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Intermediate state in pressurized silica glass: Reversibility window analogue
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We propose that silica glass exists in a special intermediate state for pressures bet@/eg 5 GPa,
which can be identified as an analogue of the “reversibility window” observed in chalcogenide glasses. In this
state there is a gradual reduction of the degree of low-energy flexibility of the structure, which matches a
gradual change in the average coordination number. At lower pressBres-8 GPa) the structure can
accommodate buckling of the structure network without any deformations of thep®l¢hedra, and at higher
pressuresRP>~5 GPa) the structure is rigid and deforms through rearrangements of the bonding on a local
scale. For pressures within the 3-5-GPa window, there is balance between the two mechanisms, with the
flexibility assisting in the global rebonding processes. The most dramatic manifestation of the window is seen
at high temperature, where there is a much greater relative volume decrease on heating at pressures within the
window than for other pressures, with the window widening at higher temperatures.
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One of the recent ideas in our understanding of the physto look for similar effects in other cases where some degree
ics of amorphous materials is that of the “reversibility win- of partial rigidity can be tuned and controlled. In this paper
dow.” This idea has arisen from studies of the effects ofwe argue that silica glass held under pressure gives such an
rigidity on properties in chalcogenide glasses. Philiped  example, and we correlate the changes in coordination num-
Thorpe and co-workefs showed that when the average co- ber under pressure with changes in the degree of flexibility
ordination number exceeds)=2.4 the structure will be of the structure. In the course of developing this idea, we
rigid, and when the average coordination number is lowebelieve that we are now able to shed light on a range of
than this the structure will support floppy modes. By chang-anomalous properties of silica glass under modést10
ing the chemical composition of chalcogenide glasses it i$SP3 pressures. The most prominent manifestation of the
possible to tune the average coordination number in a corintermediate state is the temperature-induced densification in
tinuous fashion, and there has been a search for measurathe window of pressures that bound the intermediate state.
changes in macroscopic properties on changding. Re- We have performed extensive molecular dynamics simu-
cently Boolchand and co-workéré observed dramatic lations on samples of silica glass under various pressiés.
changes in properties for a small range(of between 2.4 Details of the methodpreparation of the starting configura-
and 2.54 in SiSg _,, and with a somewhat tighter window tion, validation of the starting configuration, interatomic po-
in Gey ,Sip 75-«lx. These are accompanied by a loss of irre-tentials, simulation program, simulation methodology, )etc.
versibility of the heat flow on cycling through the glass tran-were given in earlier publications=*°
sition temperatures for this range of compositions, a phe- We found the following behavior. ForOP<~3 GPa,
nomenon that has led to the range of glasses being called tllee structure topology retains its integrity. We have seen
been called the “reversibility window.” Phillipshas de- earlief® that in this pressure range the volume is lowered as
scribed this as “the most striking discovering in glass sci-a result of buckling of the network through rotations of qua-
ence in many decades.” There may or may not be somsirigid SiQ, tetrahedra of the form illustrated in Fig.(fiote
degree of overstatement in this view, but there are, neverthdhat our initial network is perfect; all silicon atoms are
less, some important generic implications that govern thdonded to four oxygen atoms, and there are no nonbridging
properties of several classes of other actively studied mateexygen atoms There are a significant number of floppy
rials, including high-temperature superconductorand  modes[otherwise called “rigid unit modes(Refs. 13 and
proteins®~1° Thorpe and co-workefs!® has recently argued 14)] in this configuration, and their number does not change
that the same rigidity arguments can be applied to our undelen increasing pressure t03 GPa. Floppy modes are vibra-
standing of protein folding, and the possible existence of dional modes, and hence by definition their atomic motions
reversibility window in this case may provide proteins with are reversiblgunlike the rigid unit deformations of Fig. 1,
the very functionality they need for their important role in which give rise to the buckling of the network on increasing
life itself. pressurg

It has been suggested that the key to understanding the For P=~3 GPa we see the onset of deformations of the
reversibility window in the chalcogenide glasses is the posSiO, tetrahedra, leading to increased average coordination
sibility that the rigidity that sets in fofr)=2.4 only affects number for the silicon atomsFig. 2), and hence the number
part of the glass structure, with some clusters of the structuref local constraint$! This is a gradual process, and as a
retaining some degree of flexibility untir)=2.4+¢5 (5 result it does not immediately destroy the flexibility of the
=0.14 in SjSe_,).* The reversibility window will exist network. We find that the number of floppy molesle-
when the system is in this state of partial rigidity. Because ofreases gradually on increasing pressure over the raije
the significance of the idea of the reversibility, it is essential< P<~5 GPa, until the structure becomes rigid fBe
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dence of silica glass, namely, the floppy region for
~0-3 GPa, the partially floppy region fer3—-5 GPa, and
the rigid region forP>~5 GPa.

We now add the proposal, which is the key point of this
letter, that the intermediate pressure regim8-5 GPa, can
be described as defining an effect analogous to the one that
gives rise to the reversibility window in chalcogenide
glasses. We present two main pieces of evidence for the ex-
istence of this window in pressurized silica glass.

