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Molecular-dynamics simulations of (NaO,),(SiO,);_ glasses:
Relation between distribution and diffusive behavior of Na atoms

Jaime Oviedo and Javier Fénuez San¥
Departamento de Qmica Fsica, Facultad de Qumica, E-41012 Sevilla, Spain
(Received 7 April 1998

Molecular-dynamics simulations of sodium silicate glasses in a range of alkali concentration going from
1.8% to 33.33% molar of N® are reported. Our simulations show that there is a tight relationship between Na
atoms and nonbridging oxygens which are mainly located in the first Na coordination shell. In the whole range
of composition, Na and nonbridging oxygen atoms appear to segregate giving rise to a heterogeneous distri-
bution. For the higher alkali concentrations, formation of microchannels is observed. The activation energies
for alkali diffusion have been computed and found in agreement with the experiment. The mechanism for the
diffusion has also been investigated and found to occur through the microchannels, if present, or across the
network for low compositions, but the Na motions always appear to be assisted by nonbridging oxygen atoms.
[S0163-182608)09637-4

l. INTRODUCTION homogeneoud and heterogeneotfs?° distribution of alkali
cations. There have also been studies of transport properties
Silicate glasses constitute one of the most widely use@nd, thus, Huang and Cormack reported on the diffusion co-
materials. However, in spite of its importance, the structureefficients of Na for a range of concentrations. However,
of modified oxide glasses is not well known yet. Consider-these simulations were constrained since in the calculations
able efforts have been devoted to elucidate this by usinghe silicate network was frozen and, in fact, it was not until
new techniques, such as x-ray absorption fine-structuréecently that Smith, Greaves, and Giffaneported quantita-
spectroscopy (XAFS),'2 magic angle spinning NMR Uve results for the sodium diffusion coefficient. It has been
(MAS-NMR),~" isotopic substitution neutron scatterifigs suggested that the alkali ion motion is characterized by

well as the traditional spectroscopies of ®aman® and jumps fro”.‘ site to site in .th(.a silicate matﬁi_rfz How_ever, .
x-ray photoemission SpectroscopyPS). 1112 Howevér the these studies have been limited to compositions with a high

. . . alkali concentration.
experimental data are not conclusive, and from these studies The purpose of this paper is to report the results of an

both n%nrandoﬁ?'“ and random distributions of modifier ;.\ agtigation of the structure and dynamics of sodium sili-
_cat|0n§ have been suggested. It is wo_rth_not_lng that ne'the'&ate glasses (N®),(SiO,);_, in a wide range of concen-
inhomogeneous nor homogeneous distributions have be§p,ions and temperatures through unconstrained MD simula-
directly observed, the atomic arrangement depending on thgsns. Our first aim is to analyze the effect of Na doping on
interpretation of the experimental data. silicate structures as concentrations change. At the same

With respect to transport properties, it has been showfime, a quantitative determination of diffusion constants and
that the activation energy for diffusion in these glasses deactivation energies as well as the diffusion mechanisms over
creases drastically frons1.2 eV at low alkali concentrations this range of concentrations will be reported. These simula-
to about 0.6 eV at around 15 mol % of alkali oxide. Above tions will allow us to test previous conjectures about alkali
15 mol % of alkali oxide, it decreases very little when the transport mechanism.
alkali oxide concentration is increased up to 33 moi%.

Also, the diffusion mechan.ism associated to_the alkali ion Il COMPUTATIONAL DETAILS
transport has been the subject of several conjectures.

Recently Greavéd suggested a modified random network ~ As is well known, potential functions play a key role in
(MRN) model for silicate glasses to account for the structuraMD simulations. In the present work the interatomic poten-
and transport properties. This model results from XAFS datdials employed for SiQ were those derived by Vashishta
in which the number of nonbridging oxygefi§BO) around et al?® This potential includes a three-body term to take into
alkali ions was found to be larger than that of bridging oxy-account the Si tendency towards tetrahedral coordination and
gens(BO).1 3 In this model, there is a process of microseg-has been shown to give good results for vitreous and molten
regation in the glass and the modifying cations form clusterstates. The reported effective charges wefe8 and 1.6 for
in the SiQ rich matrix, to which they are predominantly O and Si, respectively, although, in order to maintain elec-
linked via the NBO'’s. At higher concentrations, the clusterstroneutrality, it is necessary to vary these charges with Na
percolate through the glass bulk giving rise to pathways foiconcentration. For this purpose we have chosen to assign
ionic conduction. These suggestions are, as yet, unconfirmedbharge+1 to Na cation and to vary only the O charge to

