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Intermediate state in pressurized silica glass: Reversibility window analogue
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Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge, CB2 3EQ, United Kingdom

~Received 15 January 2003; published 18 June 2003!

We propose that silica glass exists in a special intermediate state for pressures between; 3 and 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 pressures (P,;3 GPa) the structure can
accommodate buckling of the structure network without any deformations of the SiO4 polyhedra, and at higher
pressures (P.;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.

DOI: 10.1103/PhysRevB.67.212203 PACS number~s!: 61.43.2j, 62.50.1p, 91.60.Gf
y
n-
o

o-

e
g

t
o
ra

re
n
he
d

ci
m
th
th
at

de
f
th
in

t
os

tu

o
tia

ree
er
h an
um-
ility
we
of

the
n in
te.
u-

.
-
o-
c.

en
as
a-

re
ing
y

ge
-
ns
,
ng

the
tion
r
a
e

One of the recent ideas in our understanding of the ph
ics of amorphous materials is that of the ‘‘reversibility wi
dow.’’ This idea has arisen from studies of the effects
rigidity on properties in chalcogenide glasses. Phillips1 and
Thorpe and co-workers2,3 showed that when the average c
ordination number exceedŝr &52.4 the structure will be
rigid, and when the average coordination number is low
than this the structure will support floppy modes. By chan
ing the chemical composition of chalcogenide glasses i
possible to tune the average coordination number in a c
tinuous fashion, and there has been a search for measu
changes in macroscopic properties on changing^r &3. Re-
cently Boolchand and co-workers4–6 observed dramatic
changes in properties for a small range of^r & between 2.4
and 2.54 in SixSe12x , and with a somewhat tighter window
in Ge0.25Si0.752xIx . These are accompanied by a loss of ir
versibility of the heat flow on cycling through the glass tra
sition temperatures for this range of compositions, a p
nomenon that has led to the range of glasses being calle
been called the ‘‘reversibility window.’’ Phillips7 has de-
scribed this as ‘‘the most striking discovering in glass s
ence in many decades.’’ There may or may not be so
degree of overstatement in this view, but there are, never
less, some important generic implications that govern
properties of several classes of other actively studied m
rials, including high-temperature superconductors7 and
proteins.8–10 Thorpe and co-workers8–10 has recently argued
that the same rigidity arguments can be applied to our un
standing of protein folding, and the possible existence o
reversibility window in this case may provide proteins wi
the very functionality they need for their important role
life itself.

It has been suggested that the key to understanding
reversibility window in the chalcogenide glasses is the p
sibility that the rigidity that sets in for̂r &>2.4 only affects
part of the glass structure, with some clusters of the struc
retaining some degree of flexibility until̂r &>2.41d (d
50.14 in SixSe12x).

4 The reversibility window will exist
when the system is in this state of partial rigidity. Because
the significance of the idea of the reversibility, it is essen
0163-1829/2003/67~21!/212203~3!/$20.00 67 2122
s-

f

r
-
is
n-
ble

-
-
-

the

-
e
e-
e
e-

r-
a

he
-

re

f
l

to look for similar effects in other cases where some deg
of partial rigidity can be tuned and controlled. In this pap
we argue that silica glass held under pressure gives suc
example, and we correlate the changes in coordination n
ber under pressure with changes in the degree of flexib
of the structure. In the course of developing this idea,
believe that we are now able to shed light on a range
anomalous properties of silica glass under modest~0–10
GPa! pressures. The most prominent manifestation of
intermediate state is the temperature-induced densificatio
the window of pressures that bound the intermediate sta

We have performed extensive molecular dynamics sim
lations on samples of silica glass under various pressures11,12

Details of the method~preparation of the starting configura
tion, validation of the starting configuration, interatomic p
tentials, simulation program, simulation methodology, et!
were given in earlier publications.11–15

We found the following behavior. For 0,P,;3 GPa,
the structure topology retains its integrity. We have se
earlier15 that in this pressure range the volume is lowered
a result of buckling of the network through rotations of qu
sirigid SiO4 tetrahedra of the form illustrated in Fig. 1~note
that our initial network is perfect; all silicon atoms a
bonded to four oxygen atoms, and there are no nonbridg
oxygen atoms!. There are a significant number of flopp
modes@otherwise called ‘‘rigid unit modes’’~Refs. 13 and
14!# in this configuration, and their number does not chan
on increasing pressure to;3 GPa. Floppy modes are vibra
tional modes, and hence by definition their atomic motio
are reversible~unlike the rigid unit deformations of Fig. 1
which give rise to the buckling of the network on increasi
pressure!.

For P>;3 GPa we see the onset of deformations of
SiO4 tetrahedra, leading to increased average coordina
number for the silicon atoms,~Fig. 2!, and hence the numbe
of local constraints.11 This is a gradual process, and as
result it does not immediately destroy the flexibility of th
network. We find that the number of floppy modes16 de-
creases gradually on increasing pressure over the range;3
,P,;5 GPa, until the structure becomes rigid forP>
©2003 The American Physical Society03-1
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;5 GPa~this was partially documented in Ref. 11, but w
have recently extended the analysis with a finer variation
pressure to enable us to see the gradual decline in the in
ent flexibility clearly15!.

