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Continuous random network at the silica surface
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The continuous random network model for amorphous or liquid silica is proven to be valid for the bulk but
the situation at the amorphous silica surface is still unclear. It is shown by molecular-dynamics computer
simulation that this model is valid also at the surface of amorphous silica. This was achieved by annealing with
a cooling rate inversly proportional to the structural relaxation time. It is shown that the constant of propor-
tionality has an optimum value that minimizes the concentration of nonequilibrium defects.
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The continuous random netwofCRN) is a basic model To simulate SLS, the bulk-SiO, was first simulated by

for many amorphous materials like amorphous Sifl, Ge,  essentially the same method as in Ref. 8: the samanitio

and water' In the case 08-SiO,, which is only considered potential model was used together with the Ewald summa-
in this paper, CRN is a network of corner-sharing $tet-  tion technique and MD simulation. The number of atoms in a
rahedra without two-member ringedge-sharing tetrahedra  cypic simulation box was 360 with density 2.2 gferithe

The validity of the CRN for the bulk at(_)mic syructures has_annealing procedure was nearly the same as in Ref. 8 and
been confirmed by many computer simulations and theig st ideal CRN was obtainégee details in Ref.)3In this
Cﬁglfggﬁﬁ;g ;Vr'ltg Staiﬁgaetrém?;\:%:tudles on liquid and amorjmjation, triply periodic boundary conditiof8BCS in the

P The question now arisgs: what is the CRN at the surfacez)(’ ¥, andZ directions were imposed on the simulation box.

There is no direct experimental information on the radial.Then the PBC in th direction was removed. The remain-

distribution functions at the surface of amorphous silica."9 PBC's generate an infinite slab 17.6(the edge of the

These are main source of information on the atomic structurgup'C s_|mulat|on box thick. This slab Ilgs on ano.ther slab,
of the bulk amorphous silica that validate computerWhich is the copy of the upper one, shifted 1 unit of length
simulations? To circumvent this problem we proposed to usedoWwn (here and below the unit of length is the edge of the
adsorption characteristics of polar molecules like water simulation boy, the Iatter_ lies on the slab shifted 2 units of
quadrupolar molecules like carbon dioxides a probe of the length down, etc. The highest slab forms surface layer; all
surface-atomic structure. Computer simulation of adsorptiorihe other slabs form substrate.
of those molecules on moddkimulated silica surfaces This is one possible initial state for theSiO, surface.
showed that only thoroughly anneal@e belowsilica sur-  Other initial states can be generated from the bulk final state
faces that has no coordination defects with respect to CRNY choosing another unit celsimulation box in the periodic
give simulated adsorption characteristics in agreement witlbulk structure by shifing it along th2direction by a fraction
real experiments. On the other hand, adsorption characterisf its edge. In this way, 10 initial states of theSiO, surface
tics of simulated amorphous silica surfaces similar to thatvere generated. These were cross sections of the bulk simu-
described in literature, which contain nonbridging oxygendation box on the levels 0.5, 0.4..,— 0.4 where—0.5<Z
(dangling bondgat the surface and do not comply with CRN =<0.5. In what follows, a surface simulated by this procedure
(like, e.g., the silica surface simulated in Refdgviate con- is called initial surfacelS).
siderably from experimental data. First, the concentration of coordination defects of CRN at
It will be shown below that the surface simulated in Ref.each IS was calculated. Coordination defects were deter-
5 does not correspond to the surfaceas$iO,, which is  mined by the following® For each Si atom in the simulation
formed when liquid Si@ solidifies at the glass transition box, the 4 nearest O atoms were determined. Those 4 nearest
temperature. In what follows, we call such an amorphou®Xxygens constitute the tetrahedron of a Si atom. This tetra-
surface a solidified liquid surfagSLS). The main problem hedron may be close to a regular tetrahedron of an ideal
of the simulation of such a surface is the exceedingly smalCRN or it can be very distorted at the surfa@ehen a Si
time scale of molecular-dynamiq®D) computer simula- atom is undercoordinated from the point of view of a stick
tions compared to that of the annealing of real glasses. Thignd ball model This definition makes Si atoms always 4
is a general problem of glass simulatidhk.has been par- coordinated and all coordination defects are transferred to O
tially overcome here by a nonlinear annealing. The final reatoms. The definition is unambiguous because each tetrahe-
sult of the paper is that the CRN is valid not only for the bulk dron is unique in the amorphous atomic structure. The oxy-
but also at the SLS. gen isi coordinated if it is shared biytetrahedra. If =2 it is
It should be also emphasized here that SLS is not the onlg normal bridging oxygen, and the oxygens with other coor-
type of amorphous surfaces. Other types are, for instancelinations are coordination defects.

