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Liquid silica at high pressure and temperature is shown to undergo significant structural modifica-
tions and profound changes in its electronic properties. Temperature measurements on shock waves
in silica at 70-1000 GPa indicate that the specific heat of liquid SiO2 rises well above the Dulong-
Petit limit, exhibiting a broad peak with temperature that is attributable to the growing structural
disorder caused by bond-breaking in the melt. The simultaneous sharp rise in optical reflectivity of
liquid SiO2 indicates that dissociation causes the electrical and therefore thermal conductivities of
silica to attain metallic-like values of 1-5x10° S/m and 24-600 W/m.K respectively.

Silica (SiO3) in its various high-pressure phases is of ev-
ident importance in the earth’s interior and is a prototype
material for studying condensed matter physics, materi-
als science, and chemistry under extreme conditions [1].
A major gap in understanding however concerns the be-
havior of silica in its liquid phase at combined high pres-
sure and temperature. Liquid silicates in this state dom-
inated the earth during late-stage accretion when gi-
ant impacts caused complete melting of the planet [2],
thereby creating the conditions under which final differ-
entiation of the core and mantle occurred [3]. Present-
day remnants of such large magma oceans may still exist
as partially-melted zones at the core-mantle boundary [4]
and could play an important role in magnetic-field and
heat transport between the core and mantle.

The high melting temperature of silica presents a se-
rious challenge to experiments on the liquid at elevated
pressures and historically data has been inferred either
from glasses at high pressure, or liquids at low pressure.
In particular, increasing pressure has been shown to cause
a gradual change of the open-network tetrahedral struc-
ture in silicate glasses to a closely-packed, six-fold co-
ordinated system [5, 6]. In comparison, increasing tem-
perature causes a continuous reduction in the average
size of structural units, or depolymerization, in the lig-
uid that results in elevated specific heat capacities and
orders-of-magnitude changes in viscosity [7, 8]. As with
all planetary interior processes however, it is the com-
bined effect of high pressure and temperature that is the
most relevant yet the most difficult to study. Here we use
shock waves to simultaneously compress and heat two
polymorphs of silica well into the dense liquid regime.
Achieving a broad range of temperatures in the liquid
allows us to demonstrate how the features observed near
melting - a high specific heat, and a sudden rise in elec-
tronic conductivity - represent the onset of an extended
process of liquid structural change that continues up to
several times the melting temperature.

Using 100 to 500 J of ultraviolet laser light from
the OMEGA facility [9] laser-driven shock waves were
launched in 500 pm thick samples of fused silica (pg =

2.2 g/em?) or z-cut a-quartz (pg = 2.65 g/cm?) (a de-
tailed target description has been given previously [13]).
This energy was delivered in 1 nanosecond (ns) over a
uniformly-irradiated 600 pm spot, generating a planar,
attenuating shock wave that provided access to a contin-
uous range of shocked states on a single shot. Two shock
diagnostics were used: (1) A Velocity Interferometer Sys-
tem for Any Reflector (VISAR) [10], which measured the
shock velocity and reflectivity at a wavelength of 532 nm,
and (2) A streaked optical pyrometer (SOP), an abso-
lutely calibrated, space and time-resolved pyrometer used
to image the thermal emission between 600 - 700 nm (see
Ref. [11] for a description of a similar setup). To de-
termine temperature from the measured emission, grey-
body emission was assumed where the emissivity was
given by 1-R with R given by the measured optical reflec-
tivity. The assumption of grey-body emission at 600-700
nm was verified previously at low pressure by measuring
emission at multiple wavelengths [12]. Both the VISAR
and SOP provide continuous measurements of the shock
velocity, temperature, and reflectivity over the range of
conditions spanned by the attenuating shock. The shock
pressure, density, and internal energy in quartz were de-
termined from the observed shock velocity using the pre-
viously measured Hugoniot relation [13]. This relation
was found to be almost identical to that predicted by the
Kerley EOS model [14]. In fused silica, since there are
no available experimental data above 100 GPa, the Ker-
ley EOS was used. Since the difference in initial density
between the fused silica and quartz Hugoniots is small,
the offset between the two can be reliably predicted.
The measured shock temperatures in quartz and fused
silica as a function of pressure are shown in Fig. 1. The
different initial densities of these two polymorphs of sil-
ica allow the shock Hugoniots to track different paths
through the silica phase diagram. The compressed den-
sities in these experiments range between 5.2 and 7.2
g/cm? for quartz and 4.6 to 6.2 g/cm?® for fused silica
- roughly 2 to 3 times solid density. Errors in the tem-
perature are 7-8 % near 5000 K and 4-5 % at 5 x 10*
K and include systematic errors in the calibration (2-5



%), random errors due to noise on a given shot (2-3 %),
and reproducibility errors derived from the variation be-
tween shots repeated under similar conditions (3-7 %).
The optical reflectivity of the shock at 532 nm, defined
as the fraction of energy reflected by the moving shock
front, is shown in Fig. 2, with the dominant uncertainties
given by reproducibility errors. The reflectivity, related
to the electronic conductivity, is shown in these plots to
be primarily temperature dependent.

