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Multiple small samples of amorphous silica have been generated and optimized using classical dynamics and
the van Beest-Kramer-van SantéBKS) empirical potential function. The samples were subsequently opti-
mized and annealed using density functional the@T) with both the local density and the generalized
gradient approximations. A thorough analysis of the local and medium-range structure of the optimized
samples obtained from the different methods was carried out. The structural characteristics obtained for the
average of small systems each containing ca. 100 ions are compared for each of the different methods, and to
the BKS simulation of a larger system. The differences found between the DFT and BKS simulations and the
effects of volume relaxation on the structures are discussed. Fixed-volume samples are compared to neutron
scattering data, with good agreement to 5 A, the length limit of the sample sizes used here. It is shown that by
creating multiple small samples, it is possible to achieve a good statistical sampling of structural features
consistent with larger simulated glass systems. This study also shows that multiple small samples are necessary
to capture the structural distribution of silica glass, and therefore to study more complex processes in glass,
such as reactions.
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[. INTRODUCTION ture studies, which effectively captures the statistical distri-
bution of important structural features observed in larger
simulated systems.

Previous calculations and simulations of crystalline,
| @amorphous, and melt states of silica based on DFT with a

processes in amorphous silica, such as chemical reactioffi2ne wave basis set include studies of structhié elec-

N . s - tronic properties, thermodynamic$?!3 infrared* and Ra-
and diffusion, requires the description of both the eIectronl(:tman spectroscopy 16 defectst’18 excitonsi®20 and the dif-

and ionic.degrees of freedo”.‘- 'Density functional theo.ryfusion and reactions of watér.For some systems, such as
(DFT)' \.Nh'Ch provides a description of both the electronic crystals, the use of a limited system size is reasonable be-
and ionic degrees of freedom, has been shown to be a pov& !

Amorphous silica is the major component of importance
in many applications, such as semiconductor deviams;-
cal fibers? and waste confinemefin addition to other com-
mercial glasse$.The theoretical study of molecular-leve

. ause there is little variation in the local structure. An excep-
erful tool to study molecular processes in the condensedq, for crystals would be for cases where defects and impu-
state. However, DFT is subject to inherent limitations in syS+ities play an important role. For liquidergodic systemsa

tem size, so studies are restricted to small samples. Becausfa|| system size can work well because the sampling time
many processes of interest occur at the local molecular levejs |ong enough that the system can sample many configura-
small samples can be acceptable. It is of interest to undefions and thus good statistical averaging is obtained. In con-
stand how well small simulated amorphous systems are ablgast, a glasga nonergodic systepis in any one of many

to describe the short- and medium-range structural featurgsossible network configurations that have nearly equal free
and their population and spatial distributions as compared tenergy. Generally, the study of amorphous systems requires
an extended amorphous system. Early classical simulatiortee inclusion of a sufficient number of atoms to ensure that
of amorphous silica were carried out in relatively small sys-the distribution of structures is well represented, which is
tem sizes of the order of 2Gatoms>® Subsequently, it was easily achieved by using large samples. A small sample is
determined that larger systems were needed in classicéss apt to contain a full distribution of structural features. To
simulations because of finite-size effetts.has been nearly ameliorate this shortcoming of small samples, multiple

a decade since amorphous silica was first generated by DFSamples are prepared that as a group can contain representa-
simulations with great succe&sHowever, little has been tive distributions of the intermediate-range structtfre.

done to address the issue of structure quality of small sys- The method described here has, to some extent, been used
tems as compared to large systems. The goal of this work igy otherst®1822The basic approach is to first use classical
to generate a good representation of the defect-free amodynamics based on an empirical interaction potential func-
phous silica structufeappropriate for use in electronic struc- tion to generate glass structures; then the resulting structures
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are used in DFT molecular dynamics to determine structuralare presented. First energy and density differences by sample
thermodynamical, mechanical, and other properties. are considered, then pair distribution functions for Si-O,
Variations on this approach include classical simulation<0-0O, and Si-Si, and the total distribution function as
on relatively large systems, large with respect to what can beompared to experimental data. Next presented is a higher-
done in anab initio Simulation, from which the smaller SYS- order structural ana|ysi5' which includes O-Si-O ang|es,
tem is extracted: This is reasonable for the liquitmely  sj-O-Sjangles, ring size distributions, torsion angle distri-
state that can quickly equilibrate, but can be computationally,tions, and tilt and twist between adjacent tetrahedra. In
expensive if the equilibration of the liquid and the subse-gec |y the results are discussed. Section V provides conclu-

quent quench to the glass state are carried out with thgjons and finally there is an Appendix with some additional
ab initio simulation+=*° Alternatively, the glass quench is information

carried out in the classical dynamics simulation and then the
structure optimized and annealed usady initio simulation.

Optimization can be carried out at constant voldfiféor at Il. COMPUTATIONAL PROCEDURE
constant pressure, where the latter can be carried out by _ _ o
varying the periodic walls isotropically or anisotropicalfy. Multiple glass samples using systems consisting of 72 at-

