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High-pressure densification of silica glass: A molecular-dynamics simulation
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We have performed a molecular-dynamics simulation for a sample of amorphoyss8ifect to a
compression-decompression process at ambient temperature, using a recently proposed two-body potential
model. For moderate compression the simulated glass maintains the ideal tetrahedral coordination and displays
reversible elastic behavior. For compressions beyond 6 GPa, the glass becomes anelastic and its density and
average atomic coordination increase irreversibly. Density, compressibility, and structure of the simulated
material compare favorably with the experiments on both undensified and densifiegl &6 The stability of
Si-O coordination greater than four in samples subject to high pressure appears to drive the densification
process[S0163-182@06)06130-9

[. INTRODUCTION in the Si coordination for pressures greater than 12 GPa. The
permanent densification of the glass is explafiétiby as-
Amorphous silica(a-SiO,) has been known for a long suming that part of the high-pressure octahedrally coordi-
time to display anomalous behavior at high pressurepar-  nated Si will not spring apart to the tetrahedral configuration
ticular, experiments*! have shown that glass samples com-when the pressure is released. A mechanism of increase of
pressed beyonet10—12 GPa and then decompressed exhibitoordination is also postulat&dfor germania(GeQ,) glass,
an increase in density by as much as 20%. The original derwhich is isoelectronic with silica, and which also undergoes
sity is not fully recovered even in samples stored at ambienén irreversible densification upon compression.
pressure for many yeafs. In order to obtain some insight on the densification
The results of various techniques such as neutron anthechanism, we have performed a molecular-dynariiti3)
x-ray diffraction®>® Brillouin, Raman, and IR simulationd® of a sample of glassy silica subject to a
spectroscop$; °as well as model calculatioh¥1’suggest compression-decompression process.
that the densification after compression can be attributed to It is often assumed that the presence of Si@its indi-
microscopic structural changes and atomic rearrangementsates the dominance of directional covalent bonding over
though the mechanism of the process undergore-8y0,is  central pairwise-additive interactions, so that three-body po-
not yet fully understood. tential models should be employ&dModels of this type
A clue to such a mechanism is provided by the behaviohave been provéd?’~?°to reproduce many properties of
of crystalline SiQ which forms a variety of stable polymor- silica but, with some exceptioriéthey are unable to model
phs with a wide range of densiti€d!® It is widely changes in the Si coordination number, as their analytical
acceptetf?! that silica glass obtained from the melt forms aform discriminates in favor of Sigtetrahedral coordination.
network of SiQ tetrahedra, like in quartz, cristobalite, and  The reasons for adopting three-body models are not, in
coesite, the most common polymorphs of silica. In theseour opinion, very compelling. In fact, several
low-density structures each Si atom is bound to four O atomsalculation$®!6-1830-45have shown that two-body interac-
in Si(Oyy), tetrahedral coordination, while each O atom istion potentials are as effective as the three-body ones in de-
bound to two Si atoms which link the tetrahedra in a con-scribing both crystalline and amorphous silica.
tinuous network. The various Si(olymorphs differ in the A recent breakthrough is the construction, by Tsuneyuki
relative arrangement of the tetrahedra. Upon compression bet al!® and by van Beest, Kramer, and van Sarfteof two-
yond 16 GPa quartz is irreversibly transformed intobody potential models fitted tab initio calculations on tet-
stishovite?” an extremely dense form of silica which differs rahedral SiQ}~ clusters. The two models have the same ana-
from the other polymorphs by containing Si atoms bound tdytical form, but different parametrizations. Because of their
six O atoms in Si0,,3) Octahedral coordination. guantum-mechanical origin, these new two-body models ef-
The behavior of the crystalline polymorphs suggests that &ectively incorporate an average of the many-body interac-
possible mechanism for the densification @fSi0O, is the  tions.
formation of some additional Si-O bonds, which leads to the Most MD and Monte Carlo studies on densifiadSiO,
appearance of a small number of Si atoms with coordinatiomnave been performed by quenching a high-density, high-
greater than four. temperature melt rather than by compressing a room-
Stolper, Ahren® and Jeanlo? model geometrically the temperature glass:1"*4As far as we know, the only avail-
coordination increase of silicates under pressure, and suggestle direct simulation of a compression-decompression
that the compressed glass, unconstrained by crystal structuggrocess at room temperature is an important calculation by
can actually distort more readily into a more compact ar-Tse, Klug, and Le Pag@ with the potential model of van
rangement. This hypothesis is consistent with the highBeest, Kramer, and van Sant&nwe have performed a MD
pressure x-ray resulbswhich indicate a continuous increase calculation similar to that of Tse, Klug, and Le Pdgdut
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more focused on the densification mechanism and on thby continuous decompression, with the same rate;
properties of the densified glass. (5) continuous compression followed by continuous de-
Following previous worké?43 we have adopted the po- compression, similar to run 4, but with a rate of 0.0625 GPa/
tential of Tsuneyuket al'® The model reproduces structure, ps;
density, compressibility, and vibrational frequencies of both (6) decompression to 0 GPa for several states recorded
the crystalline'®*%*and amorphoé*3*forms of silica, and  during the continuous compression of runs 4 and 5.
has been applied to the study of pressure-indtfcedd The compression-decompression rates of runs 4 and 5
thermal-induce®f phase transitions in crystalline silica. As were chosen after a careful study of the stabilization of den-
the potential successfully reproduces the stability for bottsity and potential energy during runs 1, 2, and 3, which em-
four-coordinated and six-coordinated crystalline silica at amployed at least 80 000 steps each. We have found that the
bient pressuré®“®and predicts an increased coordination inequilibration of the system is extremely sluggish. This is to
compressed liquif* crystalline and amorphotfs!’ silica at  be expected, because it is experimentally knowat com-
high temperatures, we expect it also to be able to describe th@esseda-SiO, is still relaxing after a period of months.
densification of amorphous silica without aaypriori coor-  Complete equilibration is very difficult to attain even on the
dination constraint. long-time scales allowed by laboratory experiments. How-
In Sec. Il the methods and the conditions of the simula-ever, since we only aim to understand the densification
tion are presented, and in Sec. lll we give some details of thenechanism, a precise determination of the predictions of the
treatment undergone by the sample during the simulatedotential model at each pressure is not necessary. Therefore,
compression-decompression cycles. Results and comparisorather than wasting computer time in the vain attempt of
with the experimental data are presented and discussed eyuilibrating the system at each pressure, we have decided to
Sec. IV. We conclude in Sec. V by proposing a possibleinvestigate the relaxation effects by repeating the
densification mechanism. compression-decompression process with a rate sufficiently
slow for partial equilibration(0.25 GPa/ps and with the
slowest rate allowed by our computer time constraints

