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Amorphous-amorphous transitions in silica glass under a variety of thermomechanical conditions are studied
with molecular-dynamics simulations using a charge-transfer three-body potential model. The polyamorphic
transitions can be reversible or irreversible depending on the combination of pressure and temperature at which
the transitions take place. Anomalous thermomechanical behaviors of silica glass, such as an increase of the
mechanical moduli upon expansion as a result of tensile deformation or thermal expansion, are well reproduced
in our simulations. In part I, we show these anomalies are due to reversible structural transitions, which
activate similar structural modes of displacement as inattie-8 phase transformations in cristobalite silica.

The emergence of dynamic instabilities is observed in conjunction with these reversible structural changes,
characterizing them as transitions rather than gradual deformations. The polyamorphic transitions are gradual
and localized in silica glass in contrast to the instantaneous and extended character of polymorphic transfor-
mation in crystals. The mechanism of the irreversible transitions, the negative thermal expansion of silica glass
under pressure, as well as the effect of pressure and temperature on the permanent densification of silica glass
and the nature of the newly discovered amorphous phases are discussed in part II.
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[. INTRODUCTION mental techniques. In this context, molecular-dynamics
(MD) simulations can complement experiments.

Silica glass, one of the most widely and well-studied ma-  As the archetypical glass-forming oxide, silica has been
terials both theoretically and experimentally, has drawnthe subject of a number of simulation studies aimed at elu-
much attention for decades not only as an archetype of agidating different structural aspects, including the effects of
amorphous material, but also because of its anomalousressure on the near-range and intermediate-range structural
thermomechanical properties. Experiments have shown thafrder?!.24.26.27Simulations based on the simpler central-force
in some temperature regimes it exhibits negative thermabotentials, especially the more recent approaches that assume
expansior}, the elastic moduli of silica glass increase with partial charges for individual species are quite successful in
increasing temperatufe! and the bulk modulus passes reproducing experimentally determined structural character-
through a minimum upon compressionra2—3 GP&°Fur-  istics, while three-body potentials, which take directional
thermore, this material can undergo irreversible densificatioforces into account, yield more accurate vibrational proper-
under pressur®1" Models proposed to explain these phe-ties. The absence of directional forces tends to provide for
nomena are in one way or another based on the assumptigiigher atomic mobility and therefore a more relaxed glass
that two or more energetically distinct amorphous states costructure. For the same reason central-force models predict a
exist in proportions that vary with pressure andpremature transition between low- and higher-coordinated
temperaturé;*® but for the most part little detail is provided structural units upon compression. While coordination
as to the structural entities that constitute these states and tbﬁanges at low pressures observed in simulations have been
atomic-scale mechanisms that underlie the structural transbroposed as the mechanism for the permanent densification
tions between the states. In recent years, considerable effast amorphous silica, there exists no experimental evidence
has been devoted to studying the amorphous-amorphodér this process. Hence, the structural developments upon
transitions and densification of silica glass under various medensification of silica glass may not be fully explained.
chanical and thermal conditions:*/1%-3%et to date the ex- Moreover, the origin of the anomalous thermomechanical be-
act nature of the structural transitions that the glass undemhaviors in this material has so far not been identified. This
goes, as well as the nature of the newly discoveredspect is the focus of the present paper. For the investigation
amorphous phases, have not been determined due to the scgf-this phenomenon we used MD simulations based on an
city of structural probes for characterizing the materials uninteraction model that includes dynamic charge transfer, the
der the extreme conditions at which the structural transition&dvantages of which are outlined in the following section.
take place. Changes affecting the near-range order, such as a
possible increase of Si coordination from 4 to 6 can rela-
tively easily be evidenced. However, when it comes to iden- Il. DETAILS OF SIMULATIONS
tifying topological changes that affect the intermediate-range
order, progress is impeded by the prevailing difficulties in
characterizing amorphous structures, especially considering In this paper we study silica glass based on molecular-
the limited spatial and temporal resolution of current experi-dynamics simulations using a charge-transfer three-body po-