For small samples, technical issues arise when carrying o@ms(24 SiG, units) were generated using classical dynamics
the glass quench during the classical simulations, due to th&mulations with step cooling fronT=7000 to 300 K in
finite size of the system. In this work, we address some ofl40 ps using the van Beest-Kramer-van SafitéBKS) em-
these issues and employ techniques to evaluate the quality pirical potential energy function. This cooling procedure, de-
the simulated systems. scribed in detail below, reliably produces a large percentage
In the present study, multiple small samples of amorphousf glass samples free of configurational defgsese the Ap-
silica were generated, each containing 72 atoms. Both clapendix. At the initial density of 2.20 g/c#) the simulation
sical dynamics and quantum mechanical approaches wecell size is approximately 10 A per side, large enough to
used where the samples were first generated using classiadéscribe range-l order, the majority of range-Il order, and
dynamics, and then defect-free structures were further optsome aspects of range-lll order of a gl&s%
mized and annealed using DFT. The method of sample gen- The BKS simulations where carried out using therPoLy
eration is similar to that used by Benoit and co-workérg,  software?® The low-temperature glass configurations ob-
who generated three separate amorphous samples by usitagned from the BKS simulations were then annealed by us-
three different cooling schedules. In the study presented herég first-principles calculations of the atomic forces. The
the multiple samples were generated from separate randoB®FT calculations were carried out using the Vierafminitio
initial configurations, and then quenched with identical cool-simulation packagé—=°(vasp) with details described below.
ing schedules. The structural characteristics of the samples
were thoroughly investigated to determine the extent to
which the samples capture the characteristics of a larger
glass. We observe that it is possible to generate a set of The glass configurations were generated by by first carry-
unique small glass networks that represent the distributiongg out simulations at a high temperature for long enough
of the molecular structures in a larger simulated glass. time to equilibrate the melt and then step-cooling the silica
The bases of the structure analysis used to compare simliquid. The BKS potential has been used extensively to simu-
lated samples are the molecular features of the silica networlate both crystalline and amorphous silica, and has been
that represent the short- to medium-range order. The strushown to give a good description of defect-free bulk
ture of silica glass is made up of silica tetrahedra, polymersilica33? Each starting configuration consisted of 24 silicon
ized to form a network. The short-range order occurs at theatoms and 48 oxygen atoms placed randomly within the vol-
level of the tetrahedra, and is described in the Si-O bondime of the simulation cell. An exclusion radius of 3.1 A for
lengths and O-Si-O bond angles in a tetrahedron, and thsilicon-silicon distances, 2.5 A for oxygen-oxygen distances,
Si-O-Si bond angles between connected tetrahedra. Thand 1.5 A for silicon-oxygen distances were used to prevent
medium-range structure is determined by the linking of thes@verlap of particles. Periodic boundary conditions were ap-
tetrahedral units, at the oxygen atoms which define the vemplied, with the long-range electrostatic forces handled by
tices, into more extended structures and rings. The networEwald sums?® A pathology in the BKS potential that can
then consists of rings of different sizes that occur in a widdead to unphysical collapse of ions at high temperatures and
range of geometries with a distinct population distribution.close distances was fixed by adding a close-range repulsive
The rings are in turn assembled into many possible conforpotential®* The short-range part of the potential was trun-
mations to make up the entire glass configuration. We haveated at 4.63 A, less than half the size of the simulation cell,
calculated bond length and bond angle distributions in bothlwithout shifting the forces. Each configuration was thor-
small and large samples, as well as ring size distributions andughly annealed at constant volume, with the density of the
the orientation of adjacent tetrahedra. samples held fixed at 2.20 g/énThis is an average density
The rest of this paper is organized as follows. In Sec. Il for fused silica®? Using a time step of 2 fs, each sample was
the methods used to generate the glasses are presented, équilibrated at 7000 K for 40 ps, and then step cooled to
ginning with classical glass-forming simulations, optimiza- 6000, 5000, 3000, 1000, and finally 300 K, remaining at
tion with DFT, additional annealing with DFT, and genera-each temperature for 20 ps. The particle velocities were
tion of the larger reference glass system. In Sec. lll, resultscaled every 20 time steps for 12 ps at each temperature and

A. Simulations using the BKS potential function

024208-2



SILICA GLASS STRUCTURE GENERATION FOR. PHYSICAL REVIEW B 71, 024208(2005

calculations required, this work used only theoint for the
Brillouin-zone integration. This was shown to be adequate in
earlier work on quartz?

The geometry minimizations were carried out using a
convergence criterion of 0.01 eV'A for all interatomic
forces. This tight criterion was necessary because the poten-
tial energy surface for silica was found to be rather flat. A
convergence criterion of I eV was used for the electronic
energy at each step in the optimization. Optimization of the
structures was done using an iterative conjugate-gradient
minimization scheme. A 30% increase in the number of
plane waves was used for high-precision single-point calcu-
lations, as this was sufficient to converge the energy with
respect to the plane-wave basis set.

Optimization of the cell volume was performed for each
sample. A series of volumes that were larger or smaller than
the initial density was made by scaling the box lengths and
the atom positions. At each volume, the ion paositions were
fully optimized using both the LDA and GGA, and then
high-precision single-point calculations were performed for
the end geometries. In this way, smooth curves of energy

atoms, and the smaller, dark gray spheres are oxygen atoms. THETSUS volume were constructeq, and the optimum VO'U”.“eS
medium gray surface shows the void space accessible to a probe yere found. For the BKS potential, each §amp|t_a was subject
diameter 1 A. In this sample, the network, and therefore the void® Constant-pressure molecular dynamics using the Ber-
space, is distributed relatively evenly over the volume of the simu€ndsen barostat at 300 K for 10 ps. The volume of the

lation cell. sample was then fixed to the average equilibrium volume and
the system quenched to 0 K.

FIG. 1. One of the 72-atom glass samples used for further stud
in this work (glass 3. The larger, light gray spheres are silicon

then run at constant energy thereafter. The overall cooling

rate was on the order of ﬁ)K/s.. This approach was useq to C. Annealing with DFT

generate 25 independent configurations. This quenching al- -

gorithm is similar to schedules used by oti{ef§ and to The empirically produced samples were heat treated by
those recommended in the literatdre. DFT molecular dynamic$MD) simulation as follows. For

After the completion of the empirical glass-forming pro- temperatures of 1500 K and above, the Nosé thernféstat

cedure, samples for use in this study were considered accepas used. For lower temperatures, a periodic scaling of the
able when they contained no coordination defects, becauseelocities was used for equilibration because the system tem-
perfect coordination is desired to study the behavior of therature did not converge to the desired range when using
pure system. Samples were also discarded if they containdfe Nosé thermostat at less than 1000 K. Complete evalua-
any edge-sharing tetrahedra, or if there were large voidion of the electronic energy was performed at each step, to
spaces. The presence of more than two three-membered ring§ * €V, which enabled the use of a relatively large time step

was correlated with the presence of large voids. Edgeof 1 fs.