IIl. METHODS (0.0625 GPa/ps
We have simulated a sample of amorphous,30bject
to a compression-decompression process at constant tem- IV. RESULTS

perature. For this purpose we have performed a MD calcu- - .
lation for 250 Si and 500 O atoms interacting through a The equilibrated glass at room temperature and pressure is

pairwise additive atom-atom potential developed bysimilar to the glass obtained in the cooling simulation at
Tsuneyuki et al’® The initial amorphous sample was a constant volume described in Ref. 42, and which was found

slightly defective continuous random netw8tiof comer- to reproduce reasonably well the structural and vibrational

. . > . . . ties ofa-Si0,. 4243
sharing SiQ tetrahedra, originally obtained by simulating proper ) - .
the cooling of liquid silic&®? The cooling simulation, and the The density calculated at 1 atta-10 * GPg with the

L , : del of Tsuneyukiet al’® is 2.35 g/cm, a value almost
structural and vibrational properties of the simulated glass at 2° ; !
room  conditions, havg pbeen discussed  in 9 detaifdem'cal to that of 2.36 g/chobtained by Tse, Klug, and Le

3 . -
elsewherd243 Page'® These authors note that their value is better than most

omputed data reported in the literature. The experimental

The compression-decompression runs described in thi .51 . ;
paper have been carried out with the isothermal-isobari ensity” value at atmosphe;rlc pressure is 2.20 gicabout
% lower than the calculation results.