A. Potential model
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tential model. In this interaction potential, the directional 2.36 Tl ‘ T T
character of the covalent bonding in Si@ modeled by 50 [ X i Heating cristobalite ||\ i ]
means of three-body terms that constrain both the Si-O-Si ' U ggg{‘if‘g ';ﬂ;’c'g 5;';;2

and O-Si-O angles. In addition, a charge-transfer term con- 2.32 ' i

trols the degree of charge polarization in a covalent bond, as &_
well as the amount of charge transferred between atoms upon E,
rupture or formation of such a bond. Using this potential, we 2 55
can simulate thex-to-B transformations in various crystal- 2
line forms of silica without need to change potential param- 2
eters. Details about the potential formula and parameters can §
be found in our earlier papét. 2.24

The use of three-body interactions for this study is indi-

2.26

cated by the need to reproduce the effect of a lone pair of 222 1 3 ; : : ;
electrons on the oxygen, which causes the Si-O-Si bond to 22 w L i i i i
deviate from a linear configuratiorfThe two Si-O bonds 0 1000 2000 3000 4000 5000 6000
joining at the same oxygen form an angle of approximately Temperature (K)

150°) The bond polarization is described by a charge-

transfer function, which not only controls the balance be- FIG. 1. Thermal cycle for the preparation of simulated silica
tween covalent and ionic character of atomic interactionsglass: heating cristobalite to liquid silica and quenching to room
but also determines the way the nominal charge on eactg§mperature. Subsequent heating reveals the expected thermal prop-
atom depends on its immediate environment. In particularerties of silica glass under ambient pressure.

this interaction model accounts for charge redistributions that

occur upon rupture and formation of bonds, and in generathe density adjusts according to the Anderson constant-
provides for greater reactivity of species. For the currenpressure algorithr®® The bulk modulus of silica glass was
study, our charge-transfer three-body potential was parancalculated directly from the equation of state according to
etrized for fourfold coordinated Si. This assures us of arB=p(dP/dp).

accurate model up to the pressure at which the Si coordina- The structure factors as well as the short-range order of
tion changes from 4 to 6, which is shown to be abovesilica glass were calculated after equilibration at each state

20 GPa in experimentg;28.32 point using standard formalisms of statistical mechanics.
Ring statistics, based on shortest-path anal§siéwas em-
B. Preparation of silica glass ployed to characterize the structure of the silica glass net-

work on the intermediate length scales. To analyze the modes
of structural reorganization in silica glass we monitored the

order parameter that we identified in a previous study as
most indicative of then-to-g3 cristobalite phase transforma-

ons in crystalline silic&! This order parameter is given by

tected between. the two. Th? room-tempgraturg ZEro-pressUfiga qrientation of the normal to the plane formed by the two
glass was obtained by heating and melting cristobalite S|I|c%i_O bonds in each Si-O-Si bridge and will be explained in
and subsequently cooling the liquid silica at a rate not ex-

ceeding 0.25 K/ps. Equilibrating the silica melt at differentdeetraeII bk;r—;lg(\;v.ozrlied\);irgjarglt;gﬁglpé%%iﬁ;ezfo;t;(f;@gllsc):aazlass
maximum temperatures and for various amounts of time di etermined from the eigenvalues of the dynamicai matrix
not affect the behavior of the glass. The equations of motio m-m-)l/Z&Z(I)(R)/aR- JR. ,, wherei andj are atom indices
were integrated using the fifth order Gear predictor-corrector Jd the C rtla i :f’ mponent ’
algorithn?® with a time step of 2 fs. As seen in Fig. 1, the ¢ andj are the Cartesian components.

initial silica glass has a density of 2.24 g/€mt 300 K, a

MD simulations of silica glass were carried out for 648-
particle (216 Si and 432 ®and 3000-particlg1000 Si and
2000 O systems with periodic boundary conditions. No sys-
tem size effects in excess of statistical errors could be d

positive thermal expansion in the low-temperature range, and ll. RESULTS AND DISCUSSION

a density maximurg at higher temperature. All of thege fer?— A. Response to temperature changes

tures are in good agreement in experiments and other N I .
simulations3 9 g P As seen in Fig. @), the initial bulk modulus of silica