sharing tetrahedra are considered to be strained structures, The glass 1 sample was heated first to 3000 K, and held at
and should occur with low probability in a well-annealed this temperature for 4 ps. Vibrational movements of the at-

glass® Detailed description of structural features are pre-Oms at this temperature were quite large, on the order of 1 A
sented in the Appendix. Figure 1 shows an example of #r more. Structural analysis showed the breaking and reform-
glass structure selected for this study. Out of the 25 sampld§9 of the same Si-O bonds, with no net diffusion of the

generated, 18 met the acceptance criteria. atoms. _
The glass was cooled in steps to 2500, 1500, and 300 K,

before quenching back to a minimum. The final quench
yielded the same structure as the initial input. Several fast
Ten glass samples were selected and further refined byuenches from 3000 K directly to a minimum, from statisti-

additional relaxation and volume optimization by DFT. Cal- cally independent parts of the 3000 K run, also led to the
culations were performed using both local densityoriginal structure.

approximatiof®4° (LDA) with the functional parametrized Glass 2 and glass 3 were also annealed at 3000 K, for
by Perdew and Zung&rand generalized gradient corrected 3 ps each. In both of these glasses a silica tetrahedral group
(GGA) DFT calculations with the PW91 function®.The  was able to rotate, leading to some minor change in the net-
ions were represented by Vanderbilt ultrasoft pseudowork structure. In both cases, the rotation involved only a
potentials}*~*6and a plane-wave basis set was used, with asmall region of the network. The rest of the atoms experi-
energy cutoff of 396 eV, and augmentation charge cutoff ofenced significant vibrational motion, as in glass 1, but did
928 eV for the GGA and LDA. Due to the large number of not undergo rearrangement. For both glasses, quenching to a

B. Optimization with plane-wave DFT

024208-3



VAN GINHOVEN, JONSSON, AND CORRALES

minimum structure from different times in the run led either

to the original starting structure for each glass, or a higher-
energy structure with a dangling oxygéanly one bong

and a corresponding undercoordinated silicon atom adjacer
to the rotated tetrahedral group.

Ab initio MD simulations were done on glass samples
4-10 at 300 K for 2 ps. In each case, the subsequent quenc
to 0 K led to the initial starting structure. Attempts were
made to use accelerated methods, such as the activatiol
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AV

relaxation techniqu® (ART) for the annealing process in
DFT. In the ART, the system is driven toward a nearby
saddle point and then optimized to a new minimum on the
potential energy surface. With the ART, glass 1 was able to
visit neighboring states, but these states were high-energ
defect states, rather than independent perfectly coordinate 6
states. It is possible that after repeated applications of the
ART, the system could have found a more stable, defect-free
state, but this was not pursued. The efficacy of the ART may FIG. 2. The change in volume, in%for each glass sample after
be affected by the size of the region allowed to rearrangeYOlume optimization or relaxation using the BKS_ potential, DFT—
Theories on glass agifjindicate that within a glass, trans- DA and DFT-GGA. Resullts for the BKS potential are shown in
formation of larger regions may lead to lower-energy states?/ack, LDA are shown in gray, and GGA in white. Every sample
decreased in volume. For most samples, volume relaxation with the

while transformation of smaller regions can lead to higher. a&s potential resulted in the greatest change. The relative trend for
energy states. Results of the high-temperature annealing at e LDA and GGA was similar, with the LDA leading to signifi-

the ART simulations indicate that the generated systems are .
. . L e . cantly greater chang@nd thus smaller cell sizefor each glass.
in relatively deep local minima, and significant atomic rear-

rangement is required to decrease the system energy any fur-
ther.

Bl BKS

LDA O cea — — -BK5-1479

Glass sample

Ill. RESULTS

A thorough analysis of the structural characteristics of the
ten small glass samples was carried out, and compared to the
same characteristics of the larger glass. For any given

The periodic boundary conditions and the small systenrsamples, optimization using different potentials did not
size used in this study introduce constraints that are nothange the connectivity of the network, but other structural
present for larger-scale simulations. To test how well thecharacteristics were affected. Distributions of the Si-O bond
small systems capture the characteristics of a larger glass, thengths, first O-O and Si-Si pair distributions, the
structures of the small glasses were compared with a larg€d-Si-O and Si-O-Sbond angles, and the torsion angle and
sample. ring size distribution were determined. The ring sizes are

The larger glass system was made up of 1479 atoms, @iven in terms of the number of silicon atoms in a ring, so
493 SiG units. It was prepared by the same classical annealfor example a ring with six Si and six O atoms is considered
ing methods as the smaller samples, using the same classital be a six-member ring. Where available, data were com-
potential(the BKS potentiglwith the exception that the cut- pared to experimental quantities. The average total distribu-
off length was set to 9 A. The sample was quenched from thé&on functions(TDF’s) of the optimized structures were com-
melt in two ways; the first at constant volume, such that thepared to the TDF of a larger glass sample, and to
density was 2.20 g/cfpand the second at constant pressureexperimental neutron diffraction daté.
using the Berendsen barostatThe NPT run resulted in a In addition, analysis was done at the the level of the tet-
glass that was 2.33 g/&y6% denser than tidVTrun. The  rahedral unit. The intra-tetrahedral tilt and twist angle distri-
1479-atom glass contained about 1% defects, in the form dfutions were examined. Descriptions of these quantities are
overcoordinated or undercoordinated atoms. The coordinggiven below.
tion number was determined by counting atoms at less than a
specified cutoff distance that defines bonding between atom
pairs. The cutoffs used to define bonding weges=2.5 A,
rsio=1.9 A, andro.0=2.0 A. No O-0 or Si-Si bonds were Figure 2 shows the histogram of the change in volume per
found. About 1% of the rings found in the system were three-SiO, unit for the ten samples volume optimiz€dO) using
membered rings. This population of defects and small ringshe BKS potential, LDA, and GGA, compared to the change
is typical for the types and amounts of defects found inin volume in the larger glass sample. The change in volume
samples generated using the BKS poterifialhe large per SiQ unit is reported with respect to the initial fixed
simulation results are used to determine the quality of thesolume of 2.20 g/crh Every sample decreased in volume.
small glass samples as a group. The ability of the BKS poThe relative trend for the LDA and GGA was similar, with
tential to generate good glass structures has been showwDA leading to significantly greater changé@nd thus
elsewherél52.53 smaller cell sizesfor each glass. The density after relaxation

D. Generation of larger reference glass system

A. Energy and density differences by sample
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FIG. 3. The energy of each volume-optimized sample as com 110F O & o T
pared to quartz. The data representation is the same as in Fig. 2. T
relative energy difference is significantly greater for the BKS I L 1 L 1 I I I I
potential than for the DFT methods. The trend in energy is very L56 158 16 162 164 166 168 L7 172 174
similar for the LDA and GGA, with the difference from quartz 5i-O bond length, Angstrom

being slightly larger using the LDA for eight out of the ten samples
studied. Energy for DFT-optimized quartz is from work by Demuth
et al. (Ref. 55.