Andersen methof/ which simulates a sample in contact
with an heat bath and subject to an hydrostatic pressure. The _ o
bath temperature was maintained at 300 K for all runs, while A. Density and compressibility results

the applied pressure was either changed continuously with A convenient summary of the MD results farSiO, is
time (for most rung, or suddenly switched to a constant provided by Fig. 1, where the relative densities at the end of
value(“instantaneous” compression or decompressidiie  ryns 1, 2, and 3 and the running averages during runs 4 and
equations of motion were integrated using the velocity Verlet gre compared to the available experiments as a function of
algorithm;®~*with a time step of 1 fs. Further details of the pressuré:*1°By displaying the densities relative to the value
simulation procedure appear in Refs. 42 and 43. at atmospheric pressutg/p,), rather than the absolute data,
we effectively compensate for the initial 7% discrepancy be-
tween calculations and experiments. The variations in den-
sity among runs with different compression-decompression

Starting from the amorphous state obtained by simulatedates, i.e., 0.25 GPa/ps, 0.0625 GPa/ps and “instantaneous,”
cooling of liquid SiQ,* MD simulation runs were carried are very small. Such a small dependence of the pressure
out under the following conditions: rate indicates that our partially equilibrated system closely

(1) equilibration of the initial sample at 300 K and 0 GPa; resembles a fully equilibrated sample.

(2) instantaneous compression to 25 GPa of the final state The computed densities of Fig. 1 exhibit a characteristic

Ill. CALCULATIONS

of run 1, followed by equilibration; anelastic behavior in the compression-decompression cycle.
(3) instantaneous decompression to 0 GPa of the finaDn compression a partly irreversible densification appears so
state of run 2, followed by equilibration; that, at least on MD time scales, the density of the starting

(4) continuous compression up to 25 GPa of the final statenaterial is never fully recovered upon equilibration after de-
of run 1, with a compression rate of 0.25 GPa/ps, followedcompression. The residual density increase of the samples
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FIG. 1. Relative density/p, of a-SiO, vs pressure. Squares 1 FIG. 2. Ratiop/B of density and bulk modulus vs pressiye
through 3 indicate equilibrated configurations at the end of runs 150uUnd velocity me'as.uremer(teef. 52 under increasing and de-
2, and 3, i.e., initial equilibration, instantaneous compression an§'¢2s!Ng Pressures. filled and empty circles, respectwely..Canulated
instantaneous decompression. Filled and empty symbols indica® B=dp/dp under increasing and decreasing pressures: solid and
running averages during compression and decompression, resp&qtted lines, respectively. The center and_hz_ilf width of the error
tively, with rates of 0.25 GPa/p&ircles and 0.0625 GPa/péri- bars reprgsent the mean and standard deviatigiBafas obtained
angles. The line is for static pressure experiments by Zal.  [T0M the linear fit top vs p.
(Ref. 10 under compression. Measurements for decompressed
silica are available only for samples recovered at 0 GPa. The diarelaxation. Since the calculations are quasistatic and allow
mond is for a sample recovered after room-temperature compregsnough time for the occurrence of relaxation, while the ul-
sion to 16 GP4Susman and co-worke(Refs. 3 and 4. trasonic measurements reflect an essentially unrelaxed sys-
decompressed at 0 GPa from a pressure of 25 GPa ShO\}V%m’ the calculated Iow—frt_aquency bulk modutiss system-
. . - glically lower than the high-frequency ultrasoriicin the
little or no dependence on the compression-decompression .
) . . ressure range where structural relaxation takes place.
rate and is very close to that detected in the experiments & .
L 3.4 The results of Figs. 1 and 2 fgr and p/B vs p suggest
the end of similar pressure cyclésbout 20%.> h iall . f . K | d
Owing to experimental difficulties under nonelastic COH-T[ at an essentially continuous transiormation takes place dur-
" . L ng the compression-decompression process, in agreement
ditions, separate density and compressibility measurements: : " ! oa
: ) ; with previous finding® and understandings:?* Our results
during decompression are not yet available. Thus the anelaa—re at odds with those of Tse, Klug, and Le PXyaho
tic behavior clearly shown by the MD results for the density ! 9,

cannot yet be followed directly in the experiments HoweverClairn a sudden density increase around 15 GPa. The poten-
y ) directly in P X - tial model used hef& and that used by Tse, Klug, and Le
a very clear anelasticity is evidenced by sound velocit

