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Continuous random network at the silica surface

V. A. Bakaev*
Department of Chemistry, 152 Davey Laboratory, Penn State University, University Park, Pennsylvania 16802

~Received 18 May 1999!

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 network~CRN! is a basic model
for many amorphous materials like amorphous SiO2, Si, Ge,
and water.1 In the case ofa-SiO2, which is only considered
in this paper, CRN is a network of corner-sharing SiO4 tet-
rahedra without two-member rings~edge-sharing tetrahedra!.
The validity of the CRN for the bulk atomic syructures h
been confirmed by many computer simulations and th
comparison with experimental studies on liquid and am
phous silica and silicate glasses.2

The question now arises: what is the CRN at the surfa
There is no direct experimental information on the rad
distribution functions at the surface of amorphous sili
These are main source of information on the atomic struc
of the bulk amorphous silica that validate compu
simulations.2 To circumvent this problem we proposed to u
adsorption characteristics of polar molecules like water3 or
quadrupolar molecules like carbon dioxide4 as a probe of the
surface-atomic structure. Computer simulation of adsorp
of those molecules on model~simulated! silica surfaces
showed that only thoroughly annealed~see below! silica sur-
faces that has no coordination defects with respect to C
give simulated adsorption characteristics in agreement w
real experiments. On the other hand, adsorption charact
tics of simulated amorphous silica surfaces similar to t
described in literature, which contain nonbridging oxyge
~dangling bonds! at the surface and do not comply with CR
~like, e.g., the silica surface simulated in Ref. 5! deviate con-
siderably from experimental data.

It will be shown below that the surface simulated in R
5 does not correspond to the surface ofa-SiO2, which is
formed when liquid SiO2 solidifies at the glass transitio
temperature. In what follows, we call such an amorpho
surface a solidified liquid surface~SLS!. The main problem
of the simulation of such a surface is the exceedingly sm
time scale of molecular-dynamics~MD! computer simula-
tions compared to that of the annealing of real glasses. T
is a general problem of glass simulations.6 It has been par-
tially overcome here by a nonlinear annealing. The final
sult of the paper is that the CRN is valid not only for the bu
but also at the SLS.

It should be also emphasized here that SLS is not the o
type of amorphous surfaces. Other types are, for insta
fractured surface for which a model5 might be a first approxi-
mation or the vapor deposited surface as simulated by thab
initio MD in Ref. 7.
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To simulate SLS, the bulka-SiO2 was first simulated by
essentially the same method as in Ref. 8: the sameab initio
potential model was used together with the Ewald summ
tion technique and MD simulation. The number of atoms i
cubic simulation box was 360 with density 2.2 g/cm3. The
annealing procedure was nearly the same as in Ref. 8
almost ideal CRN was obtained~see details in Ref. 3!. In this
simulation, triply periodic boundary conditions~PBCs! in the
X, Y, andZ directions were imposed on the simulation bo
Then the PBC in theZ direction was removed. The remain
ing PBC’s generate an infinite slab 17.6 Å~the edge of the
cubic simulation box! thick. This slab lies on another slab
which is the copy of the upper one, shifted 1 unit of leng
down ~here and below the unit of length is the edge of t
simulation box!, the latter lies on the slab shifted 2 units
length down, etc. The highest slab forms surface layer;
the other slabs form substrate.

This is one possible initial state for thea-SiO2 surface.
Other initial states can be generated from the bulk final s
by choosing another unit cell~simulation box! in the periodic
bulk structure by shifing it along theZ direction by a fraction
of its edge. In this way, 10 initial states of thea-SiO2 surface
were generated. These were cross sections of the bulk s
lation box on the levels 0.5, 0.4, . . . ,20.4 where20.5,Z
<0.5. In what follows, a surface simulated by this procedu
is called initial surface~IS!.

First, the concentration of coordination defects of CRN
each IS was calculated. Coordination defects were de
mined by the following:3 For each Si atom in the simulatio
box, the 4 nearest O atoms were determined. Those 4 ne
oxygens constitute the tetrahedron of a Si atom. This te
hedron may be close to a regular tetrahedron of an id
CRN or it can be very distorted at the surface~when a Si
atom is undercoordinated from the point of view of a sti
and ball model!. This definition makes Si atoms always
coordinated and all coordination defects are transferred t
atoms. The definition is unambiguous because each tetr
dron is unique in the amorphous atomic structure. The o
gen isi coordinated if it is shared byi tetrahedra. Ifi 52 it is
a normal bridging oxygen, and the oxygens with other co
dinations are coordination defects.