The lowest temperatures accessed in this study are
comparable to those achieved in previous gas gun ex-
periments on both quartz and fused silica [12]. These
earlier measurements observed a drop in temperature to
just below 5000 K that was interpreted as melting from
a superheated solid to the equilibrium liquid. Our mea-
surements are in good agreement with the temperatures
in the liquid between 5000 and 7000 K for both poly-
morphs, reproducing the temperature drop at melting.

To better understand the underlying mechanisms in
the high-pressure liquid we have developed two separate,
model-independent methods for determining the specific
heat capacity, ¢,, from the shock temperature measure-
ments. The first, which we call the difference method,
compares the difference in temperature and internal en-
ergy for states on the quartz and fused silica Hugoniots
at the same density (i.e. volume). The specific heat is
then given directly by its definition, ¢, = (0E/9T), ~
(Ef—Eq)/(Tf—Ty)]s, where E is the internal energy and
T the temperature, with subscripts f and ¢ representing
fused silica and quartz respectively. The second method,
which we call the slope method, determines ¢, from the
slope of the Hugoniot temperature. To quantify this idea
consider that any infinitesimal section of the Hugoniot
can be considered to be the sum of an isentropic com-
pression step and an isochoric heating step such that,
AFEyg = AE,+ AFE, and ATy = AT, + AT, where sub-
script v identifies a change along an isochore, s is along
an isentrope, and H is along the Hugoniot. Then, us-
ing the thermodynamic definitions (0E/0v)s = —P, and
I' = —(v/T)(0T/dv)s, where P is the pressure and T’

is the Gruneisen parameter, the specific heat is given
by _ AEpg-—AE, (OE/0v)y+P

Y. Cv = AT, AT, (@T/ov)u+TT/v
on the right apart from I' are measured directly or in-

ferred from the known Hugoniot relation [13]. A previ-
ous study [13] found that T' ~ 0.6 above melting over
the pressure range explored here, consistent with predic-
tions from EOS models [14, 16]. Importantly though, ¢,
is quite insensitive to the value of I'. This is because
I" is a measure of the temperature rise along an isen-
trope which, in strong shock waves, is a small fraction
of the temperature rise along the Hugoniot. Measure-
ments of ¢, using the slope method extend over a wider
range than those from the difference method, which is
restricted to the subset of overlapping densities from the
two Hugoniots. We use the scatter between the different
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¢, measurements to determine the error in the averaged
Cy-

Results from the three ¢, measurements are plotted
versus temperature in Fig. 3. That they all give simi-
lar results indicates that c, is not sensitive to density.
Here ¢, = ¢,/Nkpg is the non-dimensional specific heat,
where N is the number of atoms per unit mass and kg
is Boltzmann’s constant. Previous studies in shocked sil-
ica [12] observed ¢, to rise steeply from 3 (Dulong-Petit)
once melting occurred. Our data, which extend to much
higher temperatures, similarly indicate a rapid rise above
melting and show the presence of a broad peak between
5000 and ~35,000 K.

In order to understand the origin of this peak we com-
pare the data with predictions from two equation-of-state
(EOS) models: one which includes molecular binding en-
ergy and the other which does not. These predictions
are shown in Fig. 1 and Fig. 3. Although neither ex-
hibit perfect agreement with our results they do gener-
ally bracket our temperature data. The quotidian EOS
(qEOS) [15, 16] is a simple, phenomenological EOS model
which treats the fluid by interpolation between the solid
and plasma phases and does not account for the ener-
getics of chemical bonds. The Kerley EOS [14, 17] is a
liquid perturbation model that uses a chemical equilib-
rium approach to explicitly treat the dissociation of SiO9
into atomic Si and O. While both models predict nearly
identical Hugoniot pressures and densities, in agreement
with recent experiments [13], they exhibit quite different
temperature behavior and dramatically different specific
heat behavior. In particular, the inclusion of bond en-
ergy in the Kerley EOS causes a sharp peak to appear in
¢, between 1-2.5x10* K as shown in Fig. 3. This feature
is absent from the bonding-free qEOS predictions and
is directly attributable to the energy required to break
chemical bonds. At temperatures above this peak, where
bond-breaking is essentially complete, both models simi-
larly predict that electron ionization causes a slow, mono-
tonic rise in ¢,. Much higher temperatures are required
for ionization to generate peaks in c¢,, a consequence of
the fact that there are many fewer states available to a
free electron than to a free atom. Further theoretical con-
firmation of this bond-breaking interpretation is given by
recent quantum molecular dynamics (QMD) simulations
of shocked quartz [18]. Here the calculated Si-O pair cor-
relation function in the liquid at 7700 K exhibits a sharp
peak at 1.6 - 1.7 A, a distance corresponding to the Si-O
bond length in various solid phases of silica [19]; by 38700
K this peak has mostly disappeared. This confirms that
the broad peak in specific heat observed in our exper-
iments arises from the changing short-range structure,
or simply the energetics of bond-breaking. We thus de-
fine the state in the temperature range 0.5 — 3.5 x 10* K
as a ‘bonded liquid’ (see Fig. 1) by which we mean a
liquid containing a mixture of variously-sized polymer-
ized structural units. The state of matter at higher tem-