glass at 300 K is 49 GPa and is higher than the experimental
37 GPa as shown in Fig(1®,2 but lower than 82 GPa from
a recent electronic structure calculations of silica glass under
The elastic properties of silica glass were determined apressuré® The anomalous temperature dependence of the
ambient pressure from 300 K to 2000 K at 50 K intervals,elastic properties of the glass, e.g., the increase of the bulk
using a heating rate of 5 K/ps followed by 20 ps equilibra-modulus with increasing temperature, is indeed reproduced
tion at each point. Conversely, the hydrostatic compressionin our simulations, albeit the rate of increase of the modulus
decompression was carried out on equilibrated structures atith temperature is about four times smaller than that in
500 K, 1000 K, and 1500 K from -20 GPa to 20 GPa atexperiments. This can be attributed to the enormous quench
1 GPa intervals, using a compression rate of 0.5 GPa/psates and the ensuing high fictive temperatures of the simu-
Temperature ramping was achieved by velocity scaling antated glasses. From the positive temperature dependence of

C. Determination of structure and properties
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(a) FIG. 3. Density and bulk modulus of silica glass versus pressure
at 500 K, 1000 K, and 1500 K from our MD simulations.

Pressure (GPa)

100 T T T T
Si0, . e SRS £ normal solid, but in between these pressures, it behaves
®r Lt oot Co il anomalously. This anomalous behavior of silica glass has
7 .,a" long been known from experiments, except for the return to
Qg o 1 normalcy at large tensile stresses. The bulk modulus of silica
% & .2 glass in our MD simulations exhibits a minimum at a higher
= T pressure than those in most room temperature experiments,
2 L B where it is found at~2—3 GP&2°The somewhat higher
% wl g - nadir pressure in our MD simulations, compared to experi-
- " . o ments, can again be understood as the result of the high
JRCCE Lo >y ": ‘e e fictive temperatures of the simulated glass. During the rapid

w0 —— '5,;0 e quench a portion of the structural relaxation that the simu-
Temperature (K) lated glass is capable of is forgone, and compared to experi-

(b) ments, this results in a comparably higher bulk modulus. The
structural reorganization that was omitted during the quench

FIG. 2. Elastic moduli of silica glass versus temperature at amMmust first be completed, now using activation through com-
bient pressure(a) bulk modulus from our MD simulations(b) preSSive deformation, before the modulus minimum can be
elastic constants G, Cy and bulk modulus from experiments reached. It can be seen in Fig. 3, that the bulk modulus

(Ref. 2. minimum occurs a little bit earlier with increasing tempera-

ture, which is consistent with a receantsitu study in which

the elastic modulus we know that at high temperatures thf1® modulus minimum was observed 6.7 and 6.7 GPa

structure of silica glass is more rigid than at low tempera O 545 and 475 K, respectively. Interestingly, the density

tures. Hence, when arrested in a structural state that corr@! the silica glass in the high-pressure limit increases with
sponds to a high-temperature equilibrium configuration, thdCreéasing temperature, while at ambient pressure in this
room-temperature glass will not only have a higher elastid®mperature range silica glass exhibits positive thermal ex-
modulus than the one cooled on an experimental time scal®2nsion, like a normal solidsee Fig. 1. The negative ther-
but upon reheating fewer structural changes can be revertég@ expansion of silica glass under pressure will be dis-
and the overall increase in elastic modulus will be less. ~ cussed in detail in part Il.

B. Response to pressure changes C. Structural characteristics

The effect of pressure also reveals anomalous behaviors
in our simulated silica glass, matching those observed ex-
perimentally. Figure 3 shows the evolution of the bulk modu-  The total neutron structure fact&q) of the simulated
lus under hydrostatic compression at 500 K, 1000 K, andsilica glass was calculated from the Fourier transforms of the
1500 K. At all temperatures, silica glass exhibits an initial pair correlation functions. We show the results for different
decrease in bulk modulus with pressure until it reaches @ressures at 500 K in Fig.(&. In order not to crowd the
minimum at approximately 6 GPa. By applying a hydrostaticgraph, we only shov&(q) from 1 to 10 GPa. The feature that
tensile stresgnegative pressuyethe bulk modulus of silica is predominantly affected by pressure changes is the first
glass continues to increase until pressure reaches —8 GPzharp diffraction peakFSDB. It decreases in intensity and
Below -8 GPa and above 6 GPa, silica glass behaves like shifts towards higher wave-vector magnitude with increasing

1. Total neutron structure factor
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1.5 [——

and second-nearest-neighbor Si-Si distances with pressure.
Any changes beyond the second peakgifs(r), gsiolr),
Jo-o(r) are poorly discernable.

