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We calculate the optical properties of shock-compressed silica up to a pressure of 1200 GPa usingab initio
molecular-dynamics simulations. The calculations show a significant rise in conductivity and reflectivity as
both the pressure and temperature increase. This smooth increase in reflectivity up to a pressure of 500 GPa as
well as the saturation value of about 35% given by the simulations are in near perfect agreement with recent
shock compression measurements. The constituency analysis performed suggests that this increase in both
conductivity and reflectivity can be attributed to the dissociation of molecular systems in the fluid.
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I. INTRODUCTION

Due to its significant abundance in the earth mantle, the
behavior of silica, SiO2, under high pressure has been exten-
sively studied, both theoretically and experimentally, over
the past decades. Up to now, however, these studies have
mainly focused on the characterization of the different allo-
tropic phases,a-quartz, cristollabite, and stishovite1,2 which
are found for the solid state near room temperatures300 Kd
and pressures generally below 1 Mbars1 Mbar=100 GPad.
Despite significant progress in our understanding of the be-
havior of silica in this regime, little is known, however, on its
various physical properties for pressures and temperatures
above, respectively, 100 GPa and 5000 K.

In the present paper, we focus on the description of the
electrical and optical properties of silica for pressures rang-
ing from 100 to 1200 GPa and corresponding temperatures
which span from 5000 to 90 000 K. This study is motivated
by recent measurements of the Al2O3, LiF,3 and SiO2 (Ref.
4) reflectivities along the principal Hugoniot using shock
compression techniques. These measurements show a sig-
nificant increase in reflectivity for these three systems, reach-
ing between 20% and 50% at the highest pressures. This
smooth rise in reflectivity generally signals a transition from
an insulator to a metallic state. At normal conditions, these
three crystals present a significant band gap of about 10 eV.
The increase in reflectivity observed experimentally has been
modeled for LiF and Al2O3 as the combined effect of
pressure-induced gap closure and thermal excitation result-
ing from the increase of both pressure and temperature char-
acteristics of shocked experiments.3 Despite this attempt, the
mechanism leading to the semiconductor-metal state is still
not clear and requires further investigations usingab initio
approaches.

To this end, we performed quantum molecular-dynamics
(QMD) simulations of shock-compressed silica for condi-
tions corresponding to these recent measurements along the
principal Hugoniot. QMD simulations, where the electrons
receive a fully quantum-mechanical treatment within the
framework of density-functional theory(DFT), have proven

to give a reliable description of the solid and liquid proper-
ties of silicate up to a pressure of 100 GPa.5–7 QMD simula-
tions have also been successfully applied to the description
of various atomic and molecular fluids and have shown to be
well suited to calculate the dynamical, electrical, and optical
properties of various systems for conditions met in shock
experiments.8–14 For shocked silica, we find, as for two other
systems hydrogen and nitrogen, that the steady rise in con-
ductivity and reflectivity at pressures above 100 GPa can be
associated with the continuous dissociation of the molecular
fluid. In this regime, and in contrast to the assumption used
for the modeling of the LiF and Al2O3 reflectivities,3 the
frequency dependent QMD conductivities do not exhibit a
Drude-like behavior. This suggests that a nonideal metallic
state is reached for SiO2, even at the highest pressures where
measurements were performed. Finally, these findings and
the accuracy of the method at describing the properties of
SiO2 in this regime are corroborated by the remarkable
agreement between the QMD and experimental reflectivities
above 100 GPa.

II. SIMULATION METHOD

In the present application,ab initio molecular-dynamics
trajectories were generated using the Vienna Ab Initio Simu-
lation Package(VASP) plane-wave code developed at the
Technical University of Vienna.15 Within this package, the
electron-ion interactions can be described by either Vander-
bilt ultrasoft (US) pseudopotentials16 or projector augmented
wave(PAW) potentials.17 The exchange correlation term can
be treated within the local-density approximation(LDA ) or
the generalized gradient approximation(GGA) as param-
etrized by Perdew and Wang.18

