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In part I, we showed that the thermomechanical anomalies of silica glass are due to the reversible structural
transitions that affect the intermediate-range order and that are brought about by atomic displacement modes
similar to those underlying thea-to-b phase transformations in cristobalite silica. In this paper, we show that
polyamorphic transitions can be irreversible, in particular under large compressive stresses, and provided
adequate thermal activation for the necessary bond exchanges to take place. Under these conditions a stable
high-density form of amorphous silica develops, which is characterized by larger ring sizes but unchanged
near-range structural order. In this high-density amorphous state another anomalous feature of silica glass, i.e.,
negative thermal expansion, is accentuated. Pressure and temperature effects on the permanent densification of
silica, as well as the nature of the newly discovered amorphous phases and its implications on the physical
properties of amorphous silica are discussed.
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I. INTRODUCITON

Over the past two decades there have been several discov-
eries that strongly suggest that not just one, but two or more
discrete amorphous states may exist for the same material.
This phenomenon, which has been termed “polyamorphism,”
also implies that distinctive structural transitions occur be-
tween these states. In the mid 1980’s, Mishima discovered a
new high-pressure phase of amorphous ice. The transition
between high-density and low-density amorphous ice occurs
reversibly and abruptly at approximately 135 K, and
0.2 GPa, with some hysteresis and involves a volume change
of about 0.2 cm3/g. It has the characteristics of a first-order
phase transformation.1–5 Subsequently, Grimsditch per-
formed a series of studies where he compressed various net-
work glasses to very high pressures.6–9 Upon release of pres-
sure, the sound velocities in silica and germania glass did not
return to their original values. The author concluded that
glasses had undergone irreversible structural changes upon
compression. In boron oxide, a transformation took place,
but was not stable upon complete decompression, and in
a-As2S3 there was no indication of irreversible structural
changes as the result of applied pressure.

So far, polyamorphism has been evidenced based on
changes in macroscopic observables, but detailed descrip-
tions of the underlying structural changes are generally elu-
sive. Using our model for silica glass described in part I of
this paper, we were able to observe both reversible and irre-
versible polyamorphic transitions. In order to simulate sys-
tem sizes adequate for the investigation of the amorphous
state of matter we used classical molecular-dynamics(MD)
simulations based on a semiempirical interaction potential.
The dynamic charge-transfer feature of this interaction
model provides for improved realism in simulating the rup-
ture and formation of bonds. While part I was dedicated to
reversible transitions and their role in the thermomechanical
anomalies of silica glass, in this part we focus on the irre-
versible structural changes and explore the concept of densi-

fication limit. In Sec. II of this paper, we discuss the mecha-
nism of the irreversible structural transitions. The onset
pressure for irreversible transitions and the maximum densi-
fication that the system can achieve under a given thermo-
mechanical condition are examined in Sec. III. In Sec. IV, we
study the negative thermal expansion behavior that emerges
in silica glass while under pressure, and in Sec. V the nature
of the recovered amorphous phases is compared with that of
the original silica glass before compression.

II. MECHANISM OF IRREVERSIBLE TRANSITIONS

Figure 1 shows the density versus pressure curves for
silica glass upon compression and decompression at 1000 K
and 1500 K. At 500 K, as shown in part I, the structural
transitions are reversible up to 20 GPa. At 1000 K and
1500 K in Fig. 1, a large deviation of the decompression

FIG. 1. Density vs pressure for silica glass during compression
and decompression at 1000 K and at 1500 K.
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curve from the compression curve can be observed, which
demonstrates that irreversible structural transitions take place
at these two temperatures and within this pressure range. The
degree of permanent densification in silica glass recovered at
ambient pressure increases with increasing temperature.
Based on the above observations, it is obvious that tempera-
ture plays a crucial role in the permanent densification of
silica glass under pressure, even though the maximum den-
sity to which the glass has been compressed at 20 GPa de-
pends only very slightly on temperature. Amorphous-
amorphous transitions are completely reversible at low
temperatures, but an increasing number of irreversible tran-
sitions occur at high temperatures. The irreversible transi-
tions actually do occur upon compression, but based on the
density versus pressure data alone, distinction between re-
versible and irreversible transitions cannot be made.

