FDAE, at a giv-
&n temperature as
Dy, R ve(Na) o
D, B vidg)

( Ey(Ag)— EBING}] o)
kT

where R\h and R-“a are the respective hopping distan ces, '\'n[Na] and \'n[Ag] the
corresponding hopping attempt frequencies and the cation binding energies
Eh[Na] and 'Eh[Ag] are given by eq. 1. Since the glass network is common to
bath cations, it reasonable to expect that v {Na) =v {Ag)and that the frequency
dielectric constants, Em[Na] and £ {Ag), are also approcamately equal. If we as-
sume further that the hopping distances R, and P‘.Ra scale with the respective
mearest netghbor oxygen distances, then eq. 2 15 smply a function of r_\bnamc[
LA Inserting the measured r,,  values from Table 3 in eq. 1 gives a host to
dopant diffusivity ratie D, /D, of 3 - close to the observed value of 4.

The unequal mobilities of the host sodium and exchanged silver cations re-
sults in concentration-dependent interdiffusion coefficients, where

1 N N,
pia o
e D
and N, _and N-“a are the cation mole fractions. D for in-exchanged glass de-



pends on silver mncentration in a
manner completely analogous to the
Mixed Alkali Effect.'"" This effect is
manifest by low ionic conduct vities
in mixed alkali glasses compared to
those in the single alkali counter-
parts. The increase in activation en-
ergies for ionic conduction have been
attributed to alkali-alkali interactions
at short distances.” Therefore, the
fundamentally different structures of
the NBO-rich silicates and the fully
polymerized alumina-rich glasses
should resultin different levels of
mncentration dependence. For ex-
ample, in binary silicates one would
expect strong cation-cation interac-
tions resulting from the coordination
to NB(Ys on the modifier sublattice.
In the fully polymerized glasses
{R=1}, the concentration dependence
should be less pronounced.

We reently tested this hypothe-
sis at the University of Rochester us-
ing energy-dispersive x-ray spectro-
so0pic measurements of silver and
sodinm concentration profiles inion

exchanged glasses. We find that alu-
mina-rich glasses do indeed show
less-pronounced concentration de-
pendence than their NBO-rich coun-
terparts. This is news to both the
glass sdence and the photonics cmm-
munities and has important implica-
tions for the development of new op-
tical glasses. Examples in glass so-
ence in which structural knowledge
{vs. empirical studies) is used to pre-
dict glass properties are rare. This is
an encouraging turn of events in the
search for better waveguide, micro-
optic and gradient-index materials.
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