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The behaviour of a-quartz and pressure-induced Si02 glass 
under pressure: a molecular dynamical study 
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Abstract. We have carried out extensive molecular dynamical calculations on uqnanZ and 
pressureinduced glass and have related these to the expelimental observations under sraric and 
shock pressure loading, In the crystalhe q u m  densification and amorphidon take place 
shaply a m d  20 GPa and are related to the changes in the Si cwrdioation. Tbe pressure- 
induced glass is considerably less compressible than the fused silica, showing B gradual change 
in the Si modination, and is unlike the glass studied earlier by Tse, Klug and Le Page. However 
even this glass shows a densificadm. similar to that of quanz as well BS fused silica Retrieval 
of the four-coordinated slate, in bath cases. q u i r e s  annealing at high tanpemlures. Just before 
amorphizntion of arquartz, 0 a l m s  are still far from the recently pmpoJed BCC packing. 

1. Introduction 

Over the last few years, numerous compounds have been shown to hrtnsform to the 
amorphous phase when subjected to static high pressures [l-31. The material is amorphized 
under pressure due to the smctural frustration in reaching the dense-packed high-pressure 
equilibrium phase. This is the result of unfavourable kinetics and is thermodynamically 
symbolized by a threelevel diagram [1,4,S]. Evaluation of steric hindrances provides a 
reasonable quantitative estimate of the pressures of this transformation, irrespective of the 
nature of the underlying bonding in these materials [61. There is growing evidence that the 
same transformation also takes place when these materials are subjected to shocks, even 
though the resulting micmstruc,me may be different due to different strain loading rates and 
its uniaxial name [4,7,8]. A Raman spectroscopic study of shock-recovered quartz suggests 
that the untransformed quartz is under tensile stress which requires that the resulting glacis 
be of higher density than a-quartz [9]. Static high-pressure x-ray absorption experiments 
on ismtructural GeOz indicate that the Ge-0 bond length never reverts back to the original 
value after release of pressure from the amorphous phase [lo]. It is possible that this is also 
the case for a-quartz. To have deeper insight into such atomic processes involved in ulis 
transformation, it is necessary to reson to detailed atomistic, such as molecular dynamical, 
calculations. Recently a few such calculations have helped considerably in achieving a 
better understanding of this transformation [11-151. Understandably, most calculations have 
concentrated on Si02 since there is a large amount of experimental information available 
on this [7-9,16-191 and also because of the availability of reliable pair potentials for this 
material [20,21]. In this paper we present the results of OUT detailed molecular dynamics 
(MD) calculations on Si02 as a function of pressure and temperature. Because the pressure- 
induced amorphization is essentially a consequence of the compression of materials, we 
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would relate these to the experimental results; amongst others, to those for shock-recovered 
quartz. However, as we are not dealing with shock propagation in materials, the present 
calculation cannot provide details about the various lamellae observed in experiments [7,8]. 
The experimental observations could be understood, to the extent that the recovered state 
is related to the locally equilibriated pressuretemperature state. Some of the results of the 
calculation have been presented earlier [121 and the present paper extends those results. 

M S Somayazulu et al 

2. Molecular dynamical simulations 

The MD simulations presented here have been carried out using a program which is based on 
the constant-volume method and has been described elsewhere [22]. Equations of motions 
were integrated by Verlet’s algorithm [23] using a time step of 0.002 ps. The simulations as 
a function of pressure and temperature use the size and shape of the unit cell as variables. 
In the program the cell dimensions are determined by equating the intemal stress to the 
external pressure. Our procedure is similar to that of Pawley and Thomas [NI. The starting 
atomic configuration is the crystallographic smclure of cyquartz at ambient conditions. The 
temperature and hence the kinetic energy are slowly increased to a temperature of 300 K in 
about 10 ps. At each pressure and temperature the system is equilibriated for at least 100 ps. 
We have used the pair potentials derived by Buneyuki er ol [%I], obtained through first- 
principles many-body calculations for clusters which reproduce various equilibrium crystal 
stIuc[ures of SiOz. The bond angles and bond lengths calculated using this potential 1121 
agree very well with the accurate ab initio calculations of Chelikowski er a/ [251. However, 
this potential has instabilities at very short S i 4  and 0-0 distances which could be reached 
by crossing of the potential barriers due to high velocities at high temperatures (> 4030 K) 
[261. In our case the time step chosenis small enough that even at the highest temperatures 
in our simulation (2300 K) the atoms do not reach these short distances. However the 
program has built-in error diagnostics to detect such a situation. Simulations were carried 
out using a periodic maclocell of 162 and 243 atoms with essentially similar results. The 
pressure was raised in steps of - 5 GPa except near the transition where finer steps were 
used. Simulations have been carried out under the following conditions: 