Molecular dynamic¢MD) simulations are a valuable tool keep our system neutral.
for insight into glass structure and to help interpret experi- The interaction for the Na-Si, Na-O, and Na-Na pairs has
mental results. Previous MD studies have reported botibeen described by means of a simple pair potential consisting
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TABLE I. Physical description of (Nag,(Si0O,),_, samples.

System(concentration % N4 mola

A (1.8% B (4.8%) C (10.74% D (19.4% E (33.33%
Atoms 4 N3O-216 11 NaO— 26 Na,O— 52 NaO— 108 NgO—
Sio, 216 SiG, 216 SIG, 216 SIG 216 SIG
(g/cn®) 2.21 2.24 2.31 2.40 2.56
Box side(A) 21.499 21.634 21.886 22.379 23.350
o -0.810 -0.850 -0.913 -1.015 —1.200

of an electrostatic contribution and a short range repulsiveion coefficients, mainly for the systems with low amounts
term. The short-range term was represented through a Borif Na,O. For this reason, we increased the production runs

Mayer analytical potential: up to 45 ps for the temperatures higher than 150@h€re is
no appreciable diffusion below this temperajur&lso, ad-
v 1p . diGj ditional states at 3500 and 4000 K were created.
Vij :Aije ij P4 ——=,
rij
whose parameter& and p for the Na-Na, Na-O, and Na-Si IIl. RESULTS AND DISCUSSION
pairs were adjusted in order to reproduce the first coordina-
tion shell distancdé2.3—-2.4 A(Refs. 1, 3, and 24—26 ob- Structure
served in the radial distribution functioRDF) obtained We will start this section analyzing structural results. In

from MD simulations for a system with a B@ concentra-  general, the radial distribution functions, RDF’s, correspond-
tion of 10.74% molar(system C in Table)l Although this jng to the pairs Si-O, Si-Si, and O-O are almost the same as
choice could be considered arbitrary, we hope it will be validingse found for pure S On going from system A to E,

to perform a systematic study of vitreous states in aNa there is a small shift of the Si-O RDF first maximum from
concentration range. On the other hand, after a preliminary g1 to 1.58 A. This shift can be easily understood taking
analysis it was found that the short range term in the Na-Ngnto account that increasing the Na concentration leads to
and Na-Si potentials were negligible and, therefore, a googhore negative charge on the oxygen atoms, and therefore to

description of the system could be achieved considering onlyp increment in the Coulombic term of the interaction poten-
the parameters for Na-O interaction pair, whose final valuegg|.

were: A(Na-O)=3060x 10" *? erg andp(Na-0)=0.265 A.
The simulations were performed for five jaconcentra-
tions ranging between 1.8% Nbystem A and 33.33% M
(system B The experimental density at room temperature Na-=O
for every NgO concentration was used and for the sake of
simplicity they were assumed to be constant in the range of
temperatures considered. The main physical aspects of the
system are summarized in Table I. 5 50
MD simulations were undertaken in the microcanonical 2~
ensemble, with constant NVE, where N is the number of

4.0
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”
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atoms, V is the volume, and E is the total energy of the 10

system. Equations of motion were numerically integrated us-

ing the leapfrog algorithm with a time step of 0.5 fs. Periodic

boundary conditions were handled according to the minimal 0.0 }

image and the electrostatic contributions were computed 1o

through the Ewald sum technique. During our calculations

energy stays constant better than one part i 10 40r
For a given alkali concentration, the initial configuration

was obtained by randomly adding the appropriate amount of 301

Nay,O to vitreous Si@. This configuration was thermalized at é

3000 K in a 30 000 steps simulation in which the velocities 20!

were rescaled. After this thermalization, another run of 5000

steps was performed in order to check that the system 10

reached equilibrium, and finally, a production run of 15 000
steps(7.5 p9 was carried out for statistics. From this initial
state at 3000 K we generated others at 2500, 2000, 1500, 0.0
1000, 600, and 300 K. For every temperature the same simu- 20
lation runs schedule was used. From these simulations we

obtained the static properties; however, we found that th&IG. 1. Radial distribution functions for Na-O, Na-Si and Na-Na
statistics was relatively poor for the calculation of the diffu- pairs.
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TABLE Il. First maximum(A) in the RDF at 300 K and 3000 Kbetween parentheses

