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Localized mechanical instabilities in electronic structure calculations of silica glass under pressure
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Calculations are carried out for silica glass under pressure, using the modified neglect of differential overlap
semiempirical electronic structure method. The pressure-volume equation of state exhibits discontinuous
changes that coincide with the lowest normal-mode frequency decreasing to zero; these results indicate that
mechanical instabilities occur due to the disappearance of local minima on the potential-energy surface. These
electronic structure results corroborate previous force field results, and thus strengthen the conclusion that
localized mechanical instabilities occur in silica glass under high pressure. The mechanical instabilities lead to
localized structural transformations that increase the ion coordination and shift the ring size distribution to
smaller ring sizes. The structural transformations proceed by highly cooperative rigid unit modes, in which
SiQ, tetrahedra rotate and translate with little internal distortion.
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Silica glass undergoes interesting transformations at high The simulations are carried out for a system composed of
pressure. Samples compressed to high pressuBeGPa 32 silicon ions and 64 oxygen ions, in a cubic simulation cell
and then decompressed back to atmospheric pressure arewith periodic boundary conditions. The energy is calculated
reversibly densified by up to 20%? the densified glass has with the modified neglect of differential overlap methidd,
been called a distinct amorphous phase of sfliéddso, at ~ which is a semiempirical electronic structure method; all cal-
high pressure the average silicon coordination number inculations are carried out with theoPac software program?
creases gradually from four to stx® and the ring size dis- The potential energy is minimized with respect to the atomic
tribution shifts to smaller ring sizésThese transformations Positions, with the simulation cell fixe’&.The volume of the
occur at room temperature, in contrast to the high temperasimulation cell is then reduced isotropically in small incre-

tures necessary for analogous phase transitions and coorcﬂ?—e”ts(<0-3_°/f?- After egch volume change, the_ potential en-
nation changes in crystalline silica. ergy is reminimized with respect to the atomic coordinates

Based on a phenomenological mddeind molecular (at constant volume starting from the atomic coordinates at

simulaiond <  as been suggested et tese pressrd’ PV VoL The ey mods ecences 4t e,
induced transformations in silica glass arise from disappear: 9y ' P

ances of local minima and barriers on the potential-energ pumerically from the derivative of the energgt the mini-

. R : ¥num) with respect to volume.
landscape, as shown schematlc_a!ly in Fig. 1. After the d!sqp- The results for the pressure as the glass is compressed are
pearance of the local energy minimum that the system is i

Nshown in Fig. 2. The zero pressure density is 2.18 g/cm

the system becomes mechanically unstable and is forced {Qnich is in good agreement with the experimental viius
an alternate energy minimum. The structural rearrangements

caused by these mechanical instabilities lead to changes in
ion coordination and irreversible densification in silica glass.
These transformations will occur even at low temperature
because thermal activation is not necessary for structural re-
arrangements caused by a mechanical instability; note that
room temperature is considered a “low temperature” for
silica, since it is far below the glass transition temperature of
silica[~1500 K (Ref. 11)]. The significance of these double-
well potentials in silica has also been discussed in other
contexts?

The previous simulations that showed mechanical insta-
bilities in silica glass under pressfiré’ were based on en-
ergy calculations using a force field, i.e., a simple function
parametrized to give the energy as a function of atomic con-
figuration. The present paper uses an electronic structure
method to evaluate the energy of silica glass, in order to giG. 1. Schematic of a pressure-induced disappearance of an
determine whether the conclusions regarding the mechanicghergy minimum. The curves represent the potential energy along
instabilities are merely artifacts of the force field method.the relevant coordinate, and the circles represent the state of the
The present paper also examines in detail the nature of th&stem. The change in the state of the system denoted by agbw *
structural rearrangements that accompany the mechanical inerresponds to the structural rearrangement associated with the me-
stabilities. chanical instability.
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3 FIG. 4. Distance moved by each atgwith respect to the center

volume (cm/mol) of mas$ following the mechanical instabilities. Filled circles: insta-

_ bility at V=24.7 cni/mol. Open circlesV=23.9 cn?/mol.

FIG. 2. Pressure as a function of volume.
energy minimum that has a lower pressure.
o9 : AN The structural changes that follow the disappearance of
derivative of pressure with respect to volumehich is Sig-  gnergy minima are localized to a small number of atoms, as
nificantly higher than the experimental vatie®f 37 GPa;  ghown in Fig. 4. Even though all atoms move to some extent,
this difference is not a problem because the purpose of thg ¢ail number of atom@f order 10 move a significantly
present investigation is to see if the mechanical instabilitie§arger amount than the rest. A quantitatidleut arbitrary

found previously in force field calculations also occur in maasyre of the number of atoms involved in the structural
electronic structure calculations, rather than to make quanti- . N — <Naom 2
tative comparison to experiment. change is the participation numbgr=Z2 _2"{d;/dya)*,