FIG. 4. Comparison of the scatter of Si-O bond length versus
Si-O-Sibond angle for glass 6 optimized using the LDA and GGA
with the volume held fixed at 2.20 g/énThe open circles indicate
with DFT-LDA ranges from 2.37 to 2.45 g/cinwhile opti- the data for the LDA, and the filled diamonds for the GGA. It is
mal densities obtained with DFT-GGA ranges from apparent that the system undergoes a nearly uniform shift to shorter
2.24 to 2.33 g/crh This density difference, of about 6.5%, Pond lengths and wider 8D-Si bond angles in going from the
is consistent with previous DFT calculations performed on d5CGA to the LDA.
wide variety of crystalline silica polymorphs, in which the
optimal cell volumes are found to be smaller for the LDA Si-O bond lengths versus 8)-Si angles plotted for both
than the GGAS® LDA calculations result in densities that are LDA and GGA optimized glass 6 at a fixed volume of
about 1% higher than experimental densities for low-density2.20 g/cni. It is apparent that the system undergoes a nearly
crystalline silica polymorph® The relative volume change uniform shift to shorter bond lengths and wider-GSi-Si
of each sample was qualitatively the same using the BK$ond angles in going from the GGA to the LDA.
potential. The density changes were similar in magnitude to
the results obtained with the LDA, with a greater spread in
volume, 2.33-2.52 g/ct and higher average density. As  The average Si-O, O-0, and Si-Si pair distribution func-
pointed out above, the density for the larger-sample BKSions are evaluated as experimental values derived from neu-
potential also increased. Note that the density of silica obtron scattering experiments to produce total distribution
tained from simulations is strongly dependent on the shortfunctions. Individual features are discussed below. Data are
range potential cutoff and whether or not corrections to theshown in Table I.
energy at the cutoff are includég3* Figure 5 shows a comparison of the average silicon-

Figure 3 shows the histogram of the relative energy foroxygen bond length distributions of the ten 72-atom glass
the ten samples volume optimized using the BKS potentialsamples with the bond length distribution for the 1479-atom
the LDA, and the GGA. The relative energies per sidit  glass. The bond length distributions for the large and small
of the optimized structures are compared to one anotheronfigurations quenched with the BKS potential are quite
where the reference energy is that of quartz calculated usingimilar. Results for the LDA at fixed volume are similar to
the same method. The trend in relative energy is very similathe BKS potential. The DFT-GGA results give slightly longer
for the LDA and GGA, with the difference from quartz being bond lengths, by about 0.01 A on average, than the BKS
slightly larger using the LDA for eight out of the ten samplespotential. This is due to the difference in interatomic forces,
studied. Optimization using the BKS potential results in arather than the size of the system. Optimizing the cell vol-
different trend of relative energy. There is no clear correla-ume, or allowing the cell volume to relax resulted in slightly
tion between the relative sample energy and optimum samplghorter average bond lengths for all the configurations, and
density. narrower bond length distributions, for the small systems.

Previous work has shown that for fixed identical volumes,This effect was most pronounced for DFT-LDA, which also
optimization with the LDA or GGA results in nearly identical had the greatest degree of change in the volume.
coordinates for crystalline polymorphs of silieaThis is not Figures 6 and 7 show the first peak in the O-O and
the case for amorphous silica. Figure 4 shows the scatter @i-Si pair distribution functions, respectively. Optimization

B. Pair distributions
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TABLE |. Short-range structural characteristics of glass samples. The average pair distances are reported
with standard deviation for the simulated values.

Glass p (g/cnP) Rsi.o (A) Ro.o (A) Rsi-si (A)
72-atom average
GGA 2.20 1.6320.020 2.670.109 3.1050.119
GGA-VO 2.24-2.33 1.626.018 2.670.109 3.0730.119
LDA 2.20 1.6210.022 2.650.109 3.1000.113
LDA-VO 2.37-2.45 1.60{0.016 2.640.107) 3.0300.120
BKS 2.20 1.6190.019 2.640.119 3.1220.103
BKS-NPT 2.33-2.52 1.60®.018 2.630.12) 3.0590.108
1479-atom sample
NVT 2.20 1.6160.029 2.640.119 3.1040.106
NPT 2.33 1.6090.024 2.630.118 3.0740.11)
Expt. 2.19-2.31 1.61 2.66 3.077
of the volume causes a shift toward closer distances, and a C. Higher order analysis

slight narrowing of all the first-neighbor distributions. At average O-Si-0, and $)-Si bond angle distribu-
fixed volume, O-0 distances are closest for the LDA. D'S'tion, Si-0-Si-O torsion angle distributiof TAD), and ring

tributions are widest for the BKS potential. Differences in g,ctyre are examined and compared with the results for the
the Si-Si dlstances.are extfemely small. Distributions for theiarger glass. These structures may be inferred experimentally
larger glass are slightly wider than for the small sampleg;om neutron scattering, and Raman spectroscopy, but are
using any method. , challenging to measure directly. Data for the O-Si-O and
Optimization of the volume causes a shift toward cIoserSi_o_Si BADs are shown in Table II. Analysis is also per-

Si-Si distances. This is expected due to the smaller cell vOlgymeq at the level of tetrahedral structural units. Individual
umes after optimization. This structural characteristic can byt res are described and discussed below.