fractured surface for which a modehight be a first approxi- All the O atoms in the simulation box of the surface layer
mation or the vapor deposited surface as simulated bylthe were divided into 6 equal grougsublayer$ in decreasing
initio MD in Ref. 7. order of theirZ coordinates. The first sublayer is located in
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the upper part of the simulation box of about 17:6/89 A TABLE I. Coordination defects in the surface layer ®SiO,.

thick. Each sublayer is defined to hold 40 atoms but theifThe first column—number of a sublayeN, and E (kJ/mo)—

thickness can vary. The numbers of singly and triply coordi-Parameters of Eq(1); In N}, i is coordination of oxygen ang

nated oxygens in the first sublayer averaged over 10 samp|€§s'9”ate§_ the St?te of ar;r;%e(l)llr]_gig-ls, 'Zlaequ;“b””m |§ur-

of IS mentioned above was 6:D.9 and 4.6:1.0, corre-  ac€ €o0r Ination fayer at ;=2-state after slow nonlinear
. . annealing Fig. 3j =3—state after fast and linear additional anneal-

spondingly. In the second sublayer there were practically n9ng to 300 K

(0.1+0.1) singly coordinated oxygens and #.Q.8 triply '

coordinated oxygens. There were practically no singly or tri-ng,  |nN, E N2 NQ NP ONE ONZ ONZONSONG

ply coordinated oxygens in the other sublayers. No oxygens

with coordination other than 1, 2, and 3 were found in these 1 4501 924 10 4 4 2 1 0 0 O
simulations. 2 4301 914 1 3 3 4 0 O 0 O

The concentrations of singly and triply coordinated oxy- 3 4.3t01 914 0 0 6 4 1 3 0 0
gens in the firstuppe) sublayer was 2:80.3 and 1.5 0.3, 4 43+01 934 0 O 4 5 3 0 1 1
respectively per 100 A The concentration of singly and ° 3.8t01 723 0 0 3 4 0 2 0 O
triply coordinated oxygens in the surface layer ®BiO, 6 30:01 433 0 0 4 4 4 2 1 O

found in Ref. 5 were 1.9 and 1.53, respectively per 18GA
the surface layer 3 A thick. These were averages over 13ms and 120 Si atoms moving in the external field of the
independent samples of the surface but standard deviatiossibstrate. The substrate atoms are fixed in their initial posi-
were not indicated.lt is clear, however, that in the limits of tions.

the standard deviations given above our data are indistin- The results of these calculations are presented in the sec-

guishable from those of Ref. 5. ond and third columns of Table I. These are coefficients of
The important difference, however, is that the authors off€ refation
Ref. 5 had attempted to simulate the anneal&iO, surface N=N, exg — E/T). )

while our data refer to annannealedS. The explanation of H d belowN is th ber of sinal
this discrepancy lies with the fact that the simulation of an- €re and belowit IS the average summary num er ot singly
and triply coordinated oxygens in a sublayll; andE are

nealing in Ref. 5 was carried out below 1000 K. In CompUte.rcoefficients determined by the least square fit of values of

simulations the glass transition temperature is higher than NN Vs 17T in the interval 330&T<4500 K. These are equi-
real experiments. For Sidt was estimated as 2200 tex- librium data(see below. The fact that they reasonably obey

perimental value is ca. 1500)KRef. 8. Below this tempera- g4 (1) follows from the relatively small standard deviations
ture all the essential structural changes in Si@e fthe coefficients.

arrested*° Thus one might expect that the annealing below |t follows from Eq. (1) that the average number of coor-
1000 K that was performed in Ref. 5 did not change thegination defects in the firstippe) sublayer at 2200 Kglass
number of coordination defects from their values in IS. ThiStransition in the bu|ﬁ) is 0.6. This is less than 6% of the
was confirmed in our previous pager. average summary number of singly and triply coordinated
Consider now, the present annealing of IS. First, the levebxygens at IS given above. This suggests that the concentra-
of coordination defects in the equilibrium liquid surface tion of coordination defects is negligibly small at the prop-
layer was determined in the temperature interval of 3300erly annealeda-SiO, surface. In what follows, this will be
4500 K. The interatomic potentials and MD were the same asonfirmed by direct simulations of SLS.
those used in bulk simulations. However, the Ewald method To this end, one has to evaluate the relaxation time of the
that is routinely used for computer simulations of bulk silicacoordination defects. In principle this can be done from the
poses some problems for a surface layer with two-time correlation function of the fluctuation of those defects.
dimensional periodicity. Such a system can be formally conThe power spectrum densifSD) of those fluctuation is
sidered as triply periodic, one period being infinitely lafge, Presented 'in Fig. 1. It was obtained by fast Fourier
however, the method proved to be ineffective for the reasontsr‘?‘nSfomJr (FFT) of 512 values ofN in the first sublayer
explained in Ref. 11. There were several attempts to solv&¥/ith @ sampling interval =0.16 ps. The mean arithmetic

