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Ab initio simulations of the electrical and optical properties of shock-compressed SO
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We calculate the optical properties of shock-compressed silica up to a pressure of 1200 GRd ursitigy
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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[. INTRODUCTION to give a reliable description of the solid and liquid proper-
ties of silicate up to a pressure of 100 GPA4QMD simula-
Due to its significant abundance in the earth mantle, theéions have also been successfully applied to the description
behavior of silica, Si@ under high pressure has been exten-of various atomic and molecular fluids and have shown to be
sively studied, both theoretically and experimentally, overwell suited to calculate the dynamical, electrical, and optical
the past decades. Up to now, however, these studies hapeoperties of various systems for conditions met in shock
mainly focused on the characterization of the different allo-experiment$-14For shocked silica, we find, as for two other
tropic phasesg-quartz, cristollabite, and stishovittwhich  systems hydrogen and nitrogen, that the steady rise in con-
are found for the solid state near room temperatGa0 K) ductivity and reflectivity at pressures above 100 GPa can be
and pressures generally below 1 MarMbar=100 GPa  associated with the continuous dissociation of the molecular
Despite significant progress in our understanding of the befluid. In this regime, and in contrast to the assumption used
havior of silica in this regime, little is known, however, on its for the modeling of the LiF and AD; reflectivities® the
various physical properties for pressures and temperaturdeequency dependent QMD conductivities do not exhibit a
above, respectively, 100 GPa and 5000 K. Drude-like behavior. This suggests that a nonideal metallic
In the present paper, we focus on the description of thétate is reached for SiQeven at the highest pressures where
electrical and optical properties of silica for pressures rangmeasurements were performed. Finally, these findings and
ing from 100 to 1200 GPa and corresponding temperaturedhe accuracy of the method at describing the properties of
which span from 5000 to 90 000 K. This study is motivatedSiO, in this regime are corroborated by the remarkable
by recent measurements of the,@k, LiF,® and SiQ (Ref.  agreement between the QMD and experimental reflectivities
4) reflectivities along the principal Hugoniot using shock above 100 GPa.
compression techniques. These measurements show a sig-
nificant increase in reflectivity for thesg three systems, reach— Il. SIMULATION METHOD
ing between 20% and 50% at the highest pressures. This
smooth rise in reflectivity generally signals a transition from In the present applicatiorab initio molecular-dynamics
an insulator to a metallic state. At normal conditions, thesdrajectories were generated using the Vienna Ab Initio Simu-
three crystals present a significant band gap of about 10 eVation PackaggVASP) plane-wave code developed at the
The increase in reflectivity observed experimentally has beefechnical University of Vienn&> Within this package, the
modeled for LiF and AJO; as the combined effect of electron-ion interactions can be described by either Vander-
pressure-induced gap closure and thermal excitation resulbilt ultrasoft(US) pseudopotentiat§ or projector augmented
ing from the increase of both pressure and temperature chawave (PAW) potentialst’ The exchange correlation term can
acteristics of shocked experimeft®espite this attempt, the be treated within the local-density approximati@DA) or
mechanism leading to the semiconductor-metal state is stithe generalized gradient approximatiogBGA) as param-
not clear and requires further investigations usatiginitio  etrized by Perdew and Wang.
approaches. We tested the different functionals and potentials avail-
To this end, we performed quantum molecular-dynamicsable by calculating thex-quartz properties at 0 Kcold
(QMD) simulations of shock-compressed silica for condi-curve) and 300 K. As noticed by Hamarifthe volume de-
tions corresponding to these recent measurements along thendence of the total energy efquartz in the solid phase at
principal Hugoniot. QMD simulations, where the electronsO K shows that the PAW-LDA calculation gives the closest
receive a fully quantum-mechanical treatment within theresults to the experimental volun@7.71 &). The GGA
framework of density-functional theo§OFT), have proven calculations, US and PAW, both predict higher volumes. The
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band structure of-quartz computed in the LDA approxima- LI AL B | [T 0
tion agrees very well with previous calculatiolsshowing | () ek || (b | |
at thel point a direct gap of 5.5 eV and an indirédtI" gap AN |
of 7.5 eV, compared with the experimental one of 9-9.5eV 6 -
(see Ref. 21 and references thejefkccordingly, 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 cas&W calculations’® overcor-
rect the LDA band gaps. In light of these findings, we further
calculated the optical properties afquartz 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- 05
tion 2324to calculate the optical conductivifatomic unitg: E(eV) EeV)
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o-(w):z—WlE W(K) >, (FK = £ K|V ) FIG. 1. (a) Optical conductivity vs energy fom-quartz at
Bw Q5 nma 300 K. (b) Reflectivity vs energy forw-quartz at 300 K. The full
K K line represents QMD results and the line with full circles the ex-
X 8Em =By~ fiw). @) perimental data of PhilippRefs. 1 and 2
In Eq. (1), w is the frequencyy,, and E,, are the electronic
eigenstates and eigenvalues for the electronic bared a  canonical simulation. The optical conductivity and reflectiv-
given k point in the Brillouin zone,W(k) is the k-point ity were calculated at ten independent configurations using a
weight in the Brillouin zone using the Monkhorst-Pack finer Brillouin-zone sampling and an increased number of
scheme, andi, is the Fermi distribution function. Finally, the bands. The result of the calculation is shown in Fig. 1 and
Kubo-Greenwood formulation is applied using the all- compared with the self-consistent orthogonalized linear com-
electron PAW potential which does not require the correctiorbination of atomic orbital§SCOLCAO) calculations of Xu
term related to the nonlocality of the pseudopotential thatRef. 20 and the experimental data of Philipg Figure 1a)
would be needed if US pseudopotentials were 18é42° shows that the first two maxima at 10.1 eV and 11.3 eV are
The & function is resolved by using a Gaussian not reproduced by either our PAW-LDA or the SCOLCAO
regularizatiorf® The dc electrical conductivityry. is ob-  calculations. These maxima have been recently attributed to
tained by extrapolating the low-frequency optical conductiv-excitonic effect® which are not included in our DFT ap-
ity to w=0. The eigenstates and eigenvalues used in thproach. In agreement with the band-structure calculation, we
present application are solutions of the Kohn-Sham equanotice that the onset of the conductivity is shifted by 2 eV to
tions and are thus computed within the local-density approxitower energies when compared to the experimental results.
mation. For systems in an arbitrary medium, the reflectivityln contrast, the optical reflectivity shown in Figuréoire-