most easily related to the SD-Si bond angle distribution
(BAD); however, this angle is also affected by bond lengths,

and changes in local torsion or twisting between neighboring
silica tetrahedra. Figure 9 shows the average oxygen-silicon-oxygen BAD
of the small glasses, and the quenched glass 1479. These
curves are similar for all potentials, and large and small
samples. Optimization of the volume leads to a slight nar-
rowing of the O-Si-O BAD, but the average value is rela-
tively insensitive to changes in the voluntgee also Table

. ) . . II). Among the small systems, the average BAD is slightly
silica sample at fixed density of 2.20 g/&mwith peaks for wider for the 72-atom systems optimized with the BKS po-

theitzgft%?: ﬁ%t ;a:i b{:?:gesnf:w:?l%éhzrifsg?glﬁtr']%ncos::fgfential. This widening is likely to be related to the spherical
9 y Wnght- H1g P nature of the potential. This angle is more flexible than in

structed results with neutron scattering experiméntSThe DFT, with directionality being derived only by electrostatic

average TI?&FS for the small samples were truncated at a di?épulsion between the fixed-charge oxygen atoms. The BAD
tance of 5 A .is wider for the larger sample than the small systems due

The fit to the experimental data for the 1479-atom glass 'Both to the potential and to the presence of some coordina-

?;r;g?rotf afsllj:tgfgtsamzdcgor; 0;2?[; S(;msgu?grsih\g'tgn?ﬁler tion defects. The tails in the distribution of the large sample
' P re not represented by the small samples used in this work

glasses may only be considered to 5 A, the comparison (.)Eue both to the small number of samples, and the deliberate
the TDF to experimental data may only be considered quali-

i e . . selection of perfectly coordinated samples. It is also possible
;a;[[\;?gymatst;];fet:ge{sltrI:O?\e/IZ?nqtig;attotr;ﬁ:\'/re[;igfeo:—?h':efira,;hge_ that the small size restricts the conformation of the network.
atom glass than to the experimental data. This may indicate
that there is some underlying bias in the structures due to the
choice of the initial empirical potential, the small size of the The Si-O-SIiBADs are shown in Fig. 10. In the linked-
systems, and the glass-cooling algorithm employed. Nevetetrahedra model of silica, these angles may be thought of as
theless, the results indicate that the volume-optimizedhe hinges between adjacent silica tetrahedra groups. The
samples have too-close distances for both the O-O an8i-O-Siangle distribution begins to show the intermediate-
Si-Si peaks. range structure of the system, because it is the angle between

1. O-Si-O bond angle distribution

1. Total distribution function: Comparison with neutron
scattering data

Total distributions functions were constructed for each

2. Si-O-Si bond angle distribution
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FIG. 5. Comparison of the average silicon-oxygen bond length ) . . o )
distribution for the ten 72-atom systems used in this study with the G- 6. The first O-O distance in the pair distribution function.
silicon-oxygen bond length distribution of a quenched 1479-atom! '€ arrangement of curves is the same as for Fig. 5. Optimization
configuration. The top three curves correspond to the average struef_ the volum_e causes a_sh.|ft tpward closer O-O distances, and a
ture of the ten small systems optimized usiagthe DFT-GGA,(b)  Siight narrowing of the distribution.
the DFT-LDA, and(c) the BKS potential. The bottom set of curves
(d) is for the 1479-atom glass sample for which the volume was 3. Ring size distribution
allowed to relax, during &PT classical MD run using the BKS One way to quantify the Connectivity of a network solid is
potential, and for the 1479-atom sample held at a fixed density ofhrough analysis of minimurtprimitive) ring structures. For
2.20 g/cm. The thick solid lines show the bond length distribution silica, ann-ring is defined counting only the participating
for systems held at fixed density 2.20 g/&mwhile the dashed lines silicon atoms(see the Appendix Quartz is composed of
show the same distributions for systems with relaxed or Optimize%ix-membered and eight-membered rings, while fully amor-
volume. The thin lines under each pair of distributions show the, iz silica is expected to have a peak at the six- and seven-
difference in the distribution®(Vop) = P(V5 2).

membered ring®® Analysis of the ring structure of each

adjacent silica tetrahedra, and participates in ring structuré@mple was done using the method of Yieinal>*°" The
The data show that the SD-Si BAD is sensitive to changes maximum ring size in the search was set to 19 silicon atoms.
in the cell volume(volume relaxatioh as well as the poten- Figure 11 shows the ring size distributidRSD) for each of
tial used®® The Si-O-Si BAD for the small glasses the ten 72-atom samples used in this study. The dramatically
guenched using the BKS potential is very similar to that ofdifferent ring distributions for the ten glass samples show
the larger glass. Use of DFT, especially the GGA, results irthat the connectivity of each sample is significantly different.
smaller average SO -Siangles even before optimization of This selection of different connectivities is one way to try to
the volume(see Table ). The BAD found using DFT-LDA sample a selection of the many local structures which are
is shifted slightly to smaller angles, and the BAD found us-possible for a larger system. Since optimization with differ-
ing DFT-GGA is shifted even more than for DFT-LDA, con- ent potentials did not involve any changes to the connectiv-
sistent with the longer GGA Si-O bond lengths. ity, the ring structure is unchanged as well. Glasses 4, 6, and
With volume relaxation, the average-8-Sibond angle 10 show peaks at six-member and eight-member rings. The
was consistently shifted toward smaller angles, and the dishigh proportion of six- and eight-membered rings in glass 6
tribution slightly narrowed. This effect was greatest when thecould be considered an indication of incomplete melting, or
samples were optimized using DFT-LDA, which is likely crystalline character in a larger sample; however, examina-
partially due to the greater sample denggynaller optimum  tion of other structural characteristics does not reveal crys-
cell size obtained with the LDA. talline character(see Fig. 4. In addition, the presence of
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Distance, Angstrom

Expt. Large BKS x LDA o GGA =

Si-Si Distance Population

FIG. 8. Comparison of the constructed total distribution function
of the ten 72-atom samplgsverageyl and 1479-atom sample to
experimental dat@Wright et al,, Refs. 25 and 24 All data are for
fixed density at 2.20 g/cfn The thick solid line shows the TDF
from neutron scattering experiments.(&), average DFT results are
compared to experimental data, with the LDA represented by open
circles, and the GGA by solid circles. The results using the BKS
potential are shown irib). The thin solid line is the TDF for the
1479-atom simulation, and the marks are the data for the average
L L L L L of the small samples.