The running integrals of the Si-Si, Si-O, and O-O radial
distribution functions are plotted for different pressures in
Fig. 5(b). At ambient pressure, the coordination numbers de-
rived from plateau leveling;.o=4, No.0=6, Ng;.s=4; N;j be-
ing the number of specigssurrounding specieg are nearly
ideal for a continuous random network of corner-sharing
SiO, tetrahedra. With the increase of pressure from O to
20 GPa at 500 K, there is no change in the nearest-neighbor
Si-O coordination number, only the gap between the first and
the less well defined higher coordination shells narrows.

: : 1 : ] The O-Si-O and Si-O-Si bond angle distributions are
ol i i i i shown in Figs. &) and %d). With increasing pressure, the
10 20 30 40 50 60 0O-Si-0 angle distribution still peaks around 109°, however,
it shows broadening, indicating slight distortion of the $iO
q (1/nm) i ) . .
tetrahedra. Most obvious is the change in the intertetrahedral
@) Si-O-Si angle. At 500 K, the peak position shifts continu-
21 12 ously from 147° to 135° as the pressure increases from 0 to
: 20 GPa. The reduction of the Si-O-Si angle, which is consis-
tent with the decrease in the Si-Si nearest-neighbor distance
revealed by gg.c(r), has been scrutinized by several
researcher¥}3242-45and has been postulated as the mecha-
nism for densification of vitreous silica under pressure.

It has also been proposed that the anomalous increase of
the elastic modulus upon heating silica glassd similarly,
the negative thermal expansion gfcristobalite silic4®*"is
attributed to a reduction in the Si-O-Si angle. While we do
observe a slight decrease in the Si-O-Si angle with the in-
creasing temperature in silica glass, the Si-Si distance, in
fact, does not decrease. The Si-O-Si angle decreases because
the bridging oxygen moves away from the line connecting
the two silicon atoms it is bonded to under the influence of

Pressure (GPa) thermal energy. All interatomic distances within this triplet

(b) of atoms increase with temperature. Thus the Si-O-Si angle

reduction cannot be the reason for the elastic anomalies in

FIG. 4. (a) Total neutron structure fact&q) of simulated silica  gjjica glass.
gIas; at 500 K qnder_different pressur@y. Position and height of From the above structural analysis, we see that the SiO
the first sharp diffraction peak versus pressure. tetrahedra maintain their integrity and rigidity at 500 K be-

tween 0 and 20 GPa, though they may slightly distort under
pressure, as seen in Figlbd The second peak remains lo- high pressures. This is in contrast to a recent MD sttidp
cated at approximately 30 nMy but its intensity increases the compressibility of pressurized amorphous silica, in which
somewhat with pressure. Very little change is observed agxtensive rebonding, leading to Si-O coordination change, is
larger g. This behavior is in excellent agreement with neu-observed at pressures as low as 5 GPa. In experiments, the
tron experiment$4! and a molecular-dynamics stutfy. pressure at which the coordination number of Si changes
Since features at smajlcorrespond to large repeat distancesfrom 4 to 6 is observed is typically higher, albeit a wide
in real space, the observed changes in the FSDP indicate thainge of magnitudes have been reported. For exarimpsgu
the intermediate-range order is substantially more affectetligh-pressure x-ray diffractidd of amorphous Si@ shows
by pressure-induced structural modifications than the shorthat the Si coordination starts to surpass 4 at pressures be-
range order. tween 8 and 28 GPa and reaches nearly 6 at 42 GPa, inhile
situ Raman?, infrared?? and Brillouin scatteringf measure-
2. Short range order ments all provide evidence for an increase in Si coordination
. ] . . . number only at pressures exceeding 20 GPa. Accordingly,

Figure %a) shows the partial pair-correlation functions o,r MD results are in good agreement with experimental
Osi-si("); 9si-o(r), 9o-olr) of silica glass at pressures of 0, 10, ypservations.
and 20 GPa and at 500 K. Upon densification, the first and
second peaks in all pair correlation functions shift to lower 3. Intermediate-range order
distances. The most obvious changes are seeg;ig(r) The large changes in the FSDP intensity and position of
distributions, reflecting a reduction of the nearest-neighbototal neutron structure factor, as well as decrease of the Si-

Total S(q)

First peak position (1/nm)
Ausuajui yead 1s.14
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FIG. 5. Short-range order of silica glass at 500 K, 0 GBalid line), 10 GPa(dashed ling and 20 GPadotted ling: (a) radial
distribution functionsgs;.s((r), 9si.o(r), and go.o(r), (b) coordination number(c) O-Si-O angle distribution, andd) Si-O-Si angle
distribution.