r(w) is defined as produces the trend of the experimental curve and yields val-
_ 2 _ 2 ues at 1 and 2 eV, corresponding to laser frequensiasd
rNw) = [no() n(w)]2+ [ko(@) k(w)]z, (2) 2w, in excellent agreement with the experimental values. The
[No(w) + n(w)]* + [ko(w) + k(w)] reflectivity shown in Figure (b) is calculated for a system in

where the real pam(w) and the imaginary pak(w) of the ~ vacuum whereng(w)=1 andko(w)=0 in Eq.(2). Based on

index of refraction are related to the dielectric function as the overall satisfactory description of the physical properties
of a-quartz using a PAW-LDA approach, we choose to simu-

e(w) = () +iew) = [N(w) +ik(w) . (3 Ilate the electrical and optical properties of compressed silica

no(w) andko(w) define the indices of refraction of the sur- Under the same conditions.
rounding medium. The dielectric function itself follows from

the real and imaginary parts of the conductivity as

4 A Ill. RESULTS
aw aw
e(0)=1 _:Uz(w)’ ew) =~ :U(w)’ @) Points along the principal Hugoniot of silica were calcu-

) . ) . . lated using 8-54 molecules in the simulation cell. Due to the
where the imaginary part of the eIectnca] condgctlvny ans€-ermij distribution, simulations performed at the highest tem-
from the application of the Kramer-Kronig relation peratures require to consider a larger number of bands. As

2 o(v)w the computational time involved increases with the number
o(w) == ;PJ mdv, (5  of bands included in the calculation, the number of particles
used needs to be reduced to keep the calculation feasible. As
whereP stands for the principal value of the integral. such, we used ten bands for each Si@olecule atT