System
A B C D E
Na-O 2.31(2.23 2.40(2.39 2.38(2.39 2.38(2.39 2.37(2.32
Na-Si 3.76(3.69 3.56(3.57) 3.54(3.4H 3.41(3.33 3.01(3.08
Na-Na 3.66(4 ? 3.55(4.16 4.16(4.09 3.98(3.95 3.59(3.53

Concerning the structure of Na sites, the RDF's for Na-O dination numbers for Si and O atoms. These values for the
Na-Si and Na-Na obtained at 300 K are reported in Fig. 1A-E compositions are reported in Table Il for temperatures
while the first maxima of the distributions are summarized in300 and 3000 K. This analysis shows that, whatever the
Table Il. As can be seen, the first coordination shell for Na iscomposition is, most of the silicon atoms are four-
well defined and, in general, the maximum of the Na-O RDFcoordinated, the number of three-coordinated silicons in-
slightly shifts towards lower distances when doping. This iscreasing moderately when the temperature rises. With re-
not the case for system A, whose first maximum in the Na-Gspect to the oxygen coordination number, it appears clearly
distribution appears at shorter distance as a well resolvethat when the Na concentration increases, the number of
peak. This feature will be explained later. With respect to thebridging oxygenBO) atoms(i.e., those bound to two silicon
values obtained, they fall in the range 2.3—2.4 A showing theatoms decreases monotonously, while, concomitantly, the
coherency of the fitting procedure used in the determinatiomumber of nonbridging oxygetNBO) atoms rises. Roughly,
of the Born-Mayer potential parameters. On the other handt is found that there is one NBO by each Na atom. On the
when temperature rises, a thermal broadening of the RDF'sther hand, the temperature dependence is low and the gen-
is observed and, as shown in Table Il, the maxima positioreral trend is an increment of under-coordinated species when
shifts slightly toward lower values. However, the shape oftemperature increases.
the bands persists, indicating that the cation environment is The coordination environment of Na cation can be ob-
maintained. Similar behavior is found in the Na-Si RDF's, served in Fig. 2, where the coordination numbé&against
although the shifts induced by both temperature and alkalihe distance is reported for the Na-O and Na-Na pairs. The
concentration are somewhat larger. Na-O curves show an inflection of abdwt=5,6 for all com-

With respect to Na-Na pair, the RDF is reported at thepositions except that of system A, for whith=2,3. Such a
bottom of Fig. 1 where there is a prominent band indicatingfivefold, sixfold coordination agrees well with the XAFS
a clear coordination shell in the 3.5-4.1 A distance rangedata. Moreover, there is not a regular pattern for the coordi-
This result could appear amazing, since assuming a homogeation polyhedra in disagreement with the formation of
neous distribution, the first Na-Na maximum would be attrigonal bipyramidal units around the Na cation suggested by
larger distancéfor example, 5.86 A for system C and even Smith, Greaves, and Gill&1.0n the other hand, the Na-Na
larger for systems A and)BThis means that Na cations tend curves show a regular increment of the coordination number
to be together and there is a spatial heterogeneous distribas Na concentration rises.
tion. This result supports the modified random network In order to make clear the relationship between NBO's
model proposed by Greavésased on XAFS experiments and Na cations, an analysis of the type of oxygen atoms
carried out with a disilicate composition sample. Also, ourbound to the Na cations was performed. In Table IV, the
value for the Na-Na distance corresponding to the same conoxygen atoms have been grouped depending on whether they
position(system E, 3.59 fagrees reasonably with the 3.2 A are of NBO or BO type, and within each class whether they
distance obtained from the XAFS data. are bound or not to a Na cation. Inspection of Table IV

From the RDF’s, and taking as cutoff the distance correshows that, as expected, increasing the alkali concentration
sponding to the first minimum, we have estimated the coorgives rise to an increment of both BO and NBO percentages

TABLE lll. Coordination (%) numbers for Si and O atoms at 300(B000 K).