O-Si bond angle with pressure indicate the need for investiof this glass, while subject to pressures that range from
gating structural features beyond the scale of tetrahedrdl5 GPa to 20 GPa are shown in Fig. 6. Data points for all
units. A convenient way to characterize the intermediatepressures overlap, and there is no discernible change in the
range order of a random network is the ring statistics basedng size distribution at these pressures. Hence, our MD
on shortest-path analysi%:3The number of Si-O pairs in a simulations suggest that densification of silica glass at low
ring is conventionally called the size of the ring. Shortest-temperatures does not involve the breaking or formation of
path analysis ascertains that cristobalite silica consists erany bonds. This finding concurs with the conclusions drawn
tirely of six-membered rings, whereas quartz has six- andy MacMillian et al, who compared the densification of
eight-membered ring®*® The ring size distributions in silica glass at high and low temperatdfe-owever, our re-
silica glass as well as the bond lengths and bond angles isults at high temperatures, which will be discussed in part Il
these rings have been extensively studied by Rih@l*®  of this paper in the context of irreversible changes in the
Here we concentrate on changes in ring size distributionglass structure, show that the average ring size increases with
along the path of state points that we examined. pressure. This is in disagreement with MacMilliah al,*?

At the lowest temperature we studied in our simulationswho speculated that the densification of silica glass would be
namely at 500 K, silica glass that has been compressed tonsistent with a change to smaller average ring size, but it
20 GPa recovers its original density upon decompressiorconfirms the results by Stixruds al.?® which reveal that the
This means that the structural transitions in silica glass aaverage ring size will increase with pressure if any change
500 K in this pressure range are reversible. The ring statisticeappens.
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It is clear from Fig. 3, that the elastic modulus anomaly | foa .
under pressure occurs at any of the three temperatures Wen’ B ; . a ]
studied, regardless of whether the ring size changes with } .
pressure or not. For the remainder of part | we will therefore | | \ _',
set the effect of thermal activation aside and focus on iden- ‘ . o . :
tifying the structural transitions that are responsible for the - N - ‘x' A
anomalous thermomechanical behaviors of silica glass and S

that apparently do not require the breaking and formation of (°)
bonds. We will also ascertain that the underlying mechanism

is by nature a transition as opposed to a gradual deformation. F'C: 7- (@ Density and bulk modulus of cristobalite through the
a-to-B transformation under pressure. Main featuregristobalite