We tested the different functionals and potentials avail-
able by calculating thea-quartz properties at 0 K(cold
curve) and 300 K. As noticed by Hamann,19 the volume de-
pendence of the total energy ofa-quartz in the solid phase at
0 K shows that the PAW-LDA calculation gives the closest
results to the experimental volumes37.71 Å3d. The GGA
calculations, US and PAW, both predict higher volumes. The
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band structure ofa-quartz computed in the LDA approxima-
tion agrees very well with previous calculations,20 showing
at theG point a direct gap of 5.5 eV and an indirectM-G gap
of 7.5 eV, compared with the experimental one of 9–9.5 eV
(see Ref. 21 and references therein). Accordingly, our com-
puted optical properties will be shifted by 1.8–2 eV toward
lower energies when compared to the experimental results.
We further note that in this case,GWcalculations22 overcor-
rect the LDA band gaps. In light of these findings, we further
calculated the optical properties ofa-quartz at 300 K using
the PAW-LDA approach.

For both the solid and shocked states investigated in the
present work, we follow the Kubo-Greenwood formula-
tion 23,24 to calculate the optical conductivity(atomic units):
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In Eq. (1), v is the frequency,cn and En are the electronic
eigenstates and eigenvalues for the electronic bandn at a
given k point in the Brillouin zone,Wskd is the k-point
weight in the Brillouin zone using the Monkhorst-Pack
scheme, andfn is the Fermi distribution function. Finally, the
Kubo-Greenwood formulation is applied using the all-
electron PAW potential which does not require the correction
term related to the nonlocality of the pseudopotential that
would be needed if US pseudopotentials were used.10,17,25

The d function is resolved by using a Gaussian
regularization.8,10 The dc electrical conductivitysdc is ob-
tained by extrapolating the low-frequency optical conductiv-
ity to v=0. The eigenstates and eigenvalues used in the
present application are solutions of the Kohn-Sham equa-
tions and are thus computed within the local-density approxi-
mation. For systems in an arbitrary medium, the reflectivity
rsvd is defined as

rsvd =
fn0svd − nsvdg2 + fk0svd − ksvdg2

fn0svd + nsvdg2 + fk0svd + ksvdg2 , s2d

where the real partnsvd and the imaginary partksvd of the
index of refraction are related to the dielectric function as

esvd = e1svd + ie2svd = fnsvd + iksvdg2. s3d

n0svd and k0svd define the indices of refraction of the sur-
rounding medium. The dielectric function itself follows from
the real and imaginary parts of the conductivity as

e1svd = 1 −
4p

v
s2svd, e2svd = −

4p

v
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where the imaginary part of the electrical conductivity arises
from the application of the Kramer-Kronig relation

s2svd = −
2

p
PE ssndv

sn2 − v2d
dn, s5d

whereP stands for the principal value of the integral.
The hot solid phase ofa-quartz s300 Kd was simulated

using 24 molecules(eight elementary cells) equilibrated for a
total time of 4 ps(8000 time steps of 0.5 fs) using a micro-

canonical simulation. The optical conductivity and reflectiv-
ity were calculated at ten independent configurations using a
finer Brillouin-zone sampling and an increased number of
bands. The result of the calculation is shown in Fig. 1 and
compared with the self-consistent orthogonalized linear com-
bination of atomic orbitals(SCOLCAO) calculations of Xu
(Ref. 20) and the experimental data of Philipp.1,2 Figure 1(a)
shows that the first two maxima at 10.1 eV and 11.3 eV are
not reproduced by either our PAW-LDA or the SCOLCAO
calculations. These maxima have been recently attributed to
excitonic effects22 which are not included in our DFT ap-
proach. In agreement with the band-structure calculation, we
notice that the onset of the conductivity is shifted by 2 eV to
lower energies when compared to the experimental results.
In contrast, the optical reflectivity shown in Figure 1(b) re-
produces the trend of the experimental curve and yields val-
ues at 1 and 2 eV, corresponding to laser frequenciesv and
2v, in excellent agreement with the experimental values. The
reflectivity shown in Figure 1(b) is calculated for a system in
vacuum wheren0svd=1 andk0svd=0 in Eq. (2). Based on
the overall satisfactory description of the physical properties
of a-quartz using a PAW-LDA approach, we choose to simu-
late the electrical and optical properties of compressed silica
under the same conditions.