peratures, largely devoid of chemical bonds, we term an
atomic fluid.

We now estimate the change in energy and entropy of
the bonded liquid caused by structural changes alone. To
do this we first subtract the ionic and electronic compo-
nents of ¢, as approximated from the specific heat outside
the bonded liquid regime [20]. The remainder, shown by
the shaded region in Fig. 3, is the requisite configura-
tional specific heat, c8. Assuming that 8 does not
change much with density along the Hugoniot (which is
reasonable since the total specific heat is quite insensitive
to density) we can integrate with respect to temperature
between 0.5 — 3.5 x 10* K. The change in configurational
energy is found to be 790 £ 50 kJ/mole (8.2 &+ 0.6 eV
per SiOg unit). This corresponds to the difference in
binding energy between the liquid near melting, bound
primarily by chemical bonds, and the highly-conducting
atomic fluid (or dense plasma), bound by non-directional
Coulomb forces. It is much greater than the latent en-
ergy of fusion (~ 150 kJ/mole) [12] but less than the
cohesive energy of quartz (1859 kJ/mole). The change in
configurational entropy, AS® is 53 + 5 J/mole.K. This
increase in liquid configurational disorder is often used
to explain the super-Arrhenius behavior of viscosity in
fragile liquids via the Adam-Gibbs relation which relates
kinetics to the entropy of molecular packing [21]. Such
a high AS°® thus suggests fragile behavior in liquid sil-
ica at high temperature and pressure in contrast to its
strong behavior at low pressure.

The dramatic change in transport properties associ-
ated with this onset of liquid structural disorder is exhib-
ited by a rapid rise in electrical conductivity, as deduced
from the measured shock reflectivities shown in Fig. 2.
Reflectivities of more than a few percent at the shocked-
unshocked interface indicate the presence of substantial
electronic conductivity [22, 23]. We can roughly esti-
mate this conductivity from the reflectivity by assuming
a Drude, or free-electron type model with a minimum
scattering length given by the average interatomic dis-
tance. The inferred DC conductivity, og, is shown in
Fig. 4 and compared to recent QMD simulations [18] and
previous shock data [24]. It is apparent that the Drude
assumption overestimates og at the lowest temperatures
(T < 10* K) but agrees with QMD simulations elsewhere,
indicating free-electron-type behavior at high T'. Inferred
conductivities rise from ~ 105 S/m at 10* K to 5 x 10°
S/m near 5x10* K. The QMD calculations show that
this rise in DC conductivity is caused by filling of the
original band gap by ‘impurity’ states, likely a combina-
tion of partially-filled bonding and anti-bonding oxygen
p-states and silicon sp-hybrids, as bonds break and the
liquid becomes more disordered.

Comparisons with previous data in the shocked
solid [24] clearly demonstrate that a rapid rise in elec-
tron conductivity must occur immediately above the melt
transition (as shown schematically by the purple line in

Fig. 4). Based on the Wiedemann-Franz relation, this in-
dicates that thermal conductivities must also rise rapidly
above melting, reaching 24-600 W/m.K between 10* K
and 5x10* K. This initial rapid increase near melting
combined with the slower increase at higher temperature
mirrors the super-Arrhenius change in viscosity of typical
fragile liquids [21]. This suggests that electron mobility
in liquid silicates, like viscosity, is strongly influenced by
the configurational entropy of the system.