has a higher density, lower symmetry six-membered rings, and
lower bulk modulusB-cristobalite has a lower density, higher sym-
By comparing the results in Fig. 2 with those for the metry six-membered rings, and higher bulk modulizs.Compari-
anomalous regime between —8 GPa arl GPa in Fig. 3,it son of the geometries of a six-membered ring n and
becomes apparent that, whether it is the result of tensile des-cristobalite.
formation or thermal expansion, the larger the specific vol-
ume of silica glass the higher its bulk modulus. To under-mation is achieved through bond compression and bending
stand the mechanism responsible for the increase in rigiditynodes that offer equal resistance in all directions, whereas in
as the glass structure expands, we will first reiterate somghe latter, due to bond pivoting, rings can twist and fold up
key findings of our MD simulation study of the phase trans-onto themselves when compressed.
formation between ther- and S-cristobalite314° Given the As for the second feature, the transition betweerand
similarities between cristobalite and silica glass that haves-cristobalite is accomplished by a cooperative 90° rotation
been found in the Raman spectfainfrared spectra! Si-  of Si-O-Si bridges about the Si-Si ax¥s*® Each atom re-
O-Si angle distributiof? and average ring siZé cristobalite  mains fully bonded to the same nearest neighbors through
has long been a favored archetype for basing structural modhis transition, and while in the crystal all Si-O-Si bonds
els of silica glass on. For the following discussion we will rotate simultaneously upon transformation, the process is de-
introduce two features associated with théo-g cristobalite  generate in that the rotation can occur in opposite directions
transformation that can also be detected in behavior of silicgithin two independent subgroups of bonds. The Si-O-Si
glass. One pertains to the relationship between volume angond rotation is so prominent in this process that it can be
elastic property changes upon transformation, the other ongsed to assess the degree of transformation and its spatial
to the mechanism by which this transformation takes placeextent. We choose as order parameter the nompab the
The first feature is simply stated: whifg-cristobalite has plane that is defined by the two Si-O bonds connecting a
the smaller density of the two cristobalite modifications, itgiven oxygen,
has the larger elastic modules.The sudden changeover
from a high-density, low-modulus to a low-density, high- _ Ri1XRy
modulus structure upon the pressure-indueetb-8 trans- = IRy X Ry’
formation in simulated cristobalite is shown in Figay
B-cristobalite is characterized by more symmetric bond ori-whereR; andR, are the Si-O vectors in the Si-O-Si plane.
entations thame-cristobalite[Fig. 7(b)]. In the former, defor- The degree of transformation is expressed by comparing in-

D. Similarities between cristobalite silica and silica glass

1)
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stantaneous orientations with that of a reference configura-
tion of known phase character. The temporal evolution of the
transformation at any location in the structure can be tracked
through the time correlation of an individual Si-O-Si plane
normal,

o
3

Cni(t) =n;(t) - ni(0). 2

For a value oani(t):l, the normal vecton;(t)has the same
orientation as the reference plane normal and no transition
has occurred; a value of 0 means the plane has rotated by 90°
and the local phase character has changed to a degree equiva
lent to that of thea-to-8 cristobalite transition.

When applying this analysis to silica glass, we find that,
in response to temperature or pressure changes, the correlag
tion functions for individual Si-O-Si planes reveal sudden e 2 4
rotations similar to the ones observed during cristobalite
transformation. Importantly, the rotations in the glass are
abrupt and not gradual. Again, the oxygen atom in the Si-
O-Si plane undergoes large displacement while the two Si
atoms hardly move. However, unlike in the crystal where
rotations of all Si-O-Si bonds are cooperative, in the glass
these bonds rotate sporadically and independent from one
another. The fraction of bonds affected in this way changes
gradually over a range of temperatures or pressures. The ef-
fects of pressure and temperature on the structure are, how-
ever, not completely analogous. As a function of pressure
bond orientations transform between states and remain stable
in the new configuration. As seen in Figag two individual
planes abruptly rotate at different pressures without thermal
activation. A given transition alleviates the local stresses to
such an extent that further transitions are not necessary until : : 3 |
the stress builds up in a different location as a result of the < <1500 K — | >
continued overall compaction. As a function of temperature 0 5 10 15 20 25 30 35 40
individual bond configurations are activated to exceed their Time (ps)
current energy well and they commence to oscillate between
states. In Fig. &), the plane normal correlation function of a

given bond is shown at two different temperatures, to point £, g, (a) Two individual plane normal correlation functions
out that on a time average the deviation from the referencgersus pressure at 500 k) One individual plane normal correla-

orientation(chosen to be that at room temperajurereases tion function at 1000 K and 1500 K versus time at ambient pres-
with temperature. The mechanical response of the material isure.(The time origin for data at 1500 K is shifted for clarjty.
determined by the time-averaged bond configurations, which

are determinately removed from their initial orientations. ~ tory can grow exponentially and cause the system to escape
from its current energy basin.