(1) pressure loading of Cuquara up to about 80 GPa at 300 K; 
(2) unloading of pressure from 25 GPa at 300 K 
(3) heating of the terminal state of (2) to well above melting point (up to 2300 K) and 

cooling back to 300 K 
(4) increase of the temperature of the phase at 15 GPa and increase of pressure at this 

elevated temperature; and 
(5) pressure loading of the terminal phase of (3) to 100 GPa and unloading the pressure 

fiom 40 GPa. 

Heating in step (3) was wried out in steps of 100 K/lO ps equilibrating at each 
temperature. The intemal energy when plotted as a function of tempetature shows a change 
of slope at 2200 K, similar to what has been observed by Valle and Andersen [271, and 
this is interpreted as melting. The unit cell volume jumped back to N 98% of the starting 
volume of the crysiaUine phase at this temperature. This phase was quenched to 18M) K 
from 2300 K and annealed to equilibiiEm at each lowering of 500 K. This somewhat sharper 
cooling schedule was chosen to mimic the lowering of temperature during shock unloading. 

The initial cy phase of quartz, when subjected to high pressures, amorphizes at about 
20 GPa, consistent with our earlier results [U]. The evolution of the amorphous phase 
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from the crystalline a phase is shown in figure 1. For the sake of clarity. only one layer 
of Si atoms has been ploned in this figure. Figure I@)  shows the smcture of a-quartz at 
20 GPa jus1 before amorphization takes place. This configuration of atoms is similar to that 
suggested by Hazen er al [17] and therefore supports their suggestion that 0 atoms tend 
to close pack on approach of amorphization. However, OUT results indicate that the atomic 
configmtion remains just short of their extrapolated state at the onset of amorphization. 
We also find that the 0 atomic positions are nowhere near the proposed [281 BCC packing 
at the transition pressure. 

Figure Projection down the c axis of a-quartz 
SI different simulation conditions: (a) 50 ps before 
amorphizatim and (b) SO p after amaph idcm at 
.- 20 GPa. 300 K, ( c )  0 GPa, 1100 K (after pressure 
release and subsequent hiph-Irmperattm annealing). 
Far the sake of clari~y aoly one layer of Si atoms has 
been plotted. The large circles represent 0 atoms while 
the smaller circles we the Si atoms. 

On amorphization, the open-ring configuration (six or three membered) of the crystalline 
phase becomes progressively distorted into a smaller ring struclure with increasing pressure. 
This is in agreement with some of the earlier suggestions [29,30]. However, a noteworthy 
result is the appearance of a tridymite-like six-membered ring configuration when the 
retrieved amorphous phase (from step 2) is heated to - 1100 K to regain the fourcoordinatd 
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state. The difference in the ring configuration of this phase and the crystalline phase is that 
the six-membered ring is no longer an open structure, but is composed of smaller four- 
membered rings. In figure 2, we have shown the frill smcture just after amorphization has 
taken place at N 21 GPa Prior to amorphization the full structure, when projected along 
the c axis, is identical to that in figure ](a). A new notable feature from figure 2 is the 
existence of a shear when seen along the original c axis. This shearing does not vanish 
even on Further inerease or on complete unloading of pressure. The crystalline order is 
destroyed in the basal plane. On the other hand, if the initial temperatures are kept higher 
than 750 K, we see that the shearing vanishes. Further, if the rehieved amorphous phase 
(afm pressure unloading) is heated to temperatures higher than loo0 K, the order along 
the c axis is also desuoyed and one obtains essentially a threedimensional isotropic glass. 
However, this shearing does not vanish on heating the amorphous phase at higher than 
amorphization pressures, even if annealed up to 2300 IC. The pressure of amorphization 
shows a very weak dependence on initial temperatures up to IO00 K, which is at variance 
with the experimental result 181 that the pressure of complete amorphization under shocks 
decreases with temperature. In view of our results, we feel that the temperature dependence 
of the pressure characterizing the completeness of transformation is essentially a kinetics 
effect. 
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Figure 2. Projection dorm the c axis of the 162-atom macmcdl used in the simulation studies: 
(a) 21 GP.% 300 K (duriog pressure loading); and (6) after pressure relea~e from 25 GPa la 
0 GPa at 300 K. 'Ihe large circles represent 0 atoms while thc smaller circles a the Si atoms. 
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Si-0 DISTANCE ( A )  