All the O atoms in the simulation box of the surface lay
were divided into 6 equal groups~sublayers! in decreasing
order of theirZ coordinates. The first sublayer is located
10 723 ©1999 The American Physical Society
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10 724 PRB 60BRIEF REPORTS
the upper part of the simulation box of about 17.6/652.9 Å
thick. Each sublayer is defined to hold 40 atoms but th
thickness can vary. The numbers of singly and triply coor
nated oxygens in the first sublayer averaged over 10 sam
of IS mentioned above was 6.160.9 and 4.661.0, corre-
spondingly. In the second sublayer there were practically
(0.160.1) singly coordinated oxygens and 4.160.8 triply
coordinated oxygens. There were practically no singly or
ply coordinated oxygens in the other sublayers. No oxyg
with coordination other than 1, 2, and 3 were found in the
simulations.

The concentrations of singly and triply coordinated ox
gens in the first~upper! sublayer was 2.060.3 and 1.560.3,
respectively per 100 Å2. The concentration of singly an
triply coordinated oxygens in the surface layer ofa-SiO2

found in Ref. 5 were 1.9 and 1.53, respectively per 100 Å2 at
the surface layer 3 Å thick. These were averages over
independent samples of the surface but standard devia
were not indicated.5 It is clear, however, that in the limits o
the standard deviations given above our data are indis
guishable from those of Ref. 5.

The important difference, however, is that the authors
Ref. 5 had attempted to simulate the annealeda-SiO2 surface
while our data refer to anunannealedIS. The explanation of
this discrepancy lies with the fact that the simulation of a
nealing in Ref. 5 was carried out below 1000 K. In compu
simulations the glass transition temperature is higher tha
real experiments. For SiO2 it was estimated as 2200 K~ex-
perimental value is ca. 1500 K! ~Ref. 8!. Below this tempera-
ture all the essential structural changes in SiO2 are
arrested.6,8,9 Thus one might expect that the annealing bel
1000 K that was performed in Ref. 5 did not change
number of coordination defects from their values in IS. T
was confirmed in our previous paper.4

Consider now, the present annealing of IS. First, the le
of coordination defects in the equilibrium liquid surfac
layer was determined in the temperature interval of 33
4500 K. The interatomic potentials and MD were the same
those used in bulk simulations. However, the Ewald meth
that is routinely used for computer simulations of bulk sili
poses some problems for a surface layer with tw
dimensional periodicity. Such a system can be formally c
sidered as triply periodic, one period being infinitely large10

however, the method proved to be ineffective for the reas
explained in Ref. 11. There were several attempts to so
the problem~see Ref. 11 and references therein!, which give
a satisfactory solution for a thin layer. Our surface layer
relatively thick, so we used a conventional trick for su
cases: artificially increased the period in theZ direction by
two times by adding two empty slabs (21,Z<20.5 and
0.5,Z<1) to the surface layer20.5,Z<0.5. This trick
formally enables one to apply conventional Ewald’s meth
to the surface layer, however, it creates periodic image
the original surface layer, which interact with it. Usually th
interaction is neglected. In this paper it was evaluated
corrected by the multipole expansion. Details will be pu
lished later because the correction is small and is not es
tial for the main results of this communication. Thus t
system we consider below is the surface layer of 240 O
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oms and 120 Si atoms moving in the external field of t
substrate. The substrate atoms are fixed in their initial p
tions.

The results of these calculations are presented in the
ond and third columns of Table I. These are coefficients
the relation

N5N0 exp~2E/T!. ~1!

Here and below,N is the average summary number of sing
and triply coordinated oxygens in a sublayer;N0 andE are
coefficients determined by the least square fit of values
lnN vs 1/T in the interval 3300<T<4500 K. These are equi
librium data~see below!. The fact that they reasonably obe
Eq. ~1! follows from the relatively small standard deviation
of the coefficients.

It follows from Eq. ~1! that the average number of coo
dination defects in the first~upper! sublayer at 2200 K~glass
transition in the bulk8! is 0.6. This is less than 6% of th
average summary number of singly and triply coordina
oxygens at IS given above. This suggests that the conce
tion of coordination defects is negligibly small at the pro
erly annealeda-SiO2 surface. In what follows, this will be
confirmed by direct simulations of SLS.

