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1. Introduction

The investigation of the structure and the prop-
ert1e§ of metallic precipitates in glass is of particu-
lar _ n?terest, because it permits a purposeful
variation of the physical properties of the system.
I\'Ignometer-sized crystalline Ag particles in alkali
silicate glasses are generated by sodium-—silver ion
exchange, thermally activated migration, and sub-
sequent annealing. The changes in the glass colora-
tion, polarisation, and mechanical properties
depf?nd on the size, shape, and distribution of the
particles in the material. The commercial glass
studied experimentally by X-ray diffraction and ex:
tended X-ray absorption fine structure (EXAFS)
Spectroscopy [1], typically comprises a sodium tri-
silicate with less than 7% Ca0, MgO, and Fe,0;.
Ag particles, of up to 120 nm in size, are created
in the glass after ion exchange and annealing.
Baseq on molecular mechanics and dynamics cal-
C}l_latlons for silver particles embedded in sodium
silicate glasses, the possibilities of high resolution
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el.ectr(_)n microscope (HREM) investigations to
v1§uahse the structural modifications due to relax-
ation were discussed in [2]. Thus HREM micro-
graphs of Ag particles in glass, which result in a
mod‘iﬁ.cation of the lattice fringe contrast of the
precipitate, can be interpreted as a shrinkage of
the. particles with decreasing particle diameter

which is stronger than expected for free particles [1]?
. In a previous paper [3], a model of a 30% Na-Ag
lon exchanged sodium trisilicate glass was investi-
ga.Lted' by molecular dynamics (MD) simulations

w1t.h mproved empirical potentials to study clus—’
tering and structural modifications. The resulting
glass structure showed fair agreement with the re-
sults of EXAFS[1] and nuclear magnetic resonance
{NMR) spectroscopy [4,5] and was affected by the
1on exchange. The sodium was found to be nonuni-
formly distributed in the glass structure and the ex-
istence of channel-like regions, with increased

sodium density, was noted. The distribution of
the tetrahedral species, Q,, with » bridging oxygen

gtoms around the central Si atom, in the MD

snpulated System, was shown to be in accordance
with a thermodynamic model, taking into account
the higher glass transition temperature of the
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simulated system [3,6]. Only for higher ion ex-
change percentages (80%) was the Q, distribution
affected by the Na-Ag ion exchange. The silver
was found to build up a local environment, which
is mainly determined by nonbridging oxygen atoms
and deviates from the sodium environment. Fur-
thermore, a clustering of the exchanged Ag atoms
was observed, depending on the maximum anneal-
ing temperature and the Ag-glass interaction. The
resulting structural data were used to refine the em-
pirical potentials and the parameters of the Ag-
glass interactions. Finally, based on the improved
glass models, crystalline Ag precipitates were gen-
erated within extended glass structures to improve
the HREM image calculations [2,3,6].

In the present paper, the diffusion process itself
and the diffusion mechanisms are treated in detail.
This information supplements the previous cluster
studies [3,6] and gives a comprehensive description
of the dynamical properties of the Ag-particle/
glass system (diffusion coefficient, vibrational be-
haviour and migration trajectories).

2. Computational procedure
2.1. Molecular dynamics simulations

To study extended multi-component structures
and their long-time dynamical behaviour, it is only
possible to employ classical MD with empirical
and semiempirical potentials. The MD simulation
starts with crystalline structures for disilicates, or
with suitable stoichiometric modifications for tri-
silicates [3,6], and Boltzmann distributed particle
velocities appropriate to the initial temperature.
The numerical integration of the equations of mo-
tion reflects the dynamics of the system.

As in the previous work [3], the MD calcula-
tions were performed with constant particle num-
bers, N, and periodic boundary conditions in all
directions. The classical 3V Newtonian equations
of motion were integrated with an integration step
of 1 fs. In order to control the system temperature
and pressure, the particle velocities and positions,
as well as the dimensions of the simulation cell,
were slightly rescaled each time step [7]. The MD
simulations are extended to a longer simulation

time of 1 ns, to reflect both the diffusion and clus-
tering of the silver atoms over a larger time scale.

The precise physical description of all of the
system properties would require the application
of quantum mechanics. This, however, is very
computer intensive and is limited to systems of
about 100 atoms. Thus, for describing a silicate
glass structure or metals, semiempirical interaction
potentials are employed which are well established
and proven [8~13]. In the present paper, a modified
Born-Mayer-Huggins (BMH) potential with a
three-body Stillinger—Weber term [14,15] and the
embedded atomic method (EAM) potential [16]
are used to describe the sodium silicate glass and
the silver, respectively. The silver—glass interac-
tion, however, for which there are no reported re-
liable potentials and potential parameters, is
described using a modified BMH potential and
the refined parameters from Refs. [3,6].