the problem(see Ref. 11 and references thejeishich give ~ 2Verage was subtracted from the data so that the Fourier
a satisfactory solution for a thin layer. Our surface layer isCO€fficient corresponding=0 in Fig. 1 is zero.
PSD is the Fourier transform of the autocorrelation func-

relatively thick, so we used a conventional trick for SUCht'on and makes it possible o estimate the relaxation time of
cases: artificially increased the period in thalirection by ! . It pOSSI ) imal claxation 1l

) . fluctuationsr. If autocorrelation function oN is C(t/7), (t
two times by adding two empty slabs-(<Z=<-0.5 and ._ hen i . f ) 12 Th
0.5<7=1) 1o the surface layer0.5<Z=0.5. This trick is time) then its Fourler .trans_ orm |$PSD(wT). The sa-
f' I bl i | ' i I.E. o th 4lent feature of PSD in Fig. 1 is the line at=2 correspond-
orr’rrw]a y epa els one ho apply conventiona .W(?. S metho g to =150 GHz. The order of magnitude af may be
tﬁ the sur ?Ce fayerl, owev;r,h|§ creates pﬁr!o L'JC Iml?gehs_ O&stimated from the relatio =~ 1 that givesr~ 10 ps. Since
the original surface layer, which interact with it. Usually this H:e relaxation time of coordination defects should be close to

mteractl(()jnbls r;]eglectle_d. IIn this paper 'Ewaﬁ eve_lllluet;)\ted ‘1” e structural relaxation time, this is a rough estimate of the
corrected by the multipole expansion. Details will be pub-gr. o1\, relaxation time which for a strong liquid like $iO
lished later because the correction is small and is not essegbeys the Arrhenius equatidn

tial for the main results of this communication. Thus the
system we consider below is the surface layer of 240 O at- T=T19eXpEL/T). 2
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FIG. 1. Power spectral density of the coordination defect fluc- ) o )
tuations in the first sublayer at 3500 R(n)=|a,|2, wherea, is FIG. 2. The final numbe_r of coprdlnatlon defec_ts |n_the surface
layer vs. rate of annealing. Time of annealing is 100 ps;

the Fourier coefficient oN(t); 0<t<t.x; wp=27n/ty.x and )
a-parameter in Eq(5).

tmax=82 ps.

Our data do not give a reliable estimate of the activation adt=—7(T)dT; T(0)=T,. 5
energyE, in this equation. As a first approximation, one can _ _ i o

take asE, the activation energy for diffusion in liquid SjO In computer simulation the total time of annealing is usu-

E,=36 700+ 2100 K (Ref. 8 since an intrinsic connection ally fixeq. Thus the final minimal temperatqre optgined by

between diffusion and structural relaxation is usuallythe solution of Eq(5) T=T(a) as well as the finaiminimal)

assumed.Now substitute in Eq(2) 7= 10 ps,E,=38000 K, value ofN=N(a) depends only om. One finds

andT= 3500 K to estimate~ 0.1 fs. With these parameters )

Eq. (2) gives 7=3 ns for T=2200 K, which seems reason- N(a)=N ex;{— To—T(a) + jTO dT,Neq(T )

able for the glass transition temperafivéth the time scale 0 T(a) a

below 1 ns. AtT=4500 K, 7=0.5 ps. With such a smatt, )

equilibrium is easy to reach in MD simulations. Xex%— T'-T(a
There is a long stretch of white noise spectrum in Fig. 1. a

These are lines witin>20 (the interval 108<n<256 looks

similar to 20<n<100 and is not shown in Fig. 1 as well as This funcFiqn is presented in Fig. 2. It passes through a mini-

PSD for the negative values of). This part of the PSD Mum. This is because on one hand, a larger paranaeiter

corresponds to fast fluctuations Nf It has been found that Ed- (5) makes cooling faster and the final temperafiite)

(6)

these fluctuations approximately obey the relation lower. Thus, equilibrium values df as given by Eq(1)
become lower. On the other hand, faster cooling increases
((AN)2)=N 3) the gap between nonequilibrium values Nf(presented in

Fig. 2) and the equilibrium ones.

and do not explicitly depend on temperature, similar to the The value ofa=200 K that gives minimunN in Fig. 2
fluctuations of point defect@attice vacanciesin crystals™® corresponds to the temperature profile of annealing shown in