The hot solid phase of-quartz (300 K) was simulated =7700 K and 64 af=88 000 K. For the calculation of the
using 24 moleculeeight elementary celjequilibrated fora  optical properties, the number of bands needs to be further
total time of 4 ps(8000 time steps of 0.5 fausing a micro-  increased to allow for the high-energy transitions and pro-
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TABLE 1. Comparison between the SESAME and QMD ther- 7000 T 7T T TT T | L B L
modynamical quantities, respectively,yg PeosandTomp, Pomp at :
a given densitypeo,s The experimental pressures are such that 6000
Pexp=Peos Also indicated, the number of bands used for each, SiO
molecule for the trajectoryNpan4s and the optical calculations,
NEP 1« Nimor is the number of molecules used in the simulation cell.

5000

Pexpt Peos Teos PQMD TQMD Niol Nﬁ!\ﬂds Ngg;ds r é 4000
(GPg (g/cn®)  (K) (GP3 (K) @w; =

2 3000
100 4.71 7700 110 8000 54 10 22 0.09 ©
200 5.04 16000 220 16400 16 16 62 0.22 2000

500 583 38700 520 40000 16 28 75 0.34
1000  6.57 75800 1020 72100 8 56 98 0.39 1000
1200 6.78 88850 1230 86000 8 64 100 0.39
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vide converged optical conductivities. The number of bands
used for each condition is given in Table I.

The fina"sftatg conditions  satisfying the Rankine- FiG. 2. Optical conductivity vs energy for, from bottom to top,
Hugoniot relatioR® for f_used silica were deduced_ with the 100, 200, 500, 1000, and 1200 GPa. Corresponding temperatures
help of the SESAME librar¥/ as follows. For a given ex- and pressures are in Table I.

perimental pressureR,,,,, a simulation was performed at a
ihe SESAME equatios of sidie(see Table i Afier equii. _T0 shed some ights on the mechanism responsible for tis
bration and thermalization &t,,s a microcanonical simula- behavior, we show,_ln Fig. 3 the variation of thg s[llcon—
tion was performed and thermodynamic quantitesT, E) oxygen pair correlation functionsgo(r) along the pr|n_C|paI
averaged. The resulting presstPgyp was found to be in  Hugoniot. At the lowest pressur®=100 GPa, the pair cor-
good agreementwith an uncertainty of 10% with the relation functlon_ gi.o(r) exh|b|ts. a_sharp maximum aF
SESAME Hugoniot pressure, indicating that the two equaaround 1.8g. This shape clearly indicates that the fluid is
tions of stategEOS are consistent. We further tested the mostly in a molecular state, with some dynamically broken
validity of accounting for the outer-shell electrons only, 4 bonds. At this pressure, the dc conductivity is rather small
and 6 electrons per atom for, respectively, silicon and oxy-and on the order of 70@) cm)~1. As the pressure increases,
gen, when using the PAW-LDA potentials. A rough estima-Fig. 3 shows that the maximum clearly noticeable at
tion of the ionization fraction using the More moéfeyields 100 GPa has significantly declined at 500 GPa. In the mean-
3.8 and 3.2 free electrons per atom for, respectively, Si and @me, the dc conductivity, shown in Fig. 2, sharply increased
at 80 000 K and 1000 GPa which suggests that the potentiaty about 4500 cm)™* at this pressure. At 500 GPa and
used are appropriate. The validity of this assumption is als§eyong, the silicon-oxygen pair-correlation function is repre-
confirmed by a comparison between the mean sphere and thgpative of an atomic fluid indicating that the Si@ol-
cutoff radii used in the potentials. This also indicates thaty: je5 have almost completely dissociated. Accordingly, the
simulations performed at higher temperatures and/or pre ¢ conductivities shown in Fig. 3 increase only slightly in

sures than presented here would require the inclusion Qqi.:
inner-shell electrons within the PAW potentials. his pressu_rle range and reach a plateau at around
a5_500(Q cm)™.