To this end, one has to evaluate the relaxation time of
coordination defects. In principle this can be done from
time correlation function of the fluctuation of those defec
The power spectrum density~PSD! of those fluctuation is
presented in Fig. 1. It was obtained by fast Four
transform12 ~FFT! of 512 values ofN in the first sublayer
with a sampling intervalD50.16 ps. The mean arithmeti
average was subtracted from the data so that the Fou
coefficient correspondingn50 in Fig. 1 is zero.

PSD is the Fourier transform of the autocorrelation fun
tion and makes it possible to estimate the relaxation time
fluctuationst. If autocorrelation function ofN is C(t/t), (t
is time! then its Fourier transform istPSD(vt).12 The sa-
lient feature of PSD in Fig. 1 is the line atn52 correspond-
ing to v5150 GHz. The order of magnitude oft may be
estimated from the relationvt;1 that givest;10 ps. Since
the relaxation time of coordination defects should be close
the structural relaxation time, this is a rough estimate of
structural relaxation time which for a strong liquid like SiO2
obeys the Arrhenius equation6

t5t0 exp~Ea /T!. ~2!

TABLE I. Coordination defects in the surface layer ofa-SiO2.
The first column–number of a sublayer;N0 and E ~kJ/mol!–
parameters of Eq.~1!; In Ni

j , i is coordination of oxygen andj
designates the state of annealing:j 50-IS; j 51 –equilibrium sur-
face coordination layer at 4500 K;j 52 –state after slow nonlinea
annealing Fig. 3;j 53 –state after fast and linear additional anne
ing to 300 K.

No. lnN0 E N1
0 N3

0 N1
1 N3

1 N1
2 N3

2 N1
3 N3

3

1 4.560.1 9264 10 4 4 2 1 0 0 0
2 4.360.1 9164 1 3 3 4 0 0 0 0
3 4.360.1 9164 0 0 6 4 1 3 0 0
4 4.360.1 9364 0 0 4 5 3 0 1 1
5 3.860.1 7263 0 0 3 4 0 2 0 0
6 3.060.1 4363 0 0 4 4 4 2 1 0
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Our data do not give a reliable estimate of the activat
energyEa in this equation. As a first approximation, one c
take asEa the activation energy for diffusion in liquid SiO2
Ea536 70062100 K ~Ref. 8! since an intrinsic connection
between diffusion and structural relaxation is usua
assumed.6 Now substitute in Eq.~2! t510 ps,Ea538000 K,
andT53500 K to estimatet0;0.1 fs. With these parameter
Eq. ~2! givest53 ns forT52200 K, which seems reason
able for the glass transition temperature8 with the time scale
below 1 ns. AtT54500 K,t50.5 ps. With such a smallt,
equilibrium is easy to reach in MD simulations.

There is a long stretch of white noise spectrum in Fig.
These are lines withn.20 ~the interval 100,n<256 looks
similar to 20,n<100 and is not shown in Fig. 1 as well a
PSD for the negative values ofn). This part of the PSD
corresponds to fast fluctuations ofN. It has been found tha
these fluctuations approximately obey the relation

^~DN!2&'N ~3!

and do not explicitly depend on temperature, similar to
fluctuations of point defects~lattice vacancies! in crystals.13

Similar spectra of fast fluctuations that do not depend
temperature and much slower fluctuations correspondin
structural relaxation of stress (a process! were observed in
computer simulations~see, e.g. Refs. 9 and 14!. In analogy
with that and other similar results, it is assumed here that
low-frequency part of the power spectral density in Fig
corresponds to the slow relaxation of coordination defe
~structural relaxation!.

Now, we can discuss in a semiquantitative way the dep
dence ofN on temperature in the process of annealing
cooling liquid SiO2 starting from some maximal temperatu
T0. Take the simplest relaxation equation

dN

dT
5

N2Neq~T!

DT~T!
; DT~T!52t~T!

dT

dt
; N~T0!5N0

~4!

~in what follows,dT/dt,0 andDT.0); Neq(T) is given by
Eq. ~1! andt(T) is given by Eq.~2!. Let DT(T)5a wherea
is constant. This fixes the temperature profileT(t) by the
differential equation

FIG. 1. Power spectral density of the coordination defect fl
tuations in the first sublayer at 3500 K.P(n)5uanu2, wherean is
the Fourier coefficient ofN(t); 0,t,tmax; vn52pn/tmax and
tmax582 ps.
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adt52t~T!dT; T~0!5T0 . ~5!