2.2. Simulations

The simulations, based on a sodium trisilicate
glass with 1536 atoms, were carried out at constant
pressure (p=25 GPa). The sodium-silver ion ex-
change in the relaxed model was modelled by ran-
domly replacing 30% (in some cases 40-80%) of
the sodium atoms by silver at 0 K. The ion-ex-
changed systems were simulated following anneal-
ing for 100 ps at varying temperatures.

For the calculation of the mean square displace-
ment (MSD) and the velocity autocorrelation
(VAQ) functions, the atomic trajectories were de-
termined at constant temperatures of 300-3000
K, in steps of 300 K. The systems were simulated
for 30 ps at constant temperature. When the sys-
tems had effectively reached an equilibrium state,
the calculations were continued for 12 ps/30 ps at
constant volume to evaluate the MSD function,
which was calculated at every fifth time step. To
obtain additional information about the MSD func-
tion, as well as the silver clustering, selected systems
were simulated at a constant temperature of 1 ns.

3. Results

The dynamical behaviour of the particles in the
glass, i.e. the migration and clustering processes,
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determine the equilibrium structure and the physi-
cal properties of the combined system. Therefore,
the diffusion, the diffusion mechanism and the for-
mation of the Ag clusters were analysed in more
detail. For the calculation of the dynamical proper-
ties, the trajectories were stored every 5 fs. Based on
these trajectories, thermal transport coefficients,
such as diffusion coefficients, can be evaluated by
considering time correlation functions. For this, ei-
ther the Green-Kubo formula (see standard text-
books, e.g. Ref. [17]) is employed, in which the
velocity autocorrelation (VAC) function is inte-
grated over time, or the Einstein relationship can be
used, where the mean square displacement (MSD)
function s differentiated with respect to time. Trans-

30
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» T
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Fig. 1. Mean square displacement for all of the atomic species
in a 30% Na-Ag ion exchanged sodium trisilicate glass simu-
lated at T=2700 K.

247

port coefficients are equilibrium properties. There-
fore, reasonable results can be only obtained if the
system has reached a sufficiently good equilibrium.

3.1. Diffusion

The MSD functions for all of the atomic con-
stituents of an ion-exchanged glass at 2700 K are
shown in Fig. 1. For Si and O, this function shows
qnly a very slight slope, indicating the lack of any
significant diffusion. For these atoms, the MSD
values are mainly the result of thermal vibration.
Na and Ag, however, show a clearly detectable
slope, which allows the calculation of the diffusion
coefficients D according to the Einstein relation-
ship (e.g. Ref. [17]):

() = 6Dt + C. (1)

In solids, it has been proposed that the diffusion
depepds on the temperature according to an Ar-
rhenius relationship (e.g. Ref. [18]),

D = Dye /AT 2)

where W, is the activation energy and Dyq is the
diffusion prefactor. Fig. 2 represents the diffusion
coefficients for an ion-exchanged sodium trisilicate
at temperatures from 300 to 3000 K as an Ar-
rhenius plot. Only for temperatures above 900—
1200 K do the diffusion plots for Na and Ag reveal
an approximate linearity, consistent with the

10*
« Si
107+ : S
» Na
. Ag
T 0% —~ Na regression
NE — Ag regression
= 107
P ]
108" . :
10~9 t + + + + T
0 0.5 1 15 2 25 3 3.5
1000K/T

Fig. 2

- Simulated diffusion coefficients for a 30% Na-Ag ion exchanged sodium trisilicate glass (straight lines: Arrhenius fit).
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Table 1

Comparison of the simulated and experimental activation energies and diffusion prefactors for Na and Ag diffusion in sodium trisjl-

icate glass and 30% Na-Ag ion exchanged sodium trisilicate glass

Waa(Na) (kJ/mol)

Dy(Na) (cm?/s)

Waa(Ag) (kl/mol)  Do(Ag) (cm?fs)

Sodium trisilicate glass

Simul. (T > 900 K) 520+ 5.7
Simul. (7> 1200 K) 66.8 + 2.4

Expt. [18], (F24) 69.5 1.9 x 1073
Expt. [18], (T1,T8) 70.8 2.63 x 107
Expt. [18], (M14) 80.4 2.1 x 1072
Expt. [18], (F22) 64.5 8.19 x 10~
Expt. [18], (M13) 63.6 7.9 % 104

Sodium trisilicate glass (30% Na — Ag)
Simul. (T > 900 K) 483+ 6.1
Simul. (7 > 1200 K) 61.6 + 6.4

2.93(+1.45 — 0.97) x 1074
5.85(+2.62 — 1.81) x 10~

5.60(+2.52 - 1L.74) x 107*  ~ -
1.21(+0.18 = 0.16) x 1073 ~ -

9.86(+7.96 — 4.40) x 10~
1.63(+2.15 — 0.93) x 10~*

456£9.0
552+ 14.5

temperature dependence of Eq. (2). A linear re-
gression analysis of this portion of the plots en-
ables the calculation of the activation energy,
W, and the diffusion prefactor, Dy. In the MD
simulations, the latter depends on the annealing
regime and the assumed interatomic potential.