The short-range order of silica glass at 500 K has already
been shown in Fig. 5 of part I. Not much difference can be
seen in the evolution with pressure of pair-correlation func-
tions gSi-Sisrd, gSi-Osrd, and gO-Osrd, the coordination num-
bers, as well as intratetrahedral bond angle distribution when
comparing the data for 500 K and 1500 K. In contrast, the
evolution of the intertetrahedral angle distribution with pres-
sure at 1500 K is quite different from that at 500 K. In Fig. 5
of part I we see that at 500 K the Si-O-Si angle decreases
continuously with pressure from 0 to 20 GPa, but at 1500 K
this angle reaches a steady value upon compression. As
shown in Fig. 2, the Si-O-Si angle distribution changes only
slightly with pressure between 10 and 20 GPa when the sys-
tem is subject to a higher thermal activation.

The developments in ring statistics of silica glass at
1000 K and 1500 K between 15 GPa and 20 GPa are shown
in Fig. 3. Recall from part I that there is no discernible
change in the ring size distribution from 15 GPa to 20 GPa
at 500 K. At 1000 K in Fig. 3(a), there are moderate in-
creases in the number of larger rings with pressure. When the
temperature increases to 1500 K in Fig. 3(b), between
15 GPa and 20 GPa, there is a continuous increase in the
number of larger rings while little changes are seen for small
ring sizes.

The above observations show that thermal activation most
appreciably affects the evolution of intermediate-range order
of silica glass with pressure. At low temperature, the densi-
fication of silica glass takes place mainly through two
mechanisms:(i) the abrupt and sporadic rotations of Si-O-Si
about the Si-Si axis, which results in network rings folding
up onto themselves, and(ii ) the gradual reduction of the
Si-O-Si bond angle, which in turn brings the Si-Si nearest-
neighbors closer to each other as seen ingSi-Sisrd. This kind
of densification is reversible, respectively, elastic. Upon de-
compression, bond rotations reverse and the Si-O-Si angle
springs back. The same deformation mechanisms are in-
voked in the densification of silica glass at high tempera-
tures. However, provided sufficient thermal activation, a
third mechanism can be invoked. The Si-O bonds can break
and atoms are able to exchange neighbors. Interestingly,
upon compression, larger rings form at the expense of
smaller ones. This bond swapping mechanism eventually re-
lieves the system from continued deformation of the Si-O-Si
bond angle in the effort to accommodate a high degree of
compression. At 500 K, due to the lack of thermal energy, no
bond swapping takes place and the Si-O-Si bond angle con-
tinues to decrease over the entire pressure range from 0 to

FIG. 2. Si-O-Si angle distribution in silica glass at 1500 K,
0 GPa(solid line), 10 GPa,(dashed line), and 20 GPa(dotted line).

FIG. 3. Intermediate-range order in silica glass at different pres-
sures: ring size distributions(a) at 1000 K and(b) at 1500 K.
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20 GPa. In comparison, at 1500 K, the structure deforms by
decreasing the Si-O-Si bond angle only to about 10 GPa.
Beyond this pressure, network rings open up through bond
swaps. These larger rings require less bond bending when
deformed in response to the high pressure, and the Si-O-Si
bond angle distribution reaches a steady state.