In computer simulation the total time of annealing is us
ally fixed. Thus the final minimal temperature obtained
the solution of Eq.~5! T5T(a) as well as the final~minimal!
value ofN5N(a) depends only ona. One finds

N~a!5N0 expF2
T02T~a!

a G1E
T(a)

T0
dT8

Neq~T8!

a

3expF2
T82T~a!

a G . ~6!

This function is presented in Fig. 2. It passes through a m
mum. This is because on one hand, a larger parametera in
Eq. ~5! makes cooling faster and the final temperatureT(a)
lower. Thus, equilibrium values ofN as given by Eq.~1!
become lower. On the other hand, faster cooling increa
the gap between nonequilibrium values ofN ~presented in
Fig. 2! and the equilibrium ones.

The value ofa5200 K that gives minimumN in Fig. 2
corresponds to the temperature profile of annealing show
Fig. 3. It is strongly nonlinear in contrast to those of Refs
and 8, which were partially linear or stepwise. The time d
pendence ofN in the process of annealing is shown in Fig.
One can see the fast fluctuations of coordination defects
produce white noise in Fig. 1. The variance of those fluct
tions decreases as the value ofN decreases, in line with Eq

-
FIG. 2. The final number of coordination defects in the surfa

layer vs. rate of annealing. Time of annealing is 100
a-parameter in Eq.~5!.

FIG. 3. Temperature profile of annealing.
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~3!. It is seen that coordination defects can disappear fr
the surface even at high temperature~3200 K! as a result of
those fluctuations. However, in average, the level of th
defects steadily decreases and is almost constant during
last 20 ps of annealing. Due to the fast fluctuations, the nu
ber of coordination defects in the final configuration fluct
ates too.

The characteristics of the final configurations in t
course of the annealing described by Figs. 3 and 4 are
sented in Table I. TheN1

0 andN3
0 columns show that coor-

dination defects are concentrated at the upper part of IS.
next two columns represent the distribution of coordinati
defects over the surface layer heated to 4500 K. This is
equilibrium configuration and correspondingly the coordin
tion defects are homogeneously distributed~apart from fluc-
tuations! over the surface layer.N1

2 andN3
2 represent coordi-

nation defects after annealing shown in Figs. 3 and 4. O
may see that coordination defects have almost disappe
from the upper part of the surface layer. Finally,N1

3 andN3
3

represent coordination defects in the surface layer after
ditional annealing with a linear temperature profile from t

FIG. 4. Coordination defects in the first sublayer~upper part of
surface layer! in the process of annealing.
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lowest temperature in Fig. 4 to 300 K for 50 ps.
The last two columns of Table I represent the final state

the annealed surface layer ofa-SiO2. The three upper sub
layers have no coordination defects at all. It was checked
they have also no two-membered rings. Thus coordination
this surface conforms completely with the CRN model.

At the bottom of the surface layer coordination defects
still present after annealing as expected using the value
the parameters of Eq.~1!. At 2800 K ~the minimal tempera-
ture in Fig. 3!, Eq. ~1! givesN51.7 for the first sublayer and
N53.2 for the last~lowest! one. The difference may be du
to the interface between the surface layer and the subst
This could be an artifact of our model but the results for t
upper layer seem to be reliable because it is relatively
from that interface. They represent SLS-the surface ofa-
SiO2 in the sense determined in the beginning of this co
munication.

The results presented in the last eight columns of Tab
refer to only one computer experiment on simulation of a
nealing. The values ofNi

j may fluctuate as seen from com
parison ofNi

0 with the average values given above. The fin
values ofNi

3 can fluctuate too so that one might suspect th
to be accidental. However, the simulation was repeated th
times starting from different IS’s and the final results we
essentially the same.

In conclusion, it is shown that the CRN that is success
description for bulk is valid also at SLS. This result w
obtained by simulation of a nonlinear annealing with cooli
rate inversly proportional to the structural relaxation time
amorphous material. The structural relaxation time of co
dination defects fluctuations was evaluated~for the first
time!. It is shown that there is an optimal value for the co
stant of proportionality determining the cooling rate th
minimizes the concentration of nonequilibrium defects in t
material at a given total time of annealing.
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