1
25 26 27 28 29 3 31 32 33 34

First Si-Si Distance, Angs .
st Sst Distance, Angstrom 180°, which are related to the preference of the sample to be

FIG. 7. The first Si-Si distance in the pair distribution function. in @ trans configuration, due to repulsion between oxygen
The arrangement of curves is the same as for Fig. 5. Optimizatio@toms on neighboring silica tetrahedra. The TADs are quite
of the volume causes a shift toward closer Si-Si distances. This i80isy, and no significant differences can be seen between
expected due to the smaller cell volumes after optimization. samples optimized with different methods, or between

volume-optimized and fixed-volume results. It can be said
significant population of other sized rings prevents thedualitatively that the peak around 60° is more pronounced
sample from being crystalline. For the collection of smallfor the smaller samples as compared with the larger sample.
samples, regularity in the ring size distribution was not used
as a criterion to eliminate samples. 5. Analysis at the level of the tetrahedral unit

Figure 12 shows a comparison of the combined RSDs of iy, 14 the relative rigidity of the silica tetrahedra, shown
Tl _samples b the 1479-ato the results for the O-Si-O BAD above, it is useful to
g!ass. The Cor.“b'”‘?d RSD'has peaks at six-member a termine the relative conformations given by the tilt and
eight-member ring size, and is narrower than the RSD for the
larger glass system. In particular, the tail of larger ring sizes
is absent. It is clear that large rings are unavoidably under-
represented by small systems. The largest ring found in an
of the small samples is a 13-ring. The three-membered rings _ . .
are also underFr)epresented. 'Iqhe overall distribution gf Glass O-Si-Odeg Si-O-Si(deg
intermediate-sized rings is similar to that of the largerz2-atom average
sample_z. Th_e d|sprop0rt|onat§ representation of six-rings and 5a 109.485.52 146.7613.89
eight-rings is due almost entirely to the influence of glass 6.

TABLE II. Angle distributions for glass samples. The average
-Si-0 and Si-O-Sangles are reported, with standard deviation.

Exclusion of glass Gsee Fig. 1B yields a combined RSD SS:'VO 1109'215'30) 124'3614'12
with the peak at seven-membered rings. 09.475.79 8.7713.87
LDA-VO 109.465.01) 143.4314.48

4. Distribution of torsion angles BKS 109.416.92 152.2412.9

BKS NPT 109.347.47) 146.5113.59

Figure 14 shows the average torsion angle distribution of
the 72-atom glasses and 1479-atom glass. The torsion anglé79-atom sample
is defined as the SO -Si-0 angle between series of bonded NyT 109.368.01) 149.9114.35
atoms, as by Yuan and CormatkSimilar to the results NPT 109.347.25 147.7814.26
shown in the same reference, there are peaks at 60°, and-at
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FIG. 10. The silicon-oxygen-silicon bond angle distributions of
FIG. 9. Comparison of the average oxygen-silicon-oxygen bondne ten 72-atom systems used in this study and a larger, 1479-
angle distribution for the ten 72-atom systems used in this studytom configuration. For each pair of curves in bold, the top shows
with the oxygen-silicon-oxygen bond angle distribution of a gata for the volume-optimized samples, while the other shows data
quenched 1479-atom configuration. The arrangement of curves iy fixed-volume samples. The dotted lines are a spline fit to the
the same as for Fig. 5. Optimization of the volume leads to a slightjata, and are intended as a guide to the eye. The ordering of curve
narrowing of the BAD, but the average value is relatively insensi-sets is the same as for Fig. 5. In all cases, relaxation of the volume
tive to changes in the volunisee also Table Il.This distribution is  resuited in a slight shift of the BAD to narrower angles. This shift is
similar across potentials, although slightly wider for the 72-atommgst noticeable for the 72-atom samples optimized with the BKS
systems optimized with the BKS potential. potential, and with the LDA. At fixed volume, use of DFT, espe-

twist between neighboring tetrahedra. Figure 15 iIIustrate§Ially the GGA, resulted in smaller average angles before optimi-
the structure of a small amorphous silica sample shown ”7Tat on of the volumesee Table ).
the polyhedral representation. Each tetrahedron is centered

on the position of a silicon atom, with oxygen atoms at each IV. DISCUSSION
vertex.
The tetrahedral tilt angle is defined as BeO-0 angle Comparison of the composite structure of an ensemble of

between linked tetrahedra, as shown in Fig. 16. Figure 13mall systems with the structure of a larger simulated system
shows the tetrahedral tilt distributiogfTLD) for each set of is valid because the convergence of structural properties with
glass samples. The tail at lower angles and the definite shousystem size can be attributed to statistically capturing the key
der in the smaller sample results suggest that there may bef@atures of the large number of possible arrangements of the
secondary peak. A fit of two Gaussian functions yields peaksnedium range structure. We have shown that the representa-
at around 90° and 140°. tion of the statistical distribution of structures can be
The twist between tetrahedra is defined as the torsio@chieved with an ensemble of small samples. For individual
angle O-Si-Si-O, using the vector between neighboringsamples, finite-size effects have shown that silica glass is
silica tetrahedra as shown in Fig. 18. The tetrahedral twisbest studied by computer simulations using large system
distributions(TWDs) are shown in Fig. 19. The TWD shows sizes’ This implies that studies of amorphous systems using
peaks at 60° and 180° which are more clearly delineated thaig@chniques that require small system sizes are made possible
in the TAD presented above. These peaks are indicative dfy employing multiple small samples.
the repulsion between next-nearest-neighbor oxygen atoms. This work shows that one of the most interesting struc-
The TLD and TWD are strongly constrained in small ring tural characteristics to capture is the ring size distribution.
structures, due to geometrical requirements. The ring distribution is relatively straightforward to deter-
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A Glass 3 % Glass 8 Ring Size, Si atoms/ring
8 S
En || | cga FIG. 12. Comparison of the ring size distribution averaged over
& 2 I ten 72-atom glasses and of a quenched 1479-atom glass configura-
tion. The top curve shows the composite RSD for the ten 72-atom
systems. The second curve shows the RSD for the larger glass
Glass 4 Glass 9 sample.
rithms generally used to control structure, and the difference
can be attributed to the small sample size. This work shows
that a variety of intermediate-range structure can be obtained
without attempting to control the cooling rate, in contrast to
Glass 5 Glass 10 other recent work®22 Care must be taken in sample selec-
tion because the average ring size distributions can be biased
artificially.
T R A BT T Samples with significantly different ring structures may
(@)  Ring Size, Si atoms/ring (b)  Ring Size, Si atoms/ring have indistinguishable features in the short-range part of the