There has been considerable debate concerning experi-
mental observations of topological changes in amorphous
silica, especially with regard to how the ring size distribution
may change during densification. The “defect” linesD1 and
D2 at 495 and 606 cm−1 in the Raman spectrum10 have been
unambiguously associated with the three- and four-
membered rings in vitreous silica, and provided the first clear
proof for the occurrence of such small rings as postulated by
Galeener.11 The observation that theD2 intensity increases
with increasing pressure has been interpreted as an increase
of the number of three-membered rings and it was concluded
that the ring size distribution shifts to smaller ring sizes with
increasing pressure.12 Hence, the densification of silica glass
has been commonly attributed to a reduction of the average
ring size with pressure throughout the literature.7,13,14 How-
ever, by building physical models of large crystalline and
amorphous networks, Marians and Hobbs15 found out that
higher density is associated with a larger proportion of large
rings. A similar conclusion was also drawn by Stixrude and
Bukowinski16 upon analyzing the framework density of tec-
tosilicates. For example, among silica polymorphs, cristo-
balite has only six-membered rings, whereas quartz, a denser
phase, has six- and eight-membered rings. The fact that co-
esite, the densest phase at ambient conditions, contains four-
membered rings is often quoted in support of the intuitive
association of small rings with high density. But coesite also
contains 6-, 8-, 9-, 10-, 11-, 12-membered rings, so that its
average ring size is actually among the largest of a tetrahe-
dral network.17 The association of large rings with higher
density is reasonable, because a long chain can easily fold
onto itself, while smaller rings are more constrained to con-
vex curvature. Our results are consistent with the Monte
Carlo simulations by Stixrudeet al. who studied the com-
pression of silica liquid18 and silica glass19 and found that the
average ring size increases upon compression.

III. ONSET PRESSURE FOR IRREVERSIBLE
TRANSITIONS AND MAXIMUM DENSIFICATION

Experimental and theoretical studies6,12,17,19–25 demon-
strate that below,10 GPa at room temperature, the com-
pression of SiO2 glass is elastic and reversible. Irreversible
densification is then observed in the pressure range between
,10 and,20 GPa. Beyond this anelastic regime, compres-
sion is again reversible and no further densification is ob-
served. Silica glass can be permanently densified by
20–40% depending on the maximum pressure to which it is
subjected, the temperature at which the compression takes
places, possibly the degree of nonhydrostatic stress, the de-
tailed characteristics of the initial sample, and the time of
exposure.6,12,22,24

Figure 4 shows the relative density of recovered silica
glass at 0 GPa versus the maximum pressure it was subjected

to before decompression, at 1000 K and 1500 K. The density
is normalized with respect to the starting density before com-
pression, which is 2.25 g cm−3. At 1500 K, there is no per-
manent densification when the maximum pressure is below
6 GPa, which means silica glass only undergoes elastic de-
formation and reversible transitions in this pressure range.
From 6 to 25 GPa, the extent of permanent densification in-
creases with the maximum pressure, which indicates an an-
elastic deformation or irreversible structural changes in silica
glass under pressure. Beyond 25 GPa, no further permanent
densification is taking place, the structural transitions be-
come reversible once again in the high-pressure regime. At
1000 K, the onset of irreversible structural transitions occurs
at a higher pressure, i.e., 8 GPa. For maximum pressures
between 8 and 30 GPa, the recovered silica glass has less
permanent densification at 1000 K than at 1500 K. Above
30 GPa and at 1500 K, the capacity of the structure for per-
manent densification has saturated, but this is not the case at

FIG. 4. (a) Relative density of recovered silica glass at 0 GPa vs
the maximum pressure it was subjected to before decompression in
MD simulations.(b) The densification of SiO2 glass as a function of
the pressure of the run at 25°C(open circles) and 600°C(solid
circles) in experiments(Ref. 26). (The index of refraction was used
to assess the magnitude of the densification, knowing that a linear
relationship exists between density and refractive index. Note that
the refractive index of the glass after removal from the sample
holder is shown, not the refractive index at pressure.)
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1000 K. The degree of permanent densification at 1000 K
eventually exceeds that at 1500 K. Hence, the onset pressure
as well as the maximum permanent densification a system
can achieve is temperature dependent. For as long as the
glass network is primarily composed of tetrahedrally coordi-
nated silicon we can say that the higher the temperature at
which the structure is compressed, the earlier irreversible
transitions start and the sooner they exhaust. This is in good
qualitative agreement with the observations made by Cohen
and Roy26 in their early experiments[see Fig. 4(b)].