Coord. A B C D E
3 3.21 5.07 3.66 0.20 0.45
Siy (10.09 (11.42 (8.99 (4.29 (3.22
4 96.79 94.93 96.34 99.8 99.5
(89.86 (88.52 (91.00 (95.69 (96.79
1 3.44 8.58 14.85 21.69 34.07
O, (7.39 (11.21 (18.01 (22.35 (35.09
2 96.54 90.28 82.73 77.48 62.59
(92.06 (87.72 (80.52 (76.395 (60.57
3 0.02 1.14 2.20 0.62 0.19

(0.57 (0.99 (0.70 (0.52 (0.73




9050 JAIME OVIEDO AND JAVIER FERNANDEZ SANZ PRB 58

9.0
80|
70|
60}
50!
-2
Z40}
30}

20} o
10} (O O bridging
@ O nonbridging

005 3.0 40 5.0 6.0 o Si .

r(A) e Na

FIG. 2. Plot of the Na coordination numbBi(r) as a function
of the distance.

related to Na cations. However, whatever the composition is,
most of the NBO’s are bound to Na centélast column.
This tight relationship between NBO’s and Na cations ap-
pears to be unaffected by the lowering of the cutoff distance
as shown in the table, where results for cutoffs of 3.3, 2.9,
and 2.4 A are reported for C composition. Contrarily, the
number of BO’s bound to Na centers drops significantly
when the cutoff is lowered. In summary, from this analysis
and the Na-Na RDF’s we can conclude that both Na and
NBO's tend to be grouped into the bulk of the Si@atrix,
which is typical of a microsegregation phenomenon. This
behavior can easily be seen in Fig. 3 where snapshots of the
MD simulations for systems A, C, and E are presented. The
trend for the Na and NBO atoms to be grouped appears
clearly in the three images. Also, it is found that above the
percolation limit compositiorisystem G, the microsegrega-
tion process gives rise to formation of microchannels.

In order to get a deeper insight of the structure, the oxy-
gen contributions to the RDF arising from NBO’s and BO’s ~_ FIG. 3. Snapshots for some compositions. Top: system A.
has been separated and are reported in Figs. 4 and 5. The fifégdle: system C. Bottom: system E.
peak of the NBO-NBO RDRFig. 4, top appears at 2.60 A
and corresponds to two NBO’s bound to the samdtlis  hand, the RDF for BO-BO pairdig. 4, bottom are found to
peak is not present in system A because such a situation se similar to the total O-O RDF. Nevertheless, when Na
unusual at very low Na concentratiorMore interesting is  concentration is higlsystems D and  the peak at 4.9 A
the second peak, approximately at 3.3 A which has beegjsappears and the curves show again a band at 3.3 A indi-
attributed to the presence of trigonal bipyramfidsThe  cating the formation of BO-Na-BO units. With respect to

analysis of the data reveals that it corresponds to O-Na-QBo-Na and BO-Na RDF'’s shown in Fig. 5, it turns out that
units belonging to highly distorted polyhedra. On the other,[he Na cations bind NBO's giving rise to a well defined
band, whatever the concentration(’s30, 2.33, 2.34, 2.30,
and 2.28 A for systems A—E, respectivelffor BO'’s the
first peak becomes clear only at high concentratih80
Oxygen type an_d 2.28 A for sysFems D and BEhe formation of this peak
BO BO (Na) NBO NBO (Na) being coherent with the presence of the 3.3 A peak f';lt
BO-BO RDF for systems D and E. On the other hand, and in

TABLE IV. Proportion of bridging(BO) and nonbridging oxy-
gen atoms in % at 300 K3000 K for C).