III. RESULTS

Points along the principal Hugoniot of silica were calcu-
lated using 8–54 molecules in the simulation cell. Due to the
Fermi distribution, simulations performed at the highest tem-
peratures require to consider a larger number of bands. As
the computational time involved increases with the number
of bands included in the calculation, the number of particles
used needs to be reduced to keep the calculation feasible. As
such, we used ten bands for each SiO2 molecule at T
=7700 K and 64 atT=88 000 K. For the calculation of the
optical properties, the number of bands needs to be further
increased to allow for the high-energy transitions and pro-

FIG. 1. (a) Optical conductivity vs energy fora-quartz at
300 K. (b) Reflectivity vs energy fora-quartz at 300 K. The full
line represents QMD results and the line with full circles the ex-
perimental data of Philipp(Refs. 1 and 2).
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vide converged optical conductivities. The number of bands
used for each condition is given in Table I.

The final-state conditions satisfying the Rankine-
Hugoniot relation26 for fused silica were deduced with the
help of the SESAME library27 as follows. For a given ex-
perimental pressure,Pexpt, a simulation was performed at a
corresponding densityreosand temperature,Teos, as given by
the SESAME equation of state27 (see Table I). After equili-
bration and thermalization atTeos, a microcanonical simula-
tion was performed and thermodynamic quantitiessP,T,Ed
averaged. The resulting pressurePQMD was found to be in
good agreement(with an uncertainty of 10%) with the
SESAME Hugoniot pressure, indicating that the two equa-
tions of states(EOS) are consistent. We further tested the
validity of accounting for the outer-shell electrons only, 4
and 6 electrons per atom for, respectively, silicon and oxy-
gen, when using the PAW-LDA potentials. A rough estima-
tion of the ionization fraction using the More model28 yields
3.8 and 3.2 free electrons per atom for, respectively, Si and O
at 80 000 K and 1000 GPa which suggests that the potentials
used are appropriate. The validity of this assumption is also
confirmed by a comparison between the mean sphere and the
cutoff radii used in the potentials. This also indicates that
simulations performed at higher temperatures and/or pres-
sures than presented here would require the inclusion of
inner-shell electrons within the PAW potentials.

From the calculated trajectories, evenly spaced configura-
tions were used to obtain the optical conductivities as de-
scribed in the preceding section. We show in Fig. 2 the be-
havior of the optical conductivity as a function of frequency
for five temperature-density points representative of the pres-
sure range accessed experimentally(see Table I). We first
notice that the structure seen for the optical conductivity of
a-quartz at 300 K has disappeared and only a broad maxi-
mum remains for all the density-temperature points. In addi-
tion, and even at the highest pressure, the behavior ofssvd is
still not Drude-like and shows a clear maximum at frequen-
cies around 15 eV. Figure 2 also shows that the dc conduc-
tivity steadily rises with increase in temperature and pressure
up to 500 GPa as is expected for a thermally activated pro-
cess. Interestingly, the conductivity saturates beyond
500 GPa. The conductivities at 1000 GPa and 1200 GPa are
rather close together despite a significant increase in tem-
perature of about 13 000 K.

To shed some lights on the mechanism responsible for this
behavior, we show, in Fig. 3, the variation of the silicon-
oxygen pair correlation function gSi-Osrd along the principal
Hugoniot. At the lowest pressure,P=100 GPa, the pair cor-
relation function gSi-Osrd exhibits a sharp maximum at
around 1.5aB. This shape clearly indicates that the fluid is
mostly in a molecular state, with some dynamically broken
bonds. At this pressure, the dc conductivity is rather small
and on the order of 700sV cmd−1. As the pressure increases,
Fig. 3 shows that the maximum clearly noticeable at
100 GPa has significantly declined at 500 GPa. In the mean-
time, the dc conductivity, shown in Fig. 2, sharply increased
to about 4500sV cmd−1 at this pressure. At 500 GPa and
beyond, the silicon-oxygen pair-correlation function is repre-
sentative of an atomic fluid indicating that the SiO2 mol-
ecules have almost completely dissociated. Accordingly, the
dc conductivities shown in Fig. 3 increase only slightly in
this pressure range and reach a plateau at around
5500sV cmd−1.