In our MD simulations, anelastic compression is mani-
fested in the breaking and reforming of Si-O bonds, which
leads to a rearrangement of the network connectivity and an
inherently denser structure. Higher topological density of the
structure is achieved by an increase of the proportion of
larger rings, as seen in Fig. 3. This densification mechanism
is in excellent agreement with other simulations.19 However,
the permanent densification in these simulations19 is some-
what smaller than observed in most experiments. In our MD
simulations, silica glass can be permanently densified by
24% and 30% at 1000 K and 1500 K, respectively, when
subject to a maximum pressure of 20 GPa. This trend is con-
sistent with experimental results.6,12,22,24 Even though the
temperatures at which the densification takes place in simu-
lations are higher than in experiments, experimental and
simulated glasses were both well below their fictive tempera-
tures. There might be several reasons for why there is less
permanent densification observed in simulations than in ex-
periments under the same thermal and mechanical condi-
tions. Certainly, the cooling rate in simulations is several
orders of magnitude higher than in experiments. Conse-
quently, the simulated glass has a higher fictive temperature
and, given the negative thermal expansion of molten silica, a
lower specific volume. This implies that in simulations silica
glass has less capacity for structural changes upon compres-
sion than in experiments. However, this is probably a small
effect. After all, the thermal expansion coefficient of silica is
very small and at sufficiently high temperatures we observe
about the same degree of densification in simulations as in a
colder experimental glass. We therefore believe that the dif-
ference in compression rates is predominantly responsible
for the discrepancy between the simulated and experimen-
tally observed densification behaviors. The compression rate
in simulations is also several orders of magnitude higher than
in experiments. For any thermally activated processes to take
place in simulations during this brief deformation cycle, the
thermal energy provided to the system must be correspond-
ingly higher. Hence, it is likely that we observe the same
processes in simulated glass at high temperature as in experi-
mental glass at a lower temperature, and the difference in
temperature has the effect to adjust the rate of structural re-
laxation so that in proportion to the rate of deformation it is
comparable in both cases.

There is, however, one distinguishing factor that prevents
the time-temperature equivalence in the densification behav-
ior of silica glass from being complete. Not only does the
rate of structural relaxation increase with temperature, the
relative change in density does as well. This has been shown
experimentally by Cohen and Roy,27 and it is reproduced in
our simulations. At the elevated temperatures, even though

the rate of the bond swapping reactions is higher, it takes
longer for the structural reorganization to finish in our simu-
lations, simply because of the greater degree of compaction
that is required for achieving the saturation density at a given
pressure. Once maximum densification is achieved though,
repeated compression/decompression cycles no longer bear
any effect on the structure and properties of the recovered
glass. This suggests the existence of a densification limit that
represents the optimum structure for a given temperature and
maximum applied pressure. This notion is, furthermore, cor-
roborated by the changes in the mechanical properties of the
recovered glass, as discussed below.

IV. NEGATIVE THERMAL EXPANSION UNDER
PRESSURE

The increase in the degree of densification that can be
achieved at a given pressure with increasing temperature in
essence translates to a negative thermal expansion behavior.
Negative thermal expansion of the silica glass under pressure
was also observed in other experiments28–31 and theoretical
studies.32,33