The diffusion prefactor and the activation ener-
gy determined from MD simulations for tempera-
tures above 900 and 1200 K, respectively, are
summarised in Table 1. For Na diffusion in glass-
es, there are a lot of experimental measurements
(e.g. Ref. [18]), with which the activation energies
and the prefactor for the sodium diffusion found
here show a remarkable agreement. Both quanti-
ties slightly depend on the percentage of the Na—
Ag ion exchange.

For silver, however, there exist only a small
number of single diffusion measurements [18-22].
These, moreover, show a large dispersion in value.
Fig. 3 compares some experimental values to our
different simulations. The large dispersion of the
experimental results is probably caused by the
measuring process and the glass composition. Nev-
ertheless, neglecting the strongly deviating values
by Kreibig [18], the high temperature values for
the simulated diffusion (>900 K) are in approxi-
mate agreement with the experimental data.

3.2. Migration trajectories

The mechanism of diffusion can be clarified
by examining the trajectory plots for a 10 ps
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Fig. 4. Trajectory plots for the 7 most mobile Si, O, Na and Ag atoms (T'=2100 K; =20 ps).

simulation of an ion exchanged glass matrix at 2400
K (Fig. 4). Only the seven most mobile atoms for
each atomic species in the glass are included in this
figure, with Si, O, Na, and Ag. Siand O only reveal
vibrational movement around a stable site. Within
the basic silicate network, the diffusion is negligible.
However, the trajectories for Na and Ag partly
show long diffusion pathways. These can mostly
be separated into two main sections: vibration
around stable sites and hops between such sites.

indicates a high translational component in the
movement of these atoms.
The VAC function also allows the calculation

of the diffusion constant, via the equation (e.g.
Ref. [17])

D= %/ vov(t) de. (3)

The resulting diffusion parameters are in approxi-
mate agreement with those calculated from the
MSD. The Fourier transformation of the VAC

) . . L
105 T o ‘ functions results in the vibrational power spectra
106 A e 3.3. Vibrational properties shown in Fig. 6. The power spectra for Si and O
101 » Experim. ;
h p . The VAC functions were obtained for all of the !
. "’ atomic species, based on the same trajectories as 08
«2 10 used to calculate the MSD functions. Fig. 5 shows 08
E 0o . + Inman [22] the first 0.5 ps of the normalised VAC functions 5
= oo K uba?gglewskl Doremus [21] for an ion exchanged sodium trisilicate glass at g0
b 900 K. The _silicop and oxygen VAC functions §°-2
o shpw a solid-like vibrational behaviour, oscillating 0
: - eotig 1] with .hlgh frequency and rapidly decreasing to ap- 02
0™ X prommately zero amplitude. In addition, the VAC '
- 1 { : ‘ : " ‘ functions for Si and O reveal a broad correspon- R 0 02 04
o 05 1 11_%00 ‘ /% 25 3 35 dence, indicating a correlation of the Si and O vi- - ot " *

brations due to the Si—O bonds. In contrast, the

- ) ) Fig. 5. Normalised velocity aut i i %
sodium and silver functions decrease slowly which i triseate sose st 7 1200 B

Fig. 3. Comparison of simulated and experimental diffusion coefficients for silver in silicate glasses (straight lines: confidence region). : Na-Ag ion exchanged sodium trisilicate glass at T= 1500 K
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Fig. 6. Fourier transform of the velocity autocorrelation func-
tions in Fig. 5 to yield the corresponding vibrational spectra.

show a broad band of frequencies (040 THz),
with distinct peaks at 28 £ 1.5 THz (Si) and
35 + 1.5 THz (Si, O). The sodium function reveals
a pronounced broad peak with its maximum at
about 5 & 2.5 THz. The shape of the Si, O, and
Na spectra are only slightly influenced by the pres-
ence of Ag. All of the power spectra show a small
variation with the temperature. For higher temper-
atures, the peak maxima are shifted to smaller fre-
quency by about 2 THz. ‘

The vibrational frequencies and mean hopping
distance offer a rough estimate of the diffusion pre-
factor (e.g. Ref. [11])

2
Dy = -VL;-, 4)
where v is the vibrational frequency, i.e. the at-
tempt frequency for hopping between sites
(vnae = 5 THz, vag = 3 THz) and 4 is the mean
hopping distance, represented by the.: near;st
neighbour distance of the same atomic species
(Na-Na, 0.34 nm; Ag-Ag, 0.27 nm). The resuljnmg
estimated diffusion prefactors for sodium
(Dona =~ 1.0x 107*  cm? s7!) and siIYer
(Do ag = 3.6 x 107 cm? s7!) agree fairly well with
the values from the MSD calculation.