Y, 5 - ;
measurement®52 and in particular byp/B, the ratio be- Pagé® look so similar that we are reluctant to attribute such

tween density and bulk modul@which is compared in Fig. & significant discrepancy to differences in the potentials,
) even though no other explanation seems very likely.
2 with the MD results.

We have compute@/B for an isothermal system atp/
dp, by dividing the compression-decompression run at 0.25
GPa/ps(run 4) in segments of 10 000 stefise., at intervals
of 2.5 GPa, and then performing a linear least-squares fit for For the normal and densified samples at 0 GPa we have
p as a function op in each segment. This yields two curves computed the total neutron pair-correlation functid(r),
which agree with the experimental data at both low and higigiven in Fig. 3 together with the experimental restitdn
pressures. At intermediate pressures on the compression sifler case the densified sample is the one recovered at 0 GPa
the calculations exhibit the correct trend but do not agreéfter applying a pressure of 25 GPa, as described in Sec. I
quantitatively with the experiments. As shown by the errorfor run 4. TheT(r) function has been obtained by first
bars of Fig. 2, also the uncertainties pi are larger in this weighting the computed partial pair radial correlation func-
range. This behavior can be attributed to the large densitionsg;;(r) with the nuclear-scattering lengffisnd then by
fluctuations accompanying the structural relaxation underconvoluting with the same experimental resolution function
gone by the sample during the process, as discussed belowtfat is used in the neutron-scattering experiméfits.
Sec. IV D. As discussed in Ref. 25, the discrepancy between The R,= \/Ei[Tobgri)—Tcam(ri)]zlEiTgbs(ri) agreement
the calculations and the ultrasonic data has to be attributed facto®>® between observation$ and calculations is
the fact that the ultrasonic waves propagate on time scald®,~15%. Since we account for both undensified and densi-
that are much faster than those required for the structurdled silica, we consider our result quite satisfactory. The best

B. Radial correlation functions
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tions in this range is probably due to the absence of coordi-

6 - nation constraints in the two-body potential motfesince
the T(r) area does not increase in the MD simulations with
I I 4 three-body interactiorts.
ot 4
£
32 | C. Structural changes upon densification
B Calculation . . e
The mechanisms which accompany the densification can
0 - be identified by comparing the structural properties of the
L L S BB I densified glass with those of the starting material. We recall
1 R 3 4 5 6 that in the pressure induced transformation from the low-
r (&) density polymorphs of crystalline silic@uartz, cristobalite
and coesiteto the high density forn{stishovitg the Si co-

6 ordination grows from 4 to 6, while the Si-O bond length is
— forced to increase to accommodate for the additional O
de 4 - neighbors. In the light of the processes which occur for crys-
& talline Si0,,*81%%"we have carefully analyzed the distribu-
= tions of coordination numbers, of interatomic distances and
= R Experiment of bond angles in the simulated samples.

Since the first minimum of the partial pair radial correla-

0 =, ' tion function gso(r) is around 2.4 A, we have chosen to

S U U R AR consider closer Si-O pairs as bound neighbors, while @O

! & 3r (A)LL 5 6 Si-Si) pairs are taken as neighbors if they are both bound to

a common Silor O) atom.