FlWre 3. Frequency distlibution of S i 0  bonds in the inlerval 1.5-2.2 A: (a) 15 GPa: (b) 
21 GPa; (c )  42 GPa; (d) 0 GPa (all at 300 K): (e) 0 GPa, I1W K; (f) 23 GPa, heated to 
2300 K (9) pressurized Lo 21 GPa BL 950 K. (o)-(c) refer IO i n c m i g  pressure while (d )  and 
(e) are obtained from i h ~  pressure release. 

Figure 3 shows the histogram of the distribution of 0 atoms within the bonding distance 
of 2.2 8, around an Si atom. Before the transformation S i 4  bonds have a sharp dishibution 
as expected. In the amorphous phase the distribution becomes spread out from - 1.6 A 
to almost 2 A. This indicates a substantial distortion of Si04 teuahedra. At 40 GPa, the 
amorphous phase shows a higher percentage of bonds around 1.8 A. On unloading the 
pressure, the dismbution continues to be indicative of the amorphous phase. On raising the 
temperame of this reeieved glass to about 1100 K, there is some restoration of sharpness in 
the bond distribution. However, if the amorphous phase at 23 GPa is raised to temperatures 
as high as 2300 K, the histograms show only a small relaxation around 1.8 A. On increase 
of the pressure for a-quartz at initial t e m p e r a m  of about 1000 K, the resulting amorphous 
phase has a similar distribution as in figure 3(b), though with a small maximum around 
1.7 A. 

The histograms of figure 3 are used to calculate the average S i 4  bond length and 
this is shown in figure 4. Up to 20 GPa there is a small elastic compression of the S i 4  
bond length. The steep increase in the average S i 4  distance to - 1.8 A on amorphization 
indicates a weakening of the bond. This, as discussed below, results from the additional 
bonding of Si and 0 at" once these come closer than the bonding distance, and supports 
the suggestion of Chelikowski et a1 [25]. Beyond the pressure of amorphization, the S i 4  
bond length deneases slowly. On unloading the pressure there is a large hysteresis and the 
bond length shows a steep decrease below 6 GPa, attaining a value of 1.665 8, at - 1 GPa. 
Even on incmse of temperature up to 1300 K, the bond length hardly shows any change. 
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So, the notable falure is !hat the average S i 4  separation never reverts back to the starting 
value, which is very similar to what has been observed for GeOz under a similar pressure 
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In figure 5(a) we have shown the variation of average Si coordination under increasing 
and decreasing pressure. The change in the Si coordination is closely related to the behaviour 
of the average S i 4  bond length. On increase of pressure the coordination changes abruptly 
and substantially beyond U) GPa and attains a plateau at 5.8 between 25 GPa and 40 GPa 
FuU six coordination is approached slowly and is attained fully at - 65 GPa, and not a! 
80 GPa [ I l l .  On decreasing pressure~the coordination shows a large hysteresis loop and 
reduces steeply from 12 GPa to reach a final value of - 4.6, in slight disagreement with the 
results of Tse ef a1 1141. A fourfold coordination reverts back only on healing this phase to - 1000 K. Figure 5(b-d) shows how the fractions of Si atoms having four-, five- or sixfold 
coordination change on increase and decrease of pressure. Beyond 20 GPa, an increasingly 
larger number of Si atoms have coordination greater than four. For example, at 21 GPq only 
11% of Si atoms have four-, 15% have five and 74% have sixfold coordination. On further 
increasing the pressure the number of fourfold coordinated atoms becomes vanishingly small 
while six coordination increases at the cos! of four as well as Eve. On complete unloading 
of pressure only about half the Si atoms revert to four coordination while about one third 
retain fivefold coordination. 
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Figure 5. (a)  Average Si coordination as B functieo of pressure. The fraetians of (b) four- 
mordinated. (e )  five-coordiiated and (d)  six-rdinated Si a t m s  have been plotted sepantely. 
0 represents pressure loading and 0 unloading. The cwrdidan after annealing h e  pressure- 
releared phase at high temperatures is indicated by A, 500 K: 0, 800 K and *, 1030 K. The 
curves are a guide to the eye. 