Determining the rates with which perturbations evolve
can therefore be used to assess the stability of a configura-
While the abruptness of Si-O-Si bond rotations is an im-tion. In principle, there is one such rate for every degree of
portant indication for these structural changes to be transifreedom of the dynamical system, and different numerical
tions by nature rather than gradual deformations, we want tprocedures for this type of analysis have been suggested in
ascertain this point through further analysis. The underlyinghe literature. The square roots of the eigenvalues of the dy-
idea is that a transition, while it takes place, is characterizeshamical matrix of the simulated system at any arbitrary point
by structural instability, whereas deformation is not. This dis-along its trajectory directly yield the complete spectrum of

tinction can be made based on a dynamical ana(ya#s) of ~ the momentary rates evolution of perturbatiéhs This

the phase space trajectory of the simulated atomic configunethod is computationally similar to normal-mode analysis,

ration. A trajectory is considered stable if small perturbationsexcept that for the interpretation of the result a subtle but

do not affect the system’s long-term behavior in any signifi-important difference must be made. Because the system is
cant way and the phase-space coordinates remain within themoved from equilibrium and particles are subject to regu-

potential-energy basin associated with the current configurdar acceleration, the eigenvalues of the dynamical matrix do

tion. Conversely, if the system is not stable in its currentnot represent the normal modes of motion of the atoms in the
configuration, small perturbations of the phase-space trajeconfiguration but rather those of a perturbation to their mo-

b
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E. VDOS and mode instability in silica glass
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tion. For an arbitrary configuration of atoms, the resultingratio for the aforementioned unstable mode during the abrupt
eigenvalues may be positive or negative, their square rootslane rotation is very low, which means this unstable mode is
real or imaginary, and hence, the temporal evolution of thdocalized. The molecular structure shown in Figf)Xorre-
perturbations to the system may be either monotonous @ponds to the region in which this mode is localized, cut out
oscillatory. from the continuous glass network. The unstable mode
In terms of the stability of the system, perturbations thateigenvectors are drawn to emanate from the atoms. Their
result in oscillatory changes in atomic positions are harm+elative magnitudes provide direct visualization of the degree
less; it is the perturbations that cause continuously growin@f localization; the larger the eigenvector the more the atom
deviations from the current trajectory that indicate a propenpartakes in this mode, and vice versa. Accordingly, the larg-
sity of the system to undergo a transition. We refer to theest amplitude perturbation is to be attributed to the oxygen
latter as unstable modes. The spectra of eigenvalues for thkat undergoes the abrupt rotation, and with increasing dis-
simulated silica glass are shown in Figap We plot the tance from this atom eigenvector magnitudes rapidly de-
rates corresponding to the unstable modes on the left-hanttease. To preserve the integrity of the silica network, and
side of the origin, with increasing magnitude towards thegiven the rigidity of SiQ tetrahedra, the oxygen atoms of
left, and the rates of oscillatory perturbations on the right-adjacent tetrahedra must rotate cooperatively. Atoms labeled
hand side, with increasing magnitude towards the ri§ht. by large eigenvectors line up in chain or stringlike arrange-
The spectrum of oscillatory rates is very closely related toments. However, atoms beyond two or three interatomic
the VDOS of the silica structure. Comparing the VDOS of spacing from the central oxygen hardly participate in this
silica glass from our MD simulations with those from unstable mode.
experiments/->8 an excellent agreement in the peak position Neutron-scattering experimepi$26 and computer
for all three bandsaround 400, 800, and 1100 ¢ty is  simulation§* have postulated the existence of the localized
found. Most importantly, in agreement with experiments, wecooperative motions in amorphous silica without specifying
see more features in the low and intermediate frequencieghe nature of these motions. Rotational rearrangements of the
Most other models for silica glass only give the high- SiO, in silica glass similar to those reported here, were also
frequency peak and a broad, relatively featureless spectrabserved in simulations by Trachenla al®® The low-
band in the intermediate and low frequencied>° frequency excitatior?§ in silica glass and possibly its un-
The unstable modes are of most interest to us here. Atsual properties at very low temperatu?éspch as the heat-
finite temperatures, a small fraction of modes is unstable as @apacity scaling with temperature in a linear rather than
result of thermal disorder. Figurd® shows the DA spectra cubic way, and the approximately quadratic scaling of the
before, during, and after the abrupt individual Si-O-Si planethermal conductivity, have been attributed to these coupled
rotation that is shown in Fig.(8) to occur between 6 and rotations of a few Si@in the glass.
7 GPa. No substantial difference is seen between these three
spectra. However, if we examine the magnitudes of all eigen-
vectors associated with the O atom that participates in the F. Mechanisms underlying the anomalous
abrupt rotation before, during, and after the abrupt rotation, thermomechanical behavior