To further understand the mechanism of the negative ther-
mal expansion of silica glass under pressure we apply an
abrupt pressure of −10 GPa, 0 GPa, 10 GPa, and 15 GPa,
respectively, let the system equilibrate for 20 ps at 500 K,
and then heat it up to 2000 K at a 5 K/ps heating rate. As
shown in Fig. 5(a), under a hydrostatic tensile stress of
−10 GPa the density of the silica is independent of tempera-
ture within the procedural error. At zero pressure, the glass
has a slightly positive thermal expansion. When increasing
the pressure to 10 and 15 GPa, the negative thermal expan-
sion becomes more and more pronounced. This is in excel-
lent qualitative agreement with experimental results. For
comparison, refractive index data are shown in Fig. 5(b).27 A
densification of about 4–5% takes place by the time 2000 K
is reached. When looking at the evolution of ring size distri-
bution with temperature for the four systems, there are no
changes for the systems subject to −10 GPa and 0 GPa pres-
sure. Figure 5(c) shows that at 10 GPa, the most obvious
changes in the ring size distribution occur between 1500 K
and 2000 K. There is a continuous shift to larger sized rings
between 500 K and 2000 K at 15 GPa[Fig. 5(d)].

In a recent synchrotron radiation study on silica glass un-
der high pressure,31 the most dramatic change with tempera-
ture was seen in the first sharp diffraction peak(FSDP). Con-
versely, the temperature dependence of the x-ray diffraction
intensity for silica glass was not observed at atmospheric
pressure.34 Since the FSDP is reflective of the intermediate-
range order, our MD results are consistent with the experi-
mental observations that high pressure can facilitate the
structural transitions affecting the intermediate-range order
and lead to increasing densification with increasing tempera-
ture. Our MD simulations show that pressure and tempera-
ture have similar effects on the densification of silica glass,
namely, increasing the proportion of large-sized rings to ac-
commodate a higher density. But neither temperature nor
pressure can achieve this effect by itself. For example, at
500 K, there is no permanent densification up to 20 GPa; on
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the other hand, without positive pressure, high temperature
alone can only result in a decrease of density, as expected for
a normal solid. Hence, an optimum combination of pressure
and temperature will result in a maximum densification in
silica glass.

V. NATURE OF RECOVERED GLASS

Neutron34 and x-ray21 investigations of the densified state
show that there are no differences in the nearest-neighbor
arrangements between the recovered and original silica glass.
Raman12,13,35 and IR (Ref. 23) spectra of highly densified
a-SiO2 show that the vibrational spectra of the densified ma-
terials are significantly different from those of the starting
materials.

Figure 6 shows the comparison between the recovered
and original silica glass structures at the atomistic level.
There is not much change in short-range order, nor is there
any evidence of coordination change in the permanently den-
sified silica glass in Figs. 6(a) and 6(b). The O-Si-O angle
distributions in the recovered and original silica glass both
peak around 109°, only a slight broadening is seen in the

recovered glass. The intertetrahedral Si-O-Si angle distribu-
tion in the recovered silica glass shifts to a slightly lower
value, but this does not account for the observed density
increase of more than 24%. Overall not much difference is
seen in the bond angle distribution in the recovered and
original glass[Fig. 6(c)]. Figure 6(d) shows a large differ-
ence in the ring size distribution in the two systems. The
proportion of large rings increases significantly in the densi-
fied structure in comparison to the original structure. This is
consistent with Trachenko and Dove’s recent MD simula-
tions on pressurized amorphous silica,33 as well as with the
investigations by Stixrudeet al.16 and Marianset al.,15 which
all revealed that density scales with the average ring size. A
neutron-scattering study of densifieda-SiO2 showed that, al-
though there is no appreciable change in the short-range or-
der, substantial modification occurs in the intermediate-range
order.24 This supports the fact that densification can be
achieved without change in coordination numbers.