A 95.61 0.95 0.25 3.19 light of these partial contributions of the oxygen atoms to the
B 81.81 9.62 0.01 8.56 RDF, a new analysis of the coordination numbers could be
C (r=3.3A) 50.42 34.51 0.01 15.06 performed. However, it is difficult to assign a cutoff distance
D 13.13 64.97 0.00 21.90 to every peak and cutoffs are different for NBO and BO
E 0.80 61.97 0.00 37.22 contributions, although we can conclude that Na cations are
C(r=29A) 65.13 19.81 0.12 14.94 bound to 2—3 NBO'’s and complete their coordination up to
C(r=24R) 83.41 1.53 5.17 0.89 5-6 with BO’s. The combination of NBO-Na and BO-Na
C (r=3.3A) 48.96 34.47 0.83 15.74 RDF's allows us to explain the good resolution observed for

the first peak in the O-Na RDF for system A in Fig. 1, as
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FIG. 6. Angular distribution functions for Si-O-Na and O-Na-O
triads at different compositions.

well as its low coordination number, since for this system
only the NBO-Na pair makes a significant contribution to the
total RDF.

A further structural property refers to the angular distri-
bution functions/ADF). The ADF for O-Si-O always shows
a sharp peak at 109° reflecting that the tetrahedral coordina-
tion of Si atoms is preserved when composition is varied. For
the Si-O-Si ADF a broad distribution is found, and on going
from system A to E, the maximum shifts from 144° for sys-
tem A, the same value as that of pure $fOto 142°, 140°,
137°, and 136° for systems B, C, D, and E, respectively. This
lowering indicates that the presence of the O-Na-O triads
slightly distorts the relative position of the Si@etrahedra.
The ADF’s associated with the Na atoms appear to be more
interesting, and are reported in Fig. 6 for systems A, C, and
E at 300 K. The distributions for O-Na-O show a first well
resolved band around 56°, followed by a broad band with
maxima around 90° and 115°. The presence of the peak at

FIG. 5. Radial distribution functions for Na-NBO and Na-BO 56° confirms the absence of trigonal bipyramids. A careful

pairs.

analysis of Na environments shows that the first peak is
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T FIG. 8. Representation of Na trajectories for different composi-

tions.
mainly associated to situations in which Na is close to a BO

and a NBO belonging to theameSiO4 tetrahedroiNBO- . . . .
Na-NBO triads are much less common and its associateﬁh'”g more slowly until the disilicate composition, system

angle is 70}. On the other hand, the broad bands correspom'J:" for which thg experimental value _is of 0.68 é‘i/pur
to oxygen pairs belonging to different Si atoms. It should pevalues are also in good agreement with those obtained from

noticed that the first maximurm;90° is in agreement with a  Previous MD simulations for the disilicate compositihs6
Na-O distance of 2.3 A and the maximum observed at 3.3 £Y)-~ On the other hand, at the level of impurities, the acti-
in the O-O RDF. In its turn, the Si-O-Na ADF shows a broadv'fjtion energy has been estimated to be about 1.2-1.3 eV.
band in the 80°—~120° range that becomes narrower as nizkely, our value for system A could be overestimated, since
concentration rises. as shown in Fig. 7, only three points have been used in the
We have also analyzed ADF’s with more than one Nafitting. This is because at lower temperatures, no significant

atom, although only those of Na-O-Na and Na-Na-Na will pediffusion is observed. In any case, it clearly appears that the
briefly considered. For the Na-O-Na a broad band with aslope for these three points is larger than those of higher
maximum at~95° is found. Taking 2.3 A for the Na-O concentrations. In summary, our calculated values compare

distance, this angle gives a Na-Na interdistance of 3.4 A iyvell with both experimental and theoretical measurements,
agreemént with the maximum observed in the Na-Na RDF?‘nd' as far as we can ascertain, this is the first time that these

The Na-Na-Na ADF features a poorly resolved distributiondiffusion coefficients have been calculated in this range of

which broadens when temperature rises. In general, repetfoncentrations. o . _
P g b The mechanism for Na diffusion will be considered now.