TABLE I. Comparison between the SESAME and QMD ther-
modynamical quantities, respectively,Teos, PeosandTQMD, PQMD at
a given densityreos. The experimental pressures are such that
Pexpt=Peos. Also indicated, the number of bands used for each SiO2

molecule for the trajectory,Nbands
sim , and the optical calculations,

Nbands
opt . Nmol is the number of molecules used in the simulation cell.

Pexpt reos Teos PQMD TQMD Nmol Nbands
sim Nbands

opt r

(GPa) sg/cm3d (K) (GPa) (K) @v2

100 4.71 7700 110 8000 54 10 22 0.09

200 5.04 16000 220 16400 16 16 62 0.22

500 5.83 38700 520 40000 16 28 75 0.34

1000 6.57 75800 1020 72100 8 56 98 0.39

1200 6.78 88850 1230 86000 8 64 100 0.39

FIG. 2. Optical conductivity vs energy for, from bottom to top,
100, 200, 500, 1000, and 1200 GPa. Corresponding temperatures
and pressures are in Table I.

FIG. 3. Pair correlation functiongsrdSi-O along the principal
Hugoniot.
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This analysis suggests that a model based on thermally
activated processes(TAP) of electrons across a band gap,
reduced by the effect of increased pressure, needs to account
for the dissociation of the various molecular species present
in the media. This direct correlation between the increase in
conductivity and the dissociation of molecular systems has
already been noticed for other shocked molecular fluids such
as hydrogen and nitrogen.8,13 The result found here for a
more complex system, SiO2, indicates that this correlation is
rather generic and characteristic of the behavior of shock-
compressed molecular fluids.

To quantify the effect of thermally activated processes on
the conductivity, we performed conductivity calculations
with zero electronic temperature to eliminate the smearing of
the Fermi-Dirac distribution. At 500 GPa, we found no sig-
nificant differences between the zero and finite temperature
calculations. At lower pressure, 100 GPa, we observed a
slight divergence at very low frequency. This divergence can
be traced back to the finite occupation factor of 2 divided by
a vanishing frequency in Eq.(1). This suggests that TAP are
negligible in this regime, as confirmed by the inspection of
the density of states which shows a closure of the band gap
beyond 100 GPa.

In Fig. 4, we compare the variation, as a function of pres-
sure, of the QMD reflectivity at a frequency ofv2=532 nm
with the experimental measurements. As the experimental
setup is such that the reflectivity is measured at the shock
front and through the unshocked media,3 we choose in Eq.
(2) n0sv2d=1.460 71 andk0sv2d=0.1 The statistical uncer-
tainty on the reflectivity was estimated by choosing 50
samples along the trajectory for the case corresponding to a
density of 5.04 g/cm3 and by plotting the instantaneous val-
ues of the reflectivity versus pressure. The standard deviation
leads to an estimation of the error bars of about 5% for the
reflectivity and 8 GPa for the pressure. Figure 4 shows that,
as for the electrical conductivity, the reflectivity saturates
once the fluid has dissociated, for pressures of 500 GPa and
above. Both the value reached by the reflectivity, about 35%,
and the pressure range where this saturation occurs are in
perfect agreement with the experimental measurements. This
agreement between the measurements and the QMD calcula-
tions at 500 GPa and above carries over to lower pressures
with the exception of the lowest point at 100 GPa. At
100 GPa, the reflectivity calculated is twice the measured
value. We attribute this discrepancy to the well-known un-
derestimation of the vanishing band gap by DFT-LDA meth-
ods that was illustrated in the preceding section fora-quartz.

IV. CONCLUSION

We used QMD simulations to calculate the electrical and
optical properties of silica along the principal Hugoniot. De-
spite the well-known underestimation of the band gap by
DFT-LDA methods, we show that the method provides a
satisfactory description of the variation of reflectivity as a
function of pressure in the dense fluid regime. In contrast to
assumptions recently used to model this effect, we find that
the frequency-dependent conductivity does not show a
Drude-like behavior up to 1200 GPa. Finally, we show that
the behavior of both the reflectivity and dc conductivity as a
function of pressure is directly related to the continuous dis-
sociation of molecular systems along the principal Hugoniot.
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