The bulk modulus of silica glass is plotted as a function of
pressure during compression and decompression at 1000 K
in Fig. 7. This modulus was determined by computing the

FIG. 5. Negative thermal expansion of silica glass under pressure.(a) Relative density of silica glass vs temperature at different constant
pressures in MD simulations.(b) Index of refraction of the quenched silica glass as a function of temperature in experiments(Ref. 27). (c)
Ring size distribution at different temperatures at 10 GPa.(d) Ring size distribution at different temperatures at 15 GPa.
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derivative of the density versus pressure based on small fluc-
tuations about each state point. During compression, the bulk
modulus initially decreases with increasing pressure; it
reaches a minimum at 6.5 GPa, and then increases up to
20 GPa. The important fact to notice is that the bulk modulus
during decompression is higher than that during compres-
sion, over the entire pressure range from 0 to 20 GPa. This is
the same behavior as observed by Grimsditch in Brillouin
scattering experiments, as shown in Fig. 7(b).6 At 1000 K,
the recovered silica glass at 0 GPa has a 20% higher bulk
modulus. Figure 7(c) shows that recovered silica glass at
0 GPa has a 24% permanent densification upon decompres-
sion from 20 GPa. The behavior of the recovered silica glass
at 1500 K is similar to that at 1000 K, but has a higher bulk
modulus (40% increase with respect to the original glass)
and a 30% permanent densification upon decompression
from 20 GPa. The increase in density and bulk modulus for
the recovered silica glass are both in good agreement with
Grimsditch’s experimental results.6

Our MD simulations show that continuous structural
changes take place in silica glass upon compression. At el-
evated temperatures these changes encompass a significant

amount of irreversible structural transformations. Upon de-
compression, the elastic deformation is released and revers-
ible transitions are recovered. However, most of the irrevers-
ible structural transitions are quenched, and these new
structures persist at ambient conditions. The densified silica
glass is extremely stable and it is not possible to further
increase the density of the densified silica glass by subjecting
it to pressures less or equal to those at which it was origi-
nally densified. This can be seen in Fig. 7(c). When subject
to a second compression-decompression cycle, the density
varies linearly with pressure up to 20 GPa, which is quite
different from the behavior of the original glass under com-
pression. Upon decompression in the second cycle, the den-
sity almost exactly follows that of second compression and
first decompression.

As seen in Fig. 7(d), the most notable difference between
the recovered and original silica glass is that the bulk modu-
lus anomaly under pressure disappears in the high-density
silica glass. Based on the behavior exhibited during this sec-
ond compression-decompression cycle, we conclude that the
irreversibly densified glass structure has lost its ability to
undergo the reversible transitions described in part I of this

FIG. 6. Comparison of atomic-scale structure between the recovered(dashed line) and original silica glass(solid line) at 1000 K:(a)
radial distribution functionsgSi-Sisrd, gSi-Osrd, andgO-Osrd; (b) coordination number;(c) O-Si-O and Si-O-Si angle distribution; and(d) ring
size distribution.
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paper, and that all deformations during the second(and sub-
sequent) cycles are almost entirely elastic. The density of the
silica glass after the second decompression returns to the
same value as before the second compression.

VI. CONCLUSIONS

Reversible and irreversible structural transitions are ob-
served in silica glass under pressure in our MD simulations.
Reversible transitions take place by ways of localized abrupt
rotations of Si-O-Si planes, which is the same mechanism
that underlies thea-to-b cristobalite transformations. The
emergence of a localized unstable mode associated with
these abrupt Si-O-Si plane rotations ascertains the transition
character of this process. Finally, these reversible transitions
are responsible for the anomalous thermomechanical proper-
ties in amorphous silica.

Irreversible transitions involve the exchange of Si-O
bonds, and cause changes in the intermediate-range order.

Most prominently, the average ring size increases upon den-
sification. Irreversible structural changes at high temperature
and pressure can be quenched to ambient conditions. The
recovered silica glass has quite different macroscopic prop-
erties than the original glass, for example, a 24% increase in
density, a 20% higher bulk modulus at 1000 K upon decom-
pression from 20 GPa, and the absence of thermomechanical
anomaly. However, from the microscopic point of view, the
major difference between the densified and the original phase
is the change in ring topology; there is little difference in
short-range order, and there is no coordination change.
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