tive Na-Na-Na patterns are not found in the present simula- . . ; "
tions. In Fig. 8, typical trajectories for some compositions and tem-

peratures are depicted. In the top of this figure, the trajecto-
ries for low concentratior(systems A and Bat 2500 K
describe a quasicontinuos motion of the Na cation through
The diffusion coefficient® for systems A—E have been the network. This type of motion is observed in the whole

determined in thg§2000-4000 K temperature range from temperature range and would agree with the “network hop-
the plots vs time of the medium square displacement®ing” mechanism proposed by Greaves and Ry&ir low
(MSD). The variation of logarithm ob against 1T is plot-  alkali concentration, in which it was suggested that the hop-
ted in Fig. 7. Inspection of this figure shows a quasilinearPing would occur without the participation of NBO. How-
behavior in agreement with the Arrhenius law obsefvéar ever, the analysis of the coordination shell for Na along these
diffusion coefficients for alkalis in disilicates. According to trajectories shows that when Na moves the description of its

Na ion diffusion

this, the diffusion coefficient is given by: environment is essentially the same, i.e., new NBO'’s are
being formed along the Na motion through breaking of Si-O
D=Defa’keT bonds. On the other hand, for high alkali concentrati@@s

and highey, the trajectories depicted in the bottom part of
whereDy, is the preexponential factokg is the Boltzmann Fig. 8 are indicative of sudden jumps between sites. Inspec-
constant ancg, is the activation energy. The slope of a tion of the Na environment along these trajectories reveals
least-squares linear fit to our data gives the following activathat the Na motion appears to occur through the microchan-
tion energies for the compositions here considered: 1.7Mels present in the material. This mechanism is in agreement
0.99, 0.85, 0.84, and 0.66 eV for systems A, B, C, D, and Ewith the “intrachannel hopping” proposed by Greaves and
respectively. When these values are compared with the exNgar® and confirmed later by Smith, Greaves, and Gtan
periment an excellent agreement is found. First, a lowerindrom MD simulations of disilicate. It is worth noting that in
of the energy activation is found and this lowering appears t@ur simulations, these kind of trajectories are observed only
occur quickly. For Na concentration larger than thatBpf at temperatures below 2500 K. When the temperature rises,
there is a relative stabilization, the activation energy dimin-patterns similar to those of systems A and B are found. This
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behavior does not mean that there is a change in the mechalBO’s are found to be close to the Na atoms, belonging to
nism, which still goes through the microchannels, but it re-their first coordination shelljii ) the Na atomgand therefore
flects simply that the residence time in the sites where Néhe NBO’9 tend to be together. These three findings are
cation is stabilized is much shorter, according to the largecharacteristic of a microsegregation process in which, start-
values of the diffusion coefficients. ing from a homogeneous alkali distribution, the system
Finally, it should be noted that the diffusion behavior is evolves towards a heterogeneous one. Beyond a give® Na
perfectly coherent with the computed activation energiesconcentration(>10% in this simulatiojy formation of mi-
For low alkali concentrations, Na motion necessarily in-crochannels is also observed. These results would support
volves breaking of Si-O bonds giving rise to NBO’s, and thethe modified random network model proposed by Greaves.
energetic cost would account for the higher activation energy Activation energies for alkali diffusion have been com-
for diffusion. However, for alkali concentrations higher than puted and found in quite good agreement with the experi-
the percolation limit, the Na diffusion occurs assisted by themental ones, both in their magnitude and in their dependence
NBO'’s already present in the microchannels. The motion ion the NaO concentration. The alkali diffusion always is
easier, with lower energetic barriers, and becomes signifiassisted by NBO’s and for high concentrations it takes place
cantly faster when the kinetic energy of the cations reaches trough the microchannels. In such a case it is relatively easy

given threshold value. since NBO'’s are always present in these regions. For low
concentrations, the alkali diffusion involves breaking of Si-O
V. CONCLUSIONS bonds, in agreement with the larger activation energy.

In the present work MD simulations of sodium silicate
glasses in a range of alkali concentrations and temperatures
are reported. From the study of several structural properties
and direct inspection of configurations from MD simulations  This work was supported by the DGICY(Bpain, Project
the following points can be concluded(i) on increasing the No. PB95-124Y, and by the European Commissi¢8on-
Na,O concentration, an increment in the number of NBO istract No. ERBCT1-CT94-0064J.0. thanks the Junta de An-
found. Roughly, there is one NBO for each Na ataiij  daluca for financial support.
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