The calculated P-V/Vo is shown in figure 6. The agreement with experimental data 
of Levien et al [31] and of McWahan [32] in the crystalline phase is excellent. At higher 
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Figure 6. Calculated P - V i v a  of a q a t i z  as a function of incmsing (0) and decreasing (0) 
pressure. The experimental data for Ihc c l ys~a l l hc  phase under static pressures (< 15 GPa) of 
Levisn er 01 (x) [31] a d  McWahan (t) pZ] arc also shown for comparison. Shock data for 
pressures higher lhan 20 GPa for XCUI uqwm @enlagons) .am also shorn [331. lae equation 
of slate of stishovile 134) is rho" by V.  T h e  dala far h e  higb-lcmperanue thermal m a l i n g  of 
Ihe pressure-released phase are shown by A. 500 K 0,800 K (hexagons). 1000 K: *. 13W K 
e, 1500 K and 0.2300 K. The data obtained fmn [31-34] have been scaled with respcct Io 
the initial volume Vo (120.75 A31 of our simulation studies. The cuwcs are m m 1  IO be guider 
Lo Ihe eye. 

pressures the P-V behaviour of the amorphous phase is very close to that of the shocked 
a-quartz [33]. Because of the phase transformation, it is difficult to construct an isotherm 
from shock data, but the agreement is highly suggestive of the shocked state also being 
amorphous. For comparison the calculated isotherm of stishovite is also shown [34]. The 
behaviour of the amorphous phase on unloading of pressure from 25 GPa is considerably 
different from the equation of state of fused SiOz. In particular, thc retrieved phase at 300 K 
continues to be the densified one at V I V O  N 0.75. This feature is related to the residual 
coordination of 4.6 and also the residual increase in the S i 4  bond length mentioned above. 
This brings out the principal difference between the melt glass and the pressure-amorphized 
glass, despite the fact that recent high-resolution transmission electron microscopic studies 
indicate that there is no microstructural difference between the two amorphous phases [35]. 
An indirect conlirmation of this is provided by the release wave in the shock experiments on 
x-cut quartz [36]. In fact the shock-unioading behaviour in quartz, as studied by Chhabildas 
1361, is very similar to that of figure 6. With the present pair potentials we revert to close 
to the starting volume ( V /  VO N 0.975) only on annealing at 2300 K. 
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Figure 7. P-VlVo for the pressure-induced glass: 0 ~presenfs pressore loading while 0 
represents unloading. ?he pmsure-released phase was again subjected Lo thermal annealing ai 
high temperaNres show by A, 500 K; 0, 800 K, ‘. IWO K: and f, 1200 K. Far comparison 
l e  experimental static pressure data (x)  of 1381 and the shoek data @entagons) of [391 are also 
plated. after scaling them to l e  initial volume Vo ( I  15.30 A’) of mr prersure-induced glass. 
The c w e ~  are m a t  to sere as guides to the eye. 