The structure of the initial sample corresponds to the
usual model for SigQ, consisting of SiQ tetrahedra that
share corners and are arranged in a random nef&arith
very few coordination defects: 99% of the Si atoms have
four O atom neighbors, and 99% of the O atoms have two Si

MD result to daté® for undensified silica only iR,=9.1%  neighbors. Virtually no pairs of tetrahedra sharing edges
(Ref. 29 (obtained with a three-body potential model (0.04% are found. A significant disruption of the tetrahedral
These calculated values should be compared with the typic&rder occurs upon densification: in our recovered sample
experimental accuracﬂxml_5%_20 20% of the Si atoms have five or six O neighbors, while 10%
The experimentaTl (r) contains information on the distri- ©Of the O atoms have three Si neighbors. About 4% of all
butions of coordination distances and bond angles in théonnected pairs of tetrahedra now share edges.
glass. Unfortunately the extraction of this information from  For each pair-j of atomic species, we have computed the
the measurements depends on the functional form chosen fa¥erage coordination numberg , and the average and stan-
the distributions and on the assumed correlatinlack of ~ dard deviation of the interatomic distances and of the
correlation between distances and angf®s3-6At the mo-  anglesiji, both for the starting and recoveredSiO,. The
ment only the experimental peaks around 1.6 and 2.6 A arealculated distributions, which have been obtained directly
clearly assignet>>3to Si-O and O-O nearest neighbors, re- from the atomic coordinates during the simulation, are com-
spectively, while an unambiguous deconvolution of the meapared in Table | with the results of the analyses of NMR,
sured T(r) has not been possible for densifiedSiO, at  neutron and x-ray-scattering experimehts:20-51:53:54.56.58
distances beyond 3 AThe model dependence of the experi- The table shows that the computations are in reasonable
mental analysis, which may even lead to differences of sevagreement with the results of the experimental analyses, for
eral degrees in the average bond angles estimated from tteth the starting and the densified material.
sameexperimental data!°®is probably responsible for the In the simulation of the densification process, we find a
somewhat conflicting results found in the literature. slight increase of the average Si-O bond length accompanied
A cursory glance at Fig. 3 indicates that the calculationsby a decrease of the average Si-O-Si angle and Si-Si separa-
agree with the experiments on the global shape ofTifrg tion. The number of Si-O, O-O, and Si-Si neighbors in-
and on its overall change upon densification. A more carefutreases, and the O-Si-O and Si-O-Si angle distributions
analysis reveals that even the changes in the area and widtinoaden significantly. These results agree with most, al-
of the peaks are well described. The calculations reproducthough not all, of the experimental investigatiors:*SSEx-
well the increased area and the broadening of the O-O peakggrimentally, longer Si-O bonds and reduced Si-O-Si angles
which has been attributed to a broadening of the anglare found in electron-spin-resonance measurements on 24%
distribution® and the increased area at distances between 2densified glass® The neutron data on 20% densified gfess
and 3.4 A. The calculations also reproduce the small increasguggest a slight increase of the Si-O coordination, accompa-
upon densification of the area of tA&r) in the 1.9-2.3 A nied by a lengthening of the Si-O bond and by a decreased
range observed by Susmanal? and which was tentatively O-Si-O angle. X-ray-diffraction experiments on silica glass
assigned to a small number of additional Si-O bonds creatednder pressure in the range 8—28 GReaf. 5 also indicate
during the densification process. The success of the calculan increase in the Si-O bond length, which is interpreted as

FIG. 3. Total neutron pair radial correlation functidifr) [up-
per panel: experimer{Refs. 3 and % lower panel: calculatiopfor
a-SiO, before(solid line) and after(dotted ling the compression-
decompression cycle.
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TABLE |. Average coordination numbers; , and average and standard deviation for the bond distances
rij and the bond angleg§i of starting and densified silica glass. Calculations are at 300 K, 0 GPa. Most
experiments are for samples compressed at room temperature.