The pressure usually increases continuously with decread/n€red; is the distance move@ith respect to the center of
ing volume (see Fig. 2, but discontinuous pressure drops Mas$ by atomi, andd,, is the largest displacement under-
occur twice in the volume range examined—Vat 24.7 and  9°N€ by any one atort;p=1 indicates that only one atom
23.9 cni/mol. The origin of these discontinuous pressureMoVes: an=Ngpgnsindicates that all atoms move equally.
drops becomes evident from an examination of the volumd N€ Participation numbep=8.3 is for the instability atv
dependence of the normal-mode frequencies, shown in Fig: 247 cni/mol and p=9.1 is for the instability atV
3. The discontinuous pressure drops occur when the lowest 23-9 cni/mol. These structural rearrangements can be
normal-mode frequency of the system decreases to zero. TIR@nsidered as the significant movement of a small group of
normal-mode frequencies are proportional to the square ro@0ms (of order 10, plus an elastic relaxation of a larger
of the curvature of the energy minimum in orthogonal direc-9roup of surrounding atoms in response to changes of the
tions, and thus the decrease of a normal-mode frequency f§nall group(for the small system size examined here, all of
zero implies that the energy minimum flattens out until itthe other atoms in the system belong to this larger group,
disappears, as shown in Fig. 1. After the energy minimunvhich undergoes elastic relaxatjon
disappears, the system is mechanically unsté#e no en- The large discontinuities in the system'’s pressure-volume

ergy barrier existsand it relaxes to an alternate potential- CUrve are due to the small system size. As the number of
atoms in the system increases towards the macroscopic limit,

60 the mechanical instabilities occur more frequerithgcause
there are more groups of atoms that can undergo instabili-
0 ey, ties), while the discontinuous drops in the pressure decrease
in magnitude(because a decreasing fraction of the system is
involved in the localized instability'® In the macroscopic
limit, the changes in pressure with volume will be continu-
ous, even though the mechanical instabilities remain the
mechanism for structural change.

These results based on electronic structure calculations
10 are qualitatively the same as our previous results based on
force field calculation§1° Both sets of results lead to the
0 ‘ , . ‘ conclusion that pressure-induced structural transformations

B6 28 M M2 A4 26 AUE B B2 occur in silica glass via localized mechanical instabilitiass
volume (cm3/g) low temperature; room temperature is considered “lpw”
This conclusion appears to be independent of the methodol-

FIG. 3. Lowest normal-mode frequency as a function of volume.ogy of the energy calculation, as it arises from both force

Lines are a guide to the eye. field calculations and electronic structure calculations. The

2.20 g/cm. The bulk modulus is 82 GRaalculated from the
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FIG. 6. Changes in intratetrahedral properties following me-
chanical instabilities(a) Bond lengths;(b) intratetrahedral bond
angles. Filled circles and solid lines: instability aV¥
=24.7cni/mol. Open circles and dashed lines:vV
After instability: =23.9 cni/mol. These results include only silicon ions that have
fourfold coordination both before and after the instability.

The changes in short-range order caused by the mechani-
cal instabilities correspond to increases in the ion
coordinatior? As shown in Fig. 5, the instability av
=24.7 cni/mol causes the coordination of two neighboring
silicon ions to increase from four to five, and the instability
at V=23.9 cni/mol causes the coordination of one silicon
ion to increase from four to fivéan Si-O pair is considered
bonded if the Si-O distance is2.2 A; in all three coordina-

(b) tion changes observed here, the relevant Si-O distances

change from~2.5 to~2.0 A). The increase in ion coordina-

FIG. 5. Relevant atomic positions before and after the mechanition with increasing pressure agrees with experintehit.
cal instabilities. Note the changes in short-range ofiter coordi- Intermediate-range order can be described in part by the
nation and intermediate-range ordeing size distribution (a) In- ring size distribution. A ring is defined as the shortest closed
stability atV=24.7 cn¥/mol. (b) V=23.9 cni/mol. See text for loop of Si-O units that leaves an initial silicon ion via one
the significance of the star i@ and the arrows irfb). Si-O unit and returns to the initial silicon ion via a different

Si-O unit; the size of the ring is the number of Si-O units in
relationship between these mechanical instabilities and ththe ring. The average ring size in amorphous silica- &2°
transformations of silica under pressure are discussedihe present results show that pressure-induced mechanical
elsewheré?® instabilities lead to the formation of small rings, and thus a