3. Simulations of four-coordinated glass 

Now we shall describe the results of MD calculations on the four-coordinated amorphous 
phase obtained after the pressure unloading from 25 GPa and subsequent annealing. As 
discussed above, the recovered pressureamorphized phase was heated slowly to 2300 K. 
Although the four coordination of Si is realized at about 1000 K, volume and average 
S i 4  distance relax only after heating beyond 2200 K, which is the melting point in OUT 
simulation. After annealing to equilibrium at 2300 K, the resulting phase was quenched to 
1800 K and subsequently cooled according to the schedule given above. Therefore, this 
glass obtained after minimal heating is qualitatively different from the fused silica studied 
by Tse er a/ [141, which was prepared from melting cristabolite and quenching from a 
temperamre of 7000 K. This study would hence serve a purpose in evaluating whether 
the response of pressure-generated glass is any different from the fused silica. This new 
glass was subjected to pressures of up to 100 Gf’a. The pressure-unloading behaviour was 
studied from - 50 GPa. P-V behaviour is shown in figure 7 and is compared with the 
experimental data of fused silica. The pressure-generated glass is far less compressible 
than the fused silica under both static 1371 and shock compression [38]. The change in 
the Si coordination is shown in figure 8 and is similar to that of a-quartz except that the 
variations are relatively smooth. There is substantial coordination change around 25 GPa. 
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Figure 8. Tbe variation of Si coordination in the pressure-induced glass 8s a function of pressure 
while pressure loading (0) and unloadw (0). The coordination of the pressure-&rued phase 
at high tempem- i s  shown by A, 500 K 0, 800 K and *, ID00 K. Complele revenion Lo 
four wrdination lakes place at 1Mo K. 7he curves are guide 10 the eye. 

The signiscant difference fmm the results for a-quartz is that here, around 25 GPa, the 
weighting of five and six coordinations is comparable. Only beyond 50 GPa does six- 
coordinated Si become dominant, and around 100 GPa the glass is fully six coordinated. 
In contrast, the glass studied by Tse et al shows six coordination at 30 GPa On release of 
pressure we continue to see a permanent densification of about 16%. and the coordination 
equilibrates at - 4.5. The permanent densification is comparable to what has been calculated 
by Tse e! a/ 1141. On annealing this retrieved phase at - lux) K the amorphous phase is 
dedensified and four coordination reverts. 

4. Discussions and conclusions 

One of the interesting results of these m calculations is the formation of compacted glass, 
which can be anisotropic or isotropic depending upon the heat treatment. For example, in 
static pressure experiments the retrieved amorphous phase is likely to be anisotropic unless 
deliberately annealed. However, in shock experiments there is always a possibility of shear 
mnes and consequent higher temperatures 1391. So if the average bulk temperature on shock 
release is substantially higher than 1000 K, then the retrieved glass may revert to the four- 
coordinated state and will be isotropic. but if the residual temperature is considerably smaller 
than IO00 K, the resulting glass would be a compacted one of higher density. Altematively 
one may obtain a distribution of coordination and density which reflects the temperature 
distribution. So the observation of two kinds of glass in microscopy experiments may not be 
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indicative of different origin, i.e., melt and soli&solid glass [SI. Further, Raman scatteriog 
experiments indicate the existence of tensile s m s  in the shock-rehieved quartz, implying 
the retention of higher-density glass [9]. This can be rationalized in terms of the arguments 
given above. 

As we have already commented in the context of figures 1 and 2, the 0 movement just 
before amorphization is not substantial enough to be close to the suggested BCC phase [%I. 
Related to this is the suggestion that the principal driving mechanism of amorphization is 
the violation of the Born stability condition by the vanishing of the shear modulus B3. We 
would like to bring into focus the fact that prior to the vanishing of B3 (at 23 GPa), a zone 
boundary mode at [i, 01 goes soft (around 19 GPa) [121. In principle. this could be the 
driving cause of making B3 vanish. The atomic configuration just before amorphization is 
quite close to that suggested by Hazen er ai [17], so the amorphization occurs when Si04 
tehahedra are compacted to almost the maximum d e p  permissible by the topology of the 
quam structure, and results from the kinetic fiusaation of the evolution of Si coordination 
from four to six. The existence of fivefold coordination at the onset of amorphization 
symbolizes the frustration necessary for the process. 
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