njj rij (R) o, A)
i-j Starting Densified Starting Densified Starting Densified
Si-0 Calc. 4.009 4.209 1.648 1.686 0.047 0.104
Obs. 3.853.97 3.9 1.608%1.62° 1.62°1.63 0.047%0.04®  0.05F
0-0 Calc. 6.035 6.846 2.682 2.714 0.130 0.265
Obs. 5.946.00 6.59 2626268  2.64%2.668 0.091%0.087 0.12
Si-Si Calc. 4.042 4.837 3.145 3.139 0.119 0.173
Obs. 4.18 3.077%3.0F 3.0% 0.11%
i-j-i iiT (degrees o (degrees
Starting Densified Starting Densified
0-Si-0  cCalc. 109.3 108.3 8.0 16.8
Obs. 109.7109.8 109.2 4.5
Si-O-Si Calc. 147.8 139.1 14.1 19.8
Obs. 14F143%144  137°138 26° 25°

8References 20 and 53.
bReferences 3 and 4.
‘Reference 9.
dReference 58.
®Reference 54.
fReferences 51 and 56.

the result of a higher Si coordinatidriThese high-pressure ideal tetrahedral angle of 109.5°, while the average angle
data, although qualitatively different from those on densifiedaround Si with higher coordination i90°, as expected for
glass at ambient pressure, clearly suggest a common mechan octahedral coordination.
nism and are consistent with the gradual coordination in- A similar mechanism holds for the Si-O-Si distribution,
crease proposed in Refs. 23 and 24. shown in the upper panel of Fig. 4. Around two-coordinated

We have searched for possible links between Si coordina® we find an asymmetric distribution of O-Si-O angles ex-
tion and Si-O bond length in the simulated system and havéending from 120° to 180°, in both undensified and densified
found a rather direct correlation. By separately analyzing thglass. In the densified material, due to the abundance of
distributions of Si-O distances around Si atoms with coordithree-coordinated O, which exhibit a broad distribution ex-
nation 4 and>4, we have obtained two smooth monomodaltending from 80° to 140°, the Si-O-Si distribution broadens
distributions centered at different bond lengths. In the undenand the average angle decreaéEable |). This behavior is
sified glass, the average length~4.65 A for Si atoms with  consistent with the NMR result.
coordination 4, and=1.83 A for atoms with higher coordi- The angular distributions calculated in this work are
nation. Because these averages remain essentially identicaiughly similar to that found in the MD simulation of Tse,
when going to the densified glass, the direct cause of th&lug, and Le Pagé® A more careful comparison with the
increased average and dispersion of the Si-O len@thble  previous MD resultS’ reveals that the angular distributions
I) must be the increased population of Si atoms with highercalculated for the densified material are quite different, un-
coordination and longer Si-O bonds, rather than an overalike those for undensified glass, which are virtually identical.
lengthening of the bonds. In particular, Tse, Klug, and Le Paldind that the O-Si-O

To obtain more information on the relations between thedistributions become much more structured upon densifica-
coordination number and the local glass structure, we haviéon and develop a peak at 165°, which they attribute to the
analyzed the O-Si-O bond angle distribution in terms of in-presence of edge sharing tetrahedra. In our sample the occur-
dividual contributions due to Si atoms with four, five, and six rence of pairs of edge sharing tetrahedra is found to be sig-
O neighbors. As shown in the lower panel of Fig. 4, thisnificant, as previously mentioned, but no feature due to such
analysis indicates that the broadening of the O-Si-O distribupairs is found in the O-Si-O distribution.
tion in the densified glas&able )) is to be attributed to the
appearance of Si atoms with coordination of five or higher,
rather than to an increased frustration of the tetrahedral pack-
ing, which would simply result in a broadening of the distri-  To investigate the anelasticity effects, a sequence of con-
bution of the four-coordinated atoms. The average O-Si-Qigurations was recorded during the continuous compression
angle around Si with coordination four remains close to theof runs 4 and 5. These stored states were subject to two