The nature of the structural rearrangements that acconshift in the ring size distribution to smaller ring sizes: As
pany the mechanical instabilities are examined in more detaghown in Fig. 5, the instability af=24.7 cni/mol involves
in this paper. Although the changes in short-range order havine formation of a two-membered ring, and the instability at
also been addressed previoutiie changes in intermediate- V=23.9 cni/mol involves the formation of a three-
range order and the cooperative nature of the rearrangementembered ring. The pressure-induced shift to smaller ring
have not yet been addressed, to our best knowledge. sizes agrees with experiméht.
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The structural rearrangements associated with the instaaternal distortion[see Fig. §)]. Thus the structural rear-
bilities involve highly cooperative motion. As shown in Fig. rangements associated with the instabilities correspond to
6, the changes in the SjQetrahedra are very small, with all rigid unit modes(RUM’s), in which the SiQ tetrahedra ro-
bond lengths changing by 0.02 A, and almost all intratet- tate and translate as nearly rigid units. Previous work has
rahedral angles changing by4° (for comparison, the stan- shown that RUM's play important roles in the thermally ac-
dard deviations of the bond lengths and intratetrahedrdivated dynamics of both crystalline and amorphous

. HR 12,
angles are 0.015 A and 6°, respectijelyThese small Silicates. _ .
changes in the SiQtetrahedra are surprising because the Furthermore, the structural rearrangement associated with

ions move significantly larger distancésee Fig. 4 As a the instability atV=23.9 cn?/mol corresponds to motion in

particula_r ex_ample, consider the Si@trahedron d_enot_ed by \l;vStidr]amgrCc‘?gt[:i?]gllﬂz/:!}/{ﬁizrrg]s%il?gisri%igvr\]/r:Sinncl);{ig;:(()gpaCt
the star in Fig. &). Even though the four oxygen ions in this hére the ,arrows shoW the movement of the five idns with
tetrahedron move distances ranging from 0.49 to 0.91 ’B\Eﬁ

while the silicon ion moves 0.09 A. the average madanituded® largest displacements. Such stringlike motion has been
: ' 9 9 Yound for thermally activated dynamics in supercooled

of the changes in the bond lengths and intratetrahedral angl?_sénnard-Jones liquid
are only 0.008 A and 1.4°, respectively—the net effect of q '
these atomic displacements is that the tetrahedron undergoesFunding for this project was provided by NSF Grant No.
a large rotation(~25°) and a translation, with very litle DMR-0080191.

1p. W. Bridgman and I. Simon, J. Appl. Phy&4, 405 (1953. 4 Computer codemorac 2000, (Schrodinger, Inc., New York,

2M. Grimsditch, Phys. Rev. Let62, 2379(1984. 1999.

3C.-S. Zha, R. J. Hemley, H.-K. Mao, T. S. Duffy, and C. Meade, 15The initial atomic positions were generated by molecular-
Phys. Rev. B50, 13 105(1994. dynamics simulations using the force field of S. Tsuneyuki, M.

‘R.J. Hemley, H. K. Mao, P. M. Bell, and B. O. Mysen, Phys. Rev.  Tsukada, H. Aoki, and Y. Matsui, Phys. Rev. Le@l, 869

] Lett. 57, 747(1986. _ (1988. A glass is formed in these simulations by cooling an

6Q- Williams and R. Jeanloz, Scien289, 902 (1988. Si0O, liquid with several stages of constant-temperature
C. Meade, R. J. Hemley, and H. K. Mao, Phys. Rev. Lé%. molecular-dynamics simulations.

; 1387(1992. o 18R, L. Mozzi and B. E. Warren, J. Appl. Crystallog. 164 (1969.
V. G Kal’pOV and M. GrIdeItCh, PhyS ReV.@, 6941(1993 17K. KOth S ||0 and A. SaWaOkO J Appl Physz 2826
8D. J. Lacks, Phys. Rev. LetBO, 5385(1998. (1981 ' ' ' ’

9
oD 3 Lacks, Phys. Rev. LetB4, 4629(2000. 18A. Heuer and R. J. Silbey, Phys. Rev. L&t 3911(1993.
M. M. Roberts, J. R. Wienhoff, K. Grant, and D. J. Lacks, J.
' ' ' * ¥*19p L. Malandro and D. J. Lacks, J. Chem. Phys0, 4593(1999.

Non-Cryst. Solids281, 205 (2001). 20 . . . :
113 D. MacKenzie, J. Am Ceram. Sot7, 76 (1964 J. P. Rino, I. Ebbsjo, R. K. Kalia, A. Nakano, and P. Vashishta,
Phys. Rev. B47, 3053(1993.

12K Trachenko, M. T. Dove, K. D. Hammonds, M. J. Harris, and V.

Heine, Phys. Rev. LetB1, 3431(1998. " 2IM. T. Dove, M. J. Harris, A. C. Hannon, J. M. Parker, I. P. Swain-
13M. J. S. Dewer and W. Thiel, J. Am. Chem. S66, 4899(1977; ~ SON: and M. Gambhir, Phys. Rev. L€T8, 1070(1997).

M. J. S. Dewer, J. Friedheim, G. Grady, E. F. Healy and J. J. p.” C- Donati, J. F. Douglas, W. Kob, S. J. Plimpton, P. H. Poole, and

Stewart’ Organometa'“(& 375 (1986 S. C. G|Otzer, PhyS Rev. LeﬁO, 2338(1998

212101-4