Our first piece of evidence for this comes from simula-
tions in which we equilibrate at different pressures, and in
which we increase pressure to a fixed pressure and then re-
lease the pressure, both at a fixed temperature of 300 K.
Figure 2 shows how the number of tetrahedrally coordinated
FIG. 1. Buckling of the structure due to large amplitude rota-S'I'Con atoms changes in both cases. We noted above the

tions of groups of SiO4 tetrahedra. The picture shows two superimgnset of small changes at3 GPa and the much larger

posed structures to highlight the magnitude of tetrahedral reorienéh@nges at-5 GPa; this is even more apparent in the de-
tations. compression curve. Figure 2 also shows the fractions of new

and broken bond$ as a function of pressure and as a func-

~5 GPa(this was partially documented in Ref. 11, but we tion of the pressure reached before decompression. In both
have recently extended the analysis with a finer variation of@S€s the t‘_"’9 pressures-o8 and 5 GPa mark critical points
pressure to enable us to see the gradual decline in the inhdft the data; in Fig. @), we note that between 3-5 GPa
ent flexibility clearly's). there is a high degree of reversibility in rebonding. We inter-

On increasing pressure beyonds GPa there is a much pret the ability of the system to reinstate its topology revers-
greater degree of rebonding, as seen in Fig. 2. At this poinfg!y in the pressure range 3-5 GPa is due fo the ?xtrq flex-
the structure has lost its flexibility, and further compressionPility compared to the system foP>~5 GPa; this
is necessarily accompanied by the breakdown of thdlexibility allows the structure to deform without significant
medium-range structurg. One of the interesting conse- rebonding. _ _ _
quences is the change of structure compressibility: our Our secondpiece of evidence for the existence of a re-
simulation results also suggest thav/dP is lower for  Versibility window analogue for the pressure range
P=~5 GPa. This is consistent with the compressibility ~3— > GPa comes from simulations taken to a given pres-
anomaly seen in high-quality experimental data for the presSUre at 300 K, and then heated for a fixed period of tie
sure dependence of the volume of amorphous sifida. ns; a long time compared with the dynamical atomic pro-

Thus we can define three regimes for the pressure depefR€SSes, after which no further density changes are) seen
various temperatures up to 1200 K. After heating, the volume

03 is compared with the volume at that pressure before heating,
Fig. 3. The “window” shape of this graph is in striking re-
semblance to the reversibility window seen in chalcogenide
glasse$ The first point to make is that temperature increase
leads to densification between betwee3 GPa~5 GPa.
The values of densification of 7-8% at high temperature in
Fig. 3 are in a very good agreement with recémtsitu
experiment?® In our model the negative thermal effect
takes place because silica glass is flexible to allow for reb-
02 onding processes to take place globally in the structure, al-
] lowing it to densify better in response to external pressure.
0.1 The second important point is that pressure has two compet-
ing effects: it brings Si@tetrahedra close together, assisting
0.0 in global rebonding processes, and at the same time it re-
duces the structure flexibility, inhibiting global rebonding.
The interplay of these two effects leads to the pressure win-
FIG. 2. Fraction of four fold coordinated Si atoms as a functiondOW between-3 GPa and~5 GPa, in which the tetrahedra

of pressureP in glass structures compressed to pressufe) and ~ aré close enough for the rebonding processes to take place,
decompressed from (b), together with the fraction of negsolid ~ andat the same time t_he structure is still flexible enough to
line) and broken(dashed ling bonds calculated by comparing the allow for these rebonding processes to take place globally.
initial structure and the structure at pressBréc), and by compar- Figure 3 shows that the left edge of the window has a
ing the initial structure and the structure decompressed from pre$strong dependence on temperature, with the window being
sure P (d). The coordination numbers are calculated by using owider at higher temperature. Since the structure’s flexibility
cutoff radius of 2 A . is lost forP>~5 GPa, the upper pressure of the window is
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! ' ' ' ' o is therefore reduced at lower temperatures. HoK
- - ~3 GPa, tetrahedra are too far away from each other for
\\ - rebonding processes to occur and cause volume decrease.
N /i This identification of a special window of pressures be-
-3+ VL / . tween~3-5 GPa is important for the interpretation of ex-
Yoy h | perimental data. For example, Mukherjeeal 2 interpreted
\ / densification taking place on heating at 3.6 GRihin the
500 K . identified pressure windowas evidence of a phase transi-
| N | tion. The results of this work suggest that the observed den-
A 800 K sification in this and other experimeft€’is related to the
-7 F AN S existence of the intermediate state in pressurised silica glass
| 1200 K | that gives rise to the temperature-induced densification.
In conclusion, we have shown that the intermediate state
-9 : , : : ' between floppy and rigid, recently recognized to exist in
0 2 4 6 8 10 12 chalcogenide glasses, also exists in silica glass under pres-
sure. Whereas in chalcogenide glasses, the intermediate state
Pressure (GPa) gives rise to the reversibility window of heat flow, in pres-
surized silica glass it results in a temperature-induced densi-
FIG. 3. Thermally induced densification in glass structure atfication in the pressure window that bounds the intermediate
various temperatures. The structure is pressurised to preBsure state, through the coupling between the structural flexibility
annealed for 5 ns at temperatures of 500l¢hg-dashed ling 800  and rebonding processes. The challenge now is to seek fur-
K (dashed ling and 1200 K(solid line). The resulting volume is  ther experimental confirmation of this window by measuring
_compared with the corresponding volume at pres8ubefore heat-  jensification over a wide range of temperatures and
ing (Vo). pressures.
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defined for all temperatures. The lower end of the window is  This research was motivated by very stimulating discus-
defined at the pressure at which the structure can flex withowgions with Professor J. Phillips and M. Thorpe. We are grate-
rebonding. At higher temperatures, the vibrations havedul to Professor V. Brazhkin and Y. Katayama for interesting
higher amplitude, allowing Siptetrahedra to come close discussions and for sharing the experimental results. We are
enough together to allow a rebonding process and accompaggrateful for financial support from EPSRC and CMI, and to
nying densification. The lower-pressure edge of the windowDarwin College, Cambridge.
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