as shown in Figs. @)-9(d), we see a huge increase in the  pased on the observations detailed above we submit the
magnitude of the eigenvector of one unstable mode duringy|iowing explanation for the thermomechanical anomalies
the abrupt plane rotation. This eigenvector points in the dixyhipited by silica glass. Volume changes, either due to a
rection in which a perturbation would displace the atom withyariation of temperature or mechanical constraints, create
no restoring force, at a speed given by the rate of the corresyresses in the glass network. These are unevenly distributed
sponding mode. This unstable mode is the localized equivagcross the structure as a result of the disorder associated with
lent of a soft mode observed in displacive transformations ofne amorphous state of matter. The locations that exhibit
crystals. To our knowledge this occurrence has never beforgeak stress intensities are the first to react to the imposed
been evidenced in amorphous structures. . strains. The most effective way to relieve stress in the net-
To ascertain whether the unstable mode is localized oork structure is by invoking localized transitions based on
extended, we can evaluate the participation ratio of the modgye same mechanism that underlies dhi-3 transformation

using the definition in cristobalite, i.e., the abrupt rotation of Si-O-Si bonds. Ac-
N 1 cordingly, compressive volume changes lead to the collapse

P, = [NE (e .ex)zl 3) of the network rings that are in their geometries closer to

= ’ those ina-cristobalite, and hence the structure softens. Con-

versely, upon expansion the reverse process takes place.
wherei runs overN atoms in the system and labels the  While individual bonds rotate abruptly, and this process
modes?® For extended modep, is of the order of unity, clearly exhibits the characteristics of a transition, due to the
while for localized or quasilocalized modes, it will scale in- fluctuations in the local stress fields, different network
versely with the system size. The participation ratio forbridges are affected at different degrees of volume change.
modes yielded by our DA during the abrupt rotation is plot- The average Si-O-Si plane normal orientations, and with that
ted in Fig. 9e). The participation ratios for the oscillatory the global properties of the glass structure, therefore only
modes are in good agreement with the normal mode analysishange gradually as a function of pressure or temperature, as
on vitreous silica by Taraskin and ElliéttThe participation can be seen in Figs. (&) and 1@b). Because the local phase
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FIG. 9. (a) VDOS before, during, and after the abrupt Si-O-Si plane rotation in silica glass at $D0eK overlap to a great extgnt
Magnitudes of the eigenvectors of all modes describing the effect that a small perturbation has on the trajectory of the O atom involved in
a transition(b) before,(c) during, and(d) after the abrupt plane rotatio¢e) Participation ratios of all these modes during the abrupt plane
rotation.(f) Structural representation of a group of atoms in the vicinity of the transition: the small spheres represent Si atoms and large ones
are O atoms; the large sphere in gray is the O atom undergoing the abrupt rotation. The arrows drawn to emanate from atoms represent the
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directions and magnitudes of the unstable modes that affect the trajectories of these atoms.
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accommodate such transitions saturates and silica
glass returns to normal behavior in terms of its mechanical
properties.

IV. CONCLUSIONS

To conclude part I, our MD simulations reveal that the
thermomechanical anomalies of silica glass are due to the
localized reversible structural transitions, which are facili-
tated by modes of atomic displacement similar to the ones
underlying thea-to-g cristobalite phase transformations in
crystalline silica, i.e., spontaneous Si-O-Si bond rotations.
These transitions take place without changes in the short-
range order in the glass structure, i.e., bond length, bond
angle, coordination number, and even the ring size distribu-
tion remain unaltered. However, the transitions affect the
ring geometry and thereby the elastic response of the struc-
ture to imposed mechanical constraints. Upon expansion,
rings become more symmetric, which eliminates pivoting
around Si-O bonds as a mode of deformation. In the ex-
panded structure, all load is borne through bond compression
and bond bending, and as a result, the elastic modulus in-
creases. The Si-O-Si bond rotations are associated with dy-
namical instabilities, which typify this process as polyamor-
phic transition rather than a gradual deformation, in analogy
to soft modes that characterize transformations between crys-
talline polymorphs. In contrast to displacive transformations
in crystals, this polyamorphic transition remains localized, it
occurs sporadically at independent locations over a range of
pressure or temperature changes and results in a gradual
change of phase character and the associated physical prop-
erties.
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