D. Onset of anelasticity
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FIG. 4. Average distributions of O-Si-O and Si-O-Si angles for
a-Sio, before (a) and after (b) the compression-decompression ~ FIG. 5. Equilibrium properties 0&-SiO, at zero pressure for
cycle. The total O-Si-O distributiofsolid line is decomposed in ~ states recovered after compression. The relative depigigy(upper
the contributions from Si atoms with coordinatior(dbtted liney, ~ Pane) and the average numbek; of O neighbors for Si atoms
and =5 (dashed lines The Si-O-Si distributior(solid lineg is de-  (lower panel are shown as a function of the maximum pressure
composed in the contributions from two- and three-coordinated Gapplied. Symbols indicate states recorded during the compression at

atoms(dotted and dashed |inesy respecti\)e|y 0.25 GPa/pS(CII’C|eS) or 0.0625 GPa/p$’[l’Iang|eE) and Subjec'[ to
instantaneous decompression. The center and half width of the error

bars represent means and standard deviations for the samples an-
distinct kinds of processe$a) instantaneous decompression nealed under pressure and then decompressed.
to 0 GPa and, for some states of run(d) repeated equili-
bration for 30, 60, 90, and 120 ps at constant volume, fol-
lowed by instantaneous decompression down to 0 GPaomputed densities prove to be virtually independent of the
(annealing-decompression proceskhe system was equili- sample history: the density for states instantaneously decom-
brated at 0 GPa for 30 ps for both kinds of processes. pressed to 0 GPa falls into the range defined by the bars.
The relative densitieg/p, calculated for processéa) and  Instead, at intermediate pressures the density of the recov-
(b) are reported as a function of the pressure applied duringred sample increases with the amount of equilibration to
the compression run in the upper panel of Fig. 5. In order tavhich the state has been subjected. The larger density for the
analyze the possible correlation between density and Si casamples equilibrated under pressure and for those subjected
ordination we show in the lower panel of Fig. 5 the averageto a slower compression rateun 5 indicates that some an-
Si coordination number vs the applied pressure. nealing takes place during the longer time spent at the high
The symbols of the upper panel of Fig. 5 originate frompressures. It is annealing, i.e., the thermally activated process
the instantaneous decompression pro¢assThe center and in which the system slowly overcomes the potential energy
half width of the error bars represent means and standardarriers hindering the structural changes, which is respon-
deviations of the density values for the annealed stdips sible for the large density fluctuations mentioned in Sec.
Therefore, the bars span the range of density into which th&/ A.
state annealed at high pressure falls when the compression is Important structural changes induced by compression are
instantaneously released. The presence of a range of avaévidenced by the plot of the average Si coordination number
able density values proves that a variety of configurations ares the applied pressure shown in the lower panel of Fig. 5.
accessible to the equilibrating sample. Again, the error bars represent mean and standard deviation
The plot shows that for compression below 6 GPa theof the coordination number distribution for the states an-
initial equilibrium density is fully recovered, and that above nealed under pressure and then decompressed. The most re-
this point irreversible densification occurs. Above 15 GPamarkable feature of the results is the increasing of the aver-
the residual density increase is nearly independent of thage coordination, determined by the appearance of Si atoms
applied pressure. Experimentally, elastic behavior is obwith coordination 5 and 6, in the states undergoing irrevers-
served up to~8—10 GPd;'%%2and most of the densification ible densification. The population of Si atoms with coordina-
takes place between 12 and 24 GPahe transformation is tion =5 still present when the pressure is released turns out
complete above 30 GPA. to be nearly constant above an applied pressures-16
Below 6 GPa and above 14, that is in tperange of GPa.
elastic behavior and in the one where most irreversible struc- The data of Fig. 5 clearly show that density and coordi-
tural changes have already taken place, the trends of theation number exhibit a very similar trend with increasing