TDFs. The pair and angle distribution functions, given by the
FIG. 11. Ring size distributions for glasses 1-10. The dramati-Sj-O, O-0, and Si- Si distances, O-Si-O and®Gi Sibond

cally different ring distributions for the ten glass samples show thahng|e5, and the torsion, tilt, and twist angles, show that the
the connectivity of each sample is significantly different. The highgeg|ected sample ensemble has good agreement in the peak
proportion of six- and eight-membered rings in glass 6 would bepositions and widths as compared to a large simulated
considered an indication of incomplete melting, or crystalline Char'sample. The sample ensemble used in this work did not in-
acter in a larger sample; however, examination of other structura},de defects that may contribute to the tails of the distribu-
characteristics does not reveal crystalline charastee Fig. 4and o of distances and angles observed in the larger sample. It
this sample was not discarded. is conceivable that more samples that contain three-

membered rings should have been included in this study.
mine quantitatively in atomic-level simulations. However, By attempting to anneal structures to some other, lower-
ring distribution is challenging to determine quantitatively by energy configuration it was determined that the structures
experiment. In Raman spectroscopy, small-sized rings magormed by our primary method, as described above, are
be detected, but larger rings are not easily distinguisti@ble. highly stable. It is possible that the system supercell size
It can be important to match at least the small-ring-structurgysed is smaller than what might be needed to effect any
population because the increase in concentration of smalkimple transformations to other stable configurations.
sized rings is correlated with enhanced reactivity of the silica The Si-O bond is generally considered to have partial
structure2®® [Note that only one sample with three- jonic character coupled with an otherwise covalent bond.

membered rings was included in this studyass 10, while  The directional nature of the covalent bond should be seen in

all samples contained four-membered rindg&perimentally,
the ring distribution, and the occurrence and concentration cg

coordination defects, may be controlled by the glass-forminé
history>%¢1 Some control of defect populations during an- &
nealing has also been shown to be possible in computef
simulations??62 E
With the small samples, we have shown that it is possiblem :
to form a variety of significantly different structures using
the same glass simulation algorithm. This is uniquely differ-
ent from using the melting, cooling, and annealing algo- FIG. 13. The averaged small-sample RSD excluding glass 6.

O]

72 atom system average

4 6 8 10 12 14 16 18
Ring Size, Si aloms/ring
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(@)

Torsion Angle Population

FIG. 15. The structure of a small amorphous silica sample,
shown in the polyhedral representation. Each tetrahedron is cen-
tered on the position of a silicon atom, with the oxygen atoms at

1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 each vertex represented by dark grey spheres.

Torsion Angle, Degrees
smaller average SO-Sibond angles than the GGA, but no
FIG. 14. The average torsion angle distribution of the 72-atomppyious changes in the widths of the distributions are evident
glasses and of the 1479-atom glass. The torsion angle is d.efined 88 determined by the standard deviations shown in Table II.
in Yuan and Cormack(Ref. 53. The data are presented in the | 5| cases, in going from the nonoptimized to the optimized
following order: (8) GGA, (b) LDA, (c) BKS, and(d) 1479-atom  girctyres, the average-8-Sibond angle decreases.

sample(BKS potential. The upper of each pair of curves shows In a crystal, use of either the LDA or the GGA results in
data for volume-optimized samples. The dotted lines are intended Eﬁearly identical coordinatés,perhaps because the strain on
a guide to the eye. The TADs are quite noisy, and no significan !

differences can be seen between samples optimized with differen ach bond s identical. In an amorphou_s sgmple, th? strain is
o . nonuniform and, therefore, the relaxation is nonuniform as
?neﬂﬁgféfg: ebg;w;?fg r;/glcimﬁé?gt;rgzse: Osvrr']d fixed-volume resuns\’/vell. The relative character of given silica tetrahedron sites
P ' in the lattice(as described by the deviation of the Si-O bond
the width of the O-Si-O bond angle of the highly directional length and O-Si-O bond angles from their sample avegrage
bonds that make up the silicon tetrahedron. The differenceare similar for both LDA and GGA. It has been shown that
in the O-Si-O BAD seen between DFT and the BKS poten-gradient corrections are required to properly describe the
tial can be attributed to thab initio method better represent- relative energetics of different polymorphs of silf@aHow-
ing the directional nature of the Si-O bond. The BKS poten-ever, it has also been shown that LDA structure results for
tial is spherical and achieves tetrahedral structure through erystalline silica are closer to experiment than GGA resilts.
strictly repulsive interaction between oxygen atoms. In con-Other characterization is likely needed to understand which
trast, the DFT methods are able to describe the directionahethods are best suited to study glass structure.
orbitals involved in bonding. The difference is clearly seenin In all of the simulated glasses presented hesmall and
the width of the O-Si-O angle distributiofsee Fig. 9 and large), relaxation of the cell volume leads to an increase in
Table 11), which is narrower for DFT methods than it is for density. Actual glass density can be lower due to inclusion of
the BKS potential, as revealed by the standard deviation oflefects, and some bubbles and small voids, but these are
this bond angle. expected to be minor contributions. Some factors that can
The Si-O-Si BAD for acrystal consists of discrete bond contribute to higher densities include a possible bias due to
angles. In contrast, for a glass the distribution is broadenethe deliberate selection of only perfectly coordinated systems
because this bond angle is associated with the ring size popand that the finite size limits the possible population and
lation and their conformations. The differences in going fromspatial distributions of the ring sizes. It is well known that a
the BKS potential to DFT are minimal and unlike the O-Si-O small cutoff of the short-range interactions with a shift in the
BAD no obvious contribution due to directional characterforces of the BKS potential leads to improved densitfes.
from a covalent bond is seen for the Si-O-Si BAD. UponHowever, extended cutoffs or short cutoffs without shifting
optimization, the LDA results in shorter Si-O bonds andthe forces lead to higher densities. This cutoff dependence is
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Tetrahedral Tilt Angle Population