On increasing pressure beyond;5 GPa there is a much
greater degree of rebonding, as seen in Fig. 2. At this po
the structure has lost its flexibility, and further compress
is necessarily accompanied by the breakdown of
medium-range structure.15 One of the interesting conse
quences is the change of structure compressibility:
simulation results also suggest that dV/dP is lower for
P>;5 GPa. This is consistent with the compressibil
anomaly seen in high-quality experimental data for the pr
sure dependence of the volume of amorphous silica.17,18

Thus we can define three regimes for the pressure de

FIG. 1. Buckling of the structure due to large amplitude ro
tions of groups of SiO4 tetrahedra. The picture shows two supe
posed structures to highlight the magnitude of tetrahedral reor
tations.

FIG. 2. Fraction of four fold coordinated Si atoms as a funct
of pressureP in glass structures compressed to pressureP ~a! and
decompressed fromP ~b!, together with the fraction of new~solid
line! and broken~dashed line! bonds calculated by comparing th
initial structure and the structure at pressureP ~c!, and by compar-
ing the initial structure and the structure decompressed from p
sure P ~d!. The coordination numbers are calculated by using
cutoff radius of 2 Å .
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dence of silica glass, namely, the floppy region f
;0 –3 GPa, the partially floppy region for;3 –5 GPa, and
the rigid region forP.;5 GPa.

We now add the proposal, which is the key point of th
letter, that the intermediate pressure regime,;3 –5 GPa, can
be described as defining an effect analogous to the one
gives rise to the reversibility window in chalcogenid
glasses. We present two main pieces of evidence for the
istence of this window in pressurized silica glass.

Our f irst piece of evidence for this comes from simul
tions in which we equilibrate at different pressures, and
which we increase pressure to a fixed pressure and then
lease the pressure, both at a fixed temperature of 300
Figure 2 shows how the number of tetrahedrally coordina
silicon atoms changes in both cases. We noted above
onset of small changes at;3 GPa and the much large
changes at;5 GPa; this is even more apparent in the d
compression curve. Figure 2 also shows the fractions of n
and broken bonds12 as a function of pressure and as a fun
tion of the pressure reached before decompression. In
cases the two pressures of;3 and 5 GPa mark critical point
in the data; in Fig. 2~d!, we note that between;3 –5 GPa
there is a high degree of reversibility in rebonding. We int
pret the ability of the system to reinstate its topology reve
ibly in the pressure range 3–5 GPa is due to the extra fl
ibility compared to the system forP.;5 GPa; this
flexibility allows the structure to deform without significan
rebonding.

Our secondpiece of evidence for the existence of a r
versibility window analogue for the pressure ran
;3 – 5 GPa comes from simulations taken to a given pr
sure at 300 K, and then heated for a fixed period of time~5
ns; a long time compared with the dynamical atomic p
cesses, after which no further density changes are see! at
various temperatures up to 1200 K. After heating, the volu
is compared with the volume at that pressure before heat
Fig. 3. The ‘‘window’’ shape of this graph is in striking re
semblance to the reversibility window seen in chalcogen
glasses4. The first point to make is that temperature increa
leads to densification between between;3 GPa;5 GPa.
The values of densification of 7-8% at high temperature
Fig. 3 are in a very good agreement with recentin situ
experiments19,20. In our model the negative thermal effe
takes place because silica glass is flexible to allow for r
onding processes to take place globally in the structure,
lowing it to densify better in response to external pressu
The second important point is that pressure has two com
ing effects: it brings SiO4 tetrahedra close together, assisti
in global rebonding processes, and at the same time it
duces the structure flexibility, inhibiting global rebondin
The interplay of these two effects leads to the pressure w
dow between;3 GPa and;5 GPa, in which the tetrahedr
are close enough for the rebonding processes to take p
and at the same time the structure is still flexible enough
allow for these rebonding processes to take place global

Figure 3 shows that the left edge of the window has
strong dependence on temperature, with the window be
wider at higher temperature. Since the structure’s flexibi
is lost for P.;5 GPa, the upper pressure of the window
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defined for all temperatures. The lower end of the window
defined at the pressure at which the structure can flex with
rebonding. At higher temperatures, the vibrations ha
higher amplitude, allowing SiO4 tetrahedra to come clos
enough together to allow a rebonding process and accom
nying densification. The lower-pressure edge of the wind

FIG. 3. Thermally induced densification in glass structure
various temperatures. The structure is pressurised to pressuP,
annealed for 5 ns at temperatures of 500 K~long-dashed line!, 800
K ~dashed line!, and 1200 K~solid line!. The resulting volume is
compared with the corresponding volume at pressureP before heat-
ing (V0).
a

an

ro

in

n

e

21220
s
ut
e

a-
w

is therefore reduced at lower temperatures. ForP,
;3 GPa, tetrahedra are too far away from each other
rebonding processes to occur and cause volume decrea

This identification of a special window of pressures b
tween;3 –5 GPa is important for the interpretation of e
perimental data. For example, Mukherjeeet al.21 interpreted
densification taking place on heating at 3.6 GPa~within the
identified pressure window! as evidence of a phase trans
tion. The results of this work suggest that the observed d
sification in this and other experiments19,20 is related to the
existence of the intermediate state in pressurised silica g
that gives rise to the temperature-induced densification.

In conclusion, we have shown that the intermediate s
between floppy and rigid, recently recognized to exist
chalcogenide glasses, also exists in silica glass under p
sure. Whereas in chalcogenide glasses, the intermediate
gives rise to the reversibility window of heat flow, in pre
surized silica glass it results in a temperature-induced de
fication in the pressure window that bounds the intermed
state, through the coupling between the structural flexibi
and rebonding processes. The challenge now is to seek
ther experimental confirmation of this window by measuri
densification over a wide range of temperatures a
pressures.
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