3.4. Long time simulations

For selected examples, the dynamical behaviour
of an ion exchanged glass was studied up to [ ns.
The resulting long time correlations describe the
system behaviour on a longer time scale qnd
should enable an evaluation and the correction
of the short time diffusion simulations. Silicon

12

-— average cluster size
---MSD

MSD/A?  size/atoms
n S o -] [=3

(=]

0 200 400 600 800 1000
t/ps

Fig. 7. Comparison of the mean square displacement (in A?)
and the average cluster size [number of atoms; same scale] for
the Ag atoms in a 30% Na-Ag ion exchanged sodium trisilicate
glass during a long time simulation of 1 ns.

and oxygen reveal the same behaviour as already
observed for the short simulation times. Also, for
temperatures up to 3:000 K, their MSD functions
do not go beyond 3 A. However, the sodium diffu-
sion coefficients for the long time simulations are
slightly reduced; at high temperatures (1500-3000
K) by a factor of 1.4-1.6 and at lower tempera-

tures (300-1200 K) by a factor of 5-8.

For silver, an evaluation of the long time results -
seems to be more difficult. In particular, the inter-

action between the formation of the clusters and

the migration of the Ag, which is illustrated in;
Fig. 7, has to be considered. Here, the MSD func—»\
tion for Ag, as well as the averaged Ag cluster size,
is shown for a simulation of 1 ns at 900 K. Aftera
rapid growth during the first 10 ps, the average.
cluster size slowly increases. This cluster growth:

is related to the high mobility of the Ag atoms,

which in turn is reflected by an increase in the
MSD function. The clusters formed, however, ob-

struct the diffusion process, so that the mean square

displacement function increases irregularly. Large
steps in the function are probably caused by the. de-
cay of smaller clusters. After 500 ps, both functlogs
are roughly constant. This suggests that, at this

time, all of the Ag atoms are situated in clusters.

4. Discussion

The simulated values for the Na diffusion, espe-.
cially for 7> 1200 K, are in fair agreement with
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the experimental results [18]. The long time simula-
tions mainly reveal a decrease in the low tempera-
ture diffusion coefficients, which may result in a
linearisation of the whole Arrhenius plot of the
diffusion for a longer time scale. This seems to jus-
tify the assumptions made for the calculation of
the activation energy and the diffusion prefactor,
Le. to exclude the low temperature diffusion coeffi-
cients.

Silicon and oxygen do not exhibit any diffusion
processes at the temperatures (300-3000 K) consid-
ered here. Also, at 3000 K and for 1 ns, their MSD
functions has not reached 3 A, indicating only vi-
brational modes of behaviour. In addition, the
analysis of the trajectory plots for Siand O excludes
the existence of exchange processes. As stated from
recent simulation results [3,6], these facts suggest
that the theoretical glass transition temperature
for the simulated system is higher than 3000 K.

The silver diffusion shows a rough correlation
with experimental results [19-22]. The large disper-
sion of the experimental values is caused by differ-
ent experimental techniques and by deviations in
the glass composition, which prevent a precise
comparison of the experimental and simulated da-
ta, as presented for sodium.

5. Conclusions

Our MD-generated model of an ion exchanged
sodium trisilicate glass enables the first MD de-
scription of the structure and dynamics of silver
in a glass. The basic glass structure and the struc-
tural modifications caused by the ion exchange, as
well as the diffusion and clustering behaviour of
the silver atoms, were investigated by means of
MD simulations. In contrast to the silicon and ox-
ygen atoms, a strong diffusion through the glass is
observed for sodium and silver. Both sodium and
silver exhibit similar diffusion mechanisms, dis-
crete hopping between stable sites. The sodium dif-
fusion agrees remarkably well with the
experimental values. The results were confirmed
by long time simulations of up to 1 ns. An evalu-
ation of the silver diffusion is more difficult, be-
cause of the small number of experimental values
available. Some of the experiments, however, are

in good agreement with our simulations, thus jus-
tifying the chosen potentials.

6. Note added in proof

In comparing the ion exchange rates with exper-
iments it should be taken into account that the re-
duction process of the Ag ions is neglected in the
MD simulations.
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