0, 20 40 60 80 100 120 140 160 180

Tilt Angle, Degrees
FIG. 16. Definition of tetrahedral tilt. The tilt is defined as the

0O-0-0 angle between linked tetrahedra as showiain The line FIG. 17. Tetrahedral tilt distribution. Curves are presented in the
between oxygen atoms that are bonded to the same silicon atom s&me order as in Fig. 14. The dotted lines ara guide to the eye.
an edge of a tetrahedron. The same angle is shown in the tetrahedral

representation ifb). tions can provide a good statistical representation of struc-

tural features in fused silica. The structural analysis com-

also seen with the use of three-body potentials. In this worlpared and contrasted results of simulations using an
we see that the GGA leads to densities within the experimerempirical potential energy function, the BKS potential, and
tal density range as compared to the LDA or the BKS potenDFT approaches, using either the LDA or GGA, applied to
tial that have much higher densities. The trend in densitiean ensemble of small samples with experimental data and
and bond lengths using the GGA and LDA for glass is simi-simulations of much larger samples. Each structural charac-
lar to that determined for quartz. teristic investigated showed good agreement between the re-

An alternative approach to overcome the size and statistisults obtained from simulations of the large system and the
cal distribution limitations of a small glass system is to useaverage of results from simulations of the small systems. In
an embedded method in which a small cluster of the entirgarticular, the DFT results show more directional character
system is calculated using an electronic structure method. of the Si-O bond than that obtained by the BKS potential,
The rest of the system is treated by classical methods sudRdicative of a covalent bond. On the basis of these data, it is
that a Hamiltonian connecting the quantum and the classic&loncluded that it is possible to use several samples obtained
regions is required to capture the effects of the extende¢tom a small system with less than 100 ions to obtain local
structure in the quantum region. The most fundamental limistructural characteristics that are similar to those of a much
tation is that the region of interest in which the electroniclarger system. Each small sample can be thought of as a
structure calculation will be carried out must be preselectedsmall region in a much larger system.
This last method is useful for more accurate calculations
once structures where interesting chemistry and physics oc-
cur have been identified. ACKNOWLEDGMENTS
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FIG. 18. Definition of tetrahedral twist. The twist between tetrahedra is defined as the torsion angle O-Si-Si-0O, using the vector between
neighboring silica tetrahedra as shown(a. The view along the Si-Si axis is shown {b) and (c) shows the same orientation in the
tetrahedral representation.

mental Research located at the Pacific Northwest Nationadamples generated in the simulations, however, did not sat-
Laboratory. Battelle operates the Pacific Northwest Nationaisfy all criteria and were eliminated from the statistics pre-

Laboratory for the Department of Energy. sented here. Some of the samples were eliminated due to the
presence of large voids and compressed regions within the
APPENDIX: SAMPLE SELECTION simulation cell. While the void sizes found may be consistent

with the structure of amorphous silica, the high density of the
The goal of the present study was an analysis of glasgompressed region of the cell is not. These anomalous struc-
samples that are free of configuration defects. Some of thg, eg may be an artifact of the truncated BKS potential and
the small cell size. Samples with this type of structure may
have fully saturated bonds, and also have a total energy simi-
lar to more homogeneously distributed samples. These struc-
tures were identified visually. Figure 20 shows the void space
of one of these inhomogeneous glasses with anomalous den-
sity fluctuations.

Tetrahedral Twist Angle Population

FIG. 20. Distribution of void space for a rejected glass sample.
0 20 40 60 80 100 120 140 160 180 The larger, light gray spheres are silicon atoms. The smaller, dark
Twist Angle, Degrees gray spheres are oxygen atoms. The medium gray surface shows the
void space accessible to a probe of diameter 1 A. This sample is
FIG. 19. Tetrahedral twist distribution. The dotted lines are aperfectly coordinated and has no edge-sharing tetrahedra, but the
guide to the eye. Curves are presented in the same order as atoms are unusually closely packed into one part of the simulation
Fig. 14. cell, resulting in a large void.
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FIG. 22. The structure of a three-membered ring in silica. The
color scheme is the same as for Fig. 21. This type of structure is
) o ) nearly planar, with three silica tetrahedra forming a ring. The pres-

FIG. 21. Edge-sharing tetrahedra in silica. The larger, light grayence of three-rings in amorphous silica is detected by ir and Raman
spheres are silicon atoms. The smaller, dark gray spheres are 0XypectroscopyRef. 58. This type of structure is expected to occur
gen atoms. This structure was found in one of the generated amo;th jow probability, and the presence of three-rings is associated
phous samples that was rejected for further use in this study. Thgith increased reactivity and susceptibility to damage processes.
two silicon atoms share two oxygen atoms, so that in the tetrahedrgh,e sample with three-rings was included in this study.
representation, the two silicon centers share an edge.

Another criterion for sample elimination was the presence
of edge-sharing tetrahedra. This structure occurs when twof a three-membered ring is shown in Fig. 22. Out of the 25
silicon atoms share two oxygen atoms, as shown in Fig. 21samples generated using the BKS potential, two were elimi-
The presence of several three-membered ringze than nated due to large void spaces, three due to coordination
two) was correlated with the presence of large voids, andlefects, and two due to the presence of an edge-sharing tet-

thus was not a separate criterion for elimination. An exampleahedron.
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