Similar spectra of fast fluctuations that do not depend orfig. 3. It is strongly nonlinear in contrast to those of Refs. 5
temperature and much slower fluctuations corresponding tand 8, which were partially linear or stepwise. The time de-
structural relaxation of stressy(process were observed in  pendence oN in the process of annealing is shown in Fig. 4.
computer simulationgsee, e.g. Refs. 9 and J14n analogy One can see the fast fluctuations of coordination defects that
with that and other similar results, it is assumed here that theroduce white noise in Fig. 1. The variance of those fluctua-
low-frequency part of the power spectral density in Fig. 1tions decreases as the valueNtiecreases, in line with Eq.
corresponds to the slow relaxation of coordination defects

(structural relaxation 4400 T T T L
Now, we can discuss in a semiguantitative way the depen- 4200
dence ofN on temperature in the process of annealing by 4000
cooling liquid SiG starting from some maximal temperature < 3800
To. Take the simplest relaxation equation g
& 3600
[
AN_N=Ned D). 7 19T NTo=N g
aT - ATm (T)=—7( )a, (To)=Ng 2 3200
(4) 3000

2800

(in what follows,d T/dt<<0 andAT>0); N¢y(T) is given by
Eq. (1) and7(T) is given by Eq.(2). Let AT(T)=a wherea
is constant. This fixes the temperature profile) by the
differential equation FIG. 3. Temperature profile of annealing.

20 40 60 80 100
time (ps)
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10 T T T T lowest temperature in Fig. 4 to 300 K for 50 ps.

The last two columns of Table | represent the final state of
8r 1 the annealed surface layer afSiO,. The three upper sub-
layers have no coordination defects at all. It was checked that
they have also no two-membered rings. Thus coordination of
this surface conforms completely with the CRN model.

At the bottom of the surface layer coordination defects are
still present after annealing as expected using the values of
the parameters of Eql). At 2800 K (the minimal tempera-
ture in Fig. 3, Eq.(1) givesN= 1.7 for the first sublayer and
N=3.2 for the lastlowes) one. The difference may be due
to the interface between the surface layer and the substrate.
This could be an artifact of our model but the results for the

FIG. 4. Coordination defects in the first sublayapper part of ~ Upper layer seem to be reliable because it is relatively far
surface layerin the process of annealing. from that interface. They represent SLS-the surfacea-of

SiO, in the sense determined in the beginning of this com-

. N . munication.
(3). It is seen that coordination defects can disappear from The results presented in the last eight columns of Table |

the surface even at high temperatd8200 K as a result of refer to only one computer experiment on simulation of an-

those fluctuations. However, in average, the level of those

i J -
defects steadily decreases and is almost constant during trﬁ‘é"?“”g- The values diij may fluctuate as seen from com

last 20 ps of annealing. Due to the fast fluctuations, the numParson ofNi" with the average values given above. The final

3 .
ber of coordination defects in the final configuration fluctu-Values ofN” can fluctuate too so that one might suspect them
ates t0o. to be accidental. However, the simulation was repeated three

The characteristics of the final configurations in thetimes starting from different I1S’s and the final results were
course of the annealing described by Figs. 3 and 4 are pré&ssentially the same. _
sented in Table I. Th&l? and N columns show that coor- In conclusion, it is shown that the CRN that is successful
dination defects are concentrated at the upper part of IS. Th%esc_rlptmn fqr bUIk. is valid aIsp at SLS. Th's r?su“ was
next two columns represent the distribution of coordination®Ptained by simulation of a nonlinear annealing with cooling
defects over the surface layer heated to 4500 K. This is afpte inversly proportional to the structural relaxation time of
equilibrium configuration and correspondingly the coordina-gmor_phozs fmatenffll. The_ structural relﬁxatlo(;w tw;:e (f).f coor-
tion defects are homogeneously distributagart from fluc- llnatlon. efects uctuatlon_s was eva uatddr the first
tuations over the surface layeN? andN3 represent coordi- time). It is ShOWU that_ there is an _opt|mal vaIut_a for the con-
nation defects after annealing shown in Figs. 3 and 4 Ongtam .Of proportionality Qetermlnlng th? poollng rate. that
may see that coordination defects have almbst disapbear@&'n'm'zes the concentration of nonequilibrium defects in the
from the upper part of the surface layer. Finalw'j and Ng material at a given total time of annealing.
represent coordination defects in the surface layer after ad- This work was supported by the National Science Foun-
ditional annealing with a linear temperature profile from thedation through Grant No. DMR-9803884.
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time (ps)
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