54 HIGH-PRESSURE DENSIFICATION OF SILIE . .. 3815

; gins around compressions6 GPa, the point where Si atoms
. with O coordination greater than four also appd&ec.
~%:‘ IV D). After this, the amount of densification increases
monotonically with the average coordination number up to
1.2 N compressions=15 GPa, where both coordination and den-
_ * | sity seem to saturate. These results are in reasonable agree-
. ment with the experimenfs’19:52
i The appearance of Si atoms with coordinatie4 is also
directly connected to the changes found in the computed
1.1+ bond lengths and angles. The changes in the angular distri-
_ bution functions are in fact directly related to the increased
o number of Si atoms with octahedral coordinati¢8ec.
. IV C). The rather surprising lengthening of the average Si-O
bond distance takes place when the bonds are stretched to
1.0 | & make room for additional O neighbors. Finally, the broaden-
T r T r T : ing of the distance and angle distributiasble I, Fig. 4, is
4.0 4.1 4.2 also clearly linked to the increased population of Si and O
Nsio atoms with high coordination.
Similar transformations in the average coordination, bond
FIG. 6. Correlation between relative densjifp, and average €ngths and bond angles are well documented for the x-ray
Si-O coordination numberg;, for decompressed-SiO,. Symbols ~ €xperiments under presstevhile most measurements on
and errors bars are as described in Fig. 3. densified glass at room conditions detect only a negligible
increase in coordinatioh? In our opinion, this discrepancy
might be partly due to the analysis methods. In the simula-
%h)n we have found that most of the Si atoms with coordina-

p/Po

pressure, thus suggesting a closer analysis of the correlati
between these two quantities. This has been done in Fig.
where the density of the recovered material is shown to in

on >4 have Si-O bond distances in the langé¢ail of the

Irst peak of theT(r). In fact, as shown by Fig. 3 for the
. . . L densified glass, this peak is asymmetric and definitely not
crease monotonically with the Si coordination number. Fur-, ssian. We have estimated the average coordination num-

thermore, this happens regardless of the history of th fitti . he simul is of
sample, as proved by the same behavior displayed both Bg,er by fitting & Gaussian to the simulatédr), as is often

i ., . : one in the experimental analysis, and erroneously found a
the symhols and the “errors bars” of the figure. This leads t‘.)small decreaseof the coordination. The large tail of the

the conclusion that in the simulation the density is predom|=|-(r) and thus most of the contribution from the Si atoms
nantly a function of the Si atom coordination. with high coordination, is therefore missed by fitting to a
single Gaussian. We have found that a direct integration of
the simulatedT(r) yields a number of neighbors in agree-
V. DISCUSSION AND CONCLUSIONS ment with the correct one obtained by a direct analysis of the
interatomic distance&s described in Sec. IV)CWith this
Our results prove that classical MD calculations with amethod we reproduce the k_nown C(_)ordlnatlon Increase.
The structural changes in the simulated glass, although
ilica™®*"~"when the tetrahedral arrangement is replaced by

closely emulates the observations on silica glass. Usin o .
Tsuneyuki's potentiat® we have obtained density and com- N octahe_dral co_ordm_atlon as the low-density pO'VT“‘”PhS
! transform into stishovite. The concept of a coordination

pressibility data in reasonable agreement with the expena. i ¢ tion is al istent with the MD it
ments, and very good results for radial correlation functions riven transformation 1S aiso consistent wi € resufts

coordination numbers, bond distances and angles of both uﬁ’—f Tse, Klug, and Le Pagé,with the current understanding

densified and densified glasses of the densification process in compressed Geass>

. . . " 7
The MD resul r similar to th in TseWith a large part of the experimental analysis on sﬁT&é _
© esults appear similar to those obtained by Se%‘:md with the model of pressure-induced coordination

Klug, and Le Pag®€ with the model of van Beest, Kramer, 9
and van Santef’. The interatomic distances, correlation c_hanges by Stolper and Ahréfgnd JeanloZ” We are con-

functions and angular distributions reported for the startingr\/mt?l\?d ktha_tththe hlght—[;)ressu're mstab!hty of éhe tt.etraher:j.ril
material® are close to those found in our simulation. NEMWOrK with réspect 1o an increase in coordination, whic

Samples recovered after compression to 15-20 GPa ga\y jggers the irreversible transition from quartz to stishovite, is
Si-O coordination numbers in the 4.2—4.4 range and ang| so the cause of the densification of compresseiO,.

distributions similar to ours, although more structured. Ra- ur_thetrh exD?gTenﬁL and theoretncal work is required to
dial correlations for densified glass have not been reported iHe”fy € validity of these concepts.
Ref. 13.
The MD results indicate that the increased atomic coordi- ACKNOWLEDGMENTS
nation is the main driving force behind most of the transfor-
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