The dissociation and enhanced electron mobility in
high temperature liquid silicates have major implications
for the structural, chemical, and thermal evolution of the
earth after a giant planetary impact where temperatures
were significantly higher than those of the present day.
The lunar-forming collision, for example, is expected to
have caused complete melting, generating temperatures
of 10,000 K and higher throughout the silicate earth [2].
Under these conditions silicates became chemically reac-
tive, conducting liquids providing a channel for enhanced
heat and magnetic field transport across the core mantle
boundary.

We thank G. Kerley for providing his EOS table, W.
Unites for preparing the silica samples, C. Sorce for op-
erating the SOP, and the OMEGA operations staff for
their invaluable assistance. We also thank R. Jeanloz
and R. Hemley for valuable comments on the manuscript.
This work was performed under the auspices of the U.S.
D.O.E. by LLNL under Contract No. W-7405-ENG-48
and by the University of Rochester under Cooperative
Agreement No. DE-FC03-92S5F19460.

* Author to whom correspondence should be addressed:
hicks13@lInl.gov
[1] R. J. Hemley, J. Badro, D. M. Teter in Physics meets
Mineralogy, H. Aoki, Y. Syono, R. J. Hemley, Eds. (Cam-
bridge Univ. Press, Cambridge, 2000), 173-204.
[2] R. M. Canup, Icarus 168, 433 (2004).
[3] M. J. Walter, R. G. Tronnes, Earth and Planet. Sci. Lett.
225, 253 (2004).
[4] Q. Williams, E. J. Garnero, Science 273, 1528 (1996).
[5] R. J. Hemley et al., Phys. Rev. Lett. 57, 747 (1986).
[6] Q. Williams, R. Jeanloz, Science 239, 902 (1988).
[7] P. Richet, Y. Bottinga, Geochim. Cosmochim. Acta 49,
471(1985).
[8] B. Mysen, Phys. Earth Planet. Int. 107, 23 (1998).
[9] T. R. Boehly, D. L. Brown, R. S. Craxton et al., Opt.
Comm. 133, 495 (1997).
[10] P. M. Celliers et al., Rev. Sci. Instrum. 75, 4916 (2004).
[11] G. W. Collins et al., Phys. Rev. Lett. 87, 165504 (2001).
[12] G. A. Lyzenga, T. J. Ahrens, J. Geophys. Res. 88,
2431(1983).
[13] D. G. Hicks et al., Phys. Plasmas 12, 082702 (2005).
[14] G. L. Kerley, Equations of State for Composite Materials
(Kerley Publishing Services, Albuquerque, 1999).
[15] R. M. More, K. H. Warren, D. A. Young, G. B. Zimmer-
man, Phys. Fluids 31, 3059 (1988).



Pyrite-type

10°F T ]
: Atomic Fluid > .
= Bonded >
[ Liquid
qg q oc’(S s
aturn|
S 10*F G'\of\U . Uranus,
GL) Neptune
o ]
:
— £
‘6 4
(V]

(@]
o

100
Pressure (GPa)

o
o
o

FIG. 1: Proposed phase diagram for liquid silica illustrat-
ing the bonded liquid regime, where chemical bonds domi-
nate, and the highly-conducting atomic fluid regime, where
they do not. Several known and proposed [25] solid phases
are also illustrated. Shock temperatures determined in this
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predictions from two EOS models: Kerley [14] (dashed lines)
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blue for quartz).
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FIG. 2: Shock reflectivity in quartz (blue) and fused silica
(red) shown as a function of temperature and density. The
data indicate a primarily temperature-driven mechanism rel-
atively insensitive to density.
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FIG. 3: The specific heat as determined by the difference
method (green asterisks), the slope of the quartz Hugoniot
(blue diamonds), and the slope of the fused silica Hugoniot
(red diamonds). The Dulong-Petit limit is 3 in these normal-
ized units. Purple dots show previous data [12]. The black
line gives the average of all these results (current data and pre-
vious data). The Kerley [14] model which includes bonding
effects shows a peak in ¢, after melting; the gEOS model [16]
which ignores chemical bonds does not. The shaded area we
define as the excess, or configurational specific heat [20].
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FIG. 4: The inferred conductivity versus the reciprocal tem-
perature for quartz (blue line) and fused silica (red line) is
almost identical to QMD predictions [18] above 10* K (green
asterisks). A fit to the form, oo = oooexp(—FE./kpT) gives
oo = 5.5 x 10° S/m and E, = 1.3 eV and is shown by
the dot-dashed line. Below 10* K the Drude model fails be-
cause it assumes a positive value for the imaginary part of the
conductivity, o2; dotted lines show the result if o2 is set to
zero. Previous shock data [24] (pink diamonds) and the corre-
sponding fit (dotted line) are also shown. The combined data
suggest a sudden jump in conductivity upon melting (purple
line).