From the calculated trajectories, evenly spaced configur
tions were used to obtain the optical conductivities as de-
scribed in the preceding section. We show in Fig. 2 the be- 3 T T T T T T
havior of the optical conductivity as a function of frequency
for five temperature-density points representative of the pres- il . 100 GPa i

500 GPa

sure range accessed experimentgfige Table ). We first S . 1000 GPa
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 behaviof of is 1+
still not Drude-like and shows a clear maximum at frequen-
cies around 15 eV. Figure 2 also shows that the dc conduc- B
tivity steadily rises with increase in temperature and pressure
up to 500 GPa as is expected for a thermally activated pro- 00
cess. Interestingly, the conductivity saturates beyond r(A)
500 GPa. The conductivities at 1000 GPa and 1200 GPa are
rather close together despite a significant increase in tem- FIG. 3. Pair correlation functiomy(r)Si-O along the principal
perature of about 13 000 K. Hugoniot.

g(r) Si-O
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This analysis suggests that a model based on thermally 60 —T—r—1— T !
activated processedAP) of electrons across a band gap, T
reduced by the effect of increased pressure, needs to account 0 B |
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 nitrogért? The result found here for a
more complex system, SiQindicates 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

S
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o
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Reflectivity @332nm (%)
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I

the Fermi-Dirac distribution. At 500 GPa, we found no sig- 10 B __
nificant differences between the zero and finite temperature B )
calculations. At lower pressure, 100 GPa, we observed a 0 I

slight divergence at very low frequency. This divergence can 0 500 1000 1500

be traced back to the finite occupation factor of 2 divided by P (GPa)

a vanishing frequency in EqL). This suggests that TAP are FIG. 4. Reflectivity vs pressure along the principal Hugoniot.

negligible in this regime, as confirmed by the inspection ofFuII oints are experimental results of CelligRef
the density of states which shows a closure of the band gap P P €Ret. 9.

beyond 100 GPa.
In Fig. 4, we compare the variation, as a function of pres- IV CONCLUSION
sure, of the QMD reflectivity at a frequency @,=532 nm We used QMD simulations to calculate the electrical and
with the experimental measurements. As the experimentalptical properties of silica along the principal Hugoniot. De-
setup is such that the reflectivity is measured at the shockpite the well-known underestimation of the band gap by
front and through the unshocked mediime choose in Eq. DFT-LDA methods, we show that the method provides a
(2) no(w7)=1.460 71 andky(w,)=0.! The statistical uncer- satisfactory description of the variation of reflectivity as a
tainty on the reflectivity was estimated by choosing 50function of pressure in the dense fluid regime. In contrast to
samples along the trajectory for the case corresponding to &sumptions recently used to model this effect, we find that
density of 5.04 g/crhand by plotting the instantaneous val- the frequency-dependent conductivity does not show a
ues of the reflectivity versus pressure. The standard deviatiobrude-like behavior up to 1200 GPa. Finally, we show that
leads to an estimation of the error bars of about 5% for thehe behavior of both the reflectivity and dc conductivity as a
reflectivity and 8 GPa for the pressure. Figure 4 shows thafunction of pressure is directly related to the continuous dis-
as for the electrical conductivity, the reflectivity saturatessociation of molecular systems along the principal Hugoniot.
once the fluid has dissociated, for pressures of 500 GPa and
above. Both the value reached by t.he reflect.lwty, about 35%., ACKNOWLEDGMENTS
and the pressure range where this saturation occurs are in
perfect agreement with the experimental measurements. This We thank G. Collins, D. Hicks, J. Eggert, and P. Celliers
agreement between the measurements and the QMD calculmr many fruitful discussions and for providing their data
tions at 500 GPa and above carries over to lower pressurgsior to publication. M. Knudson, M. Desjarlais, and P. Cel-
with the exception of the lowest point at 100 GPa. Atliers are also gratefully acknowledged for stimulating discus-
100 GPa, the reflectivity calculated is twice the measuresions during the Cecam organized in Lyon in July 2003. This
value. We attribute this discrepancy to the well-known un-work was performed under the auspices of an agreement be-
derestimation of the vanishing band gap by DFT-LDA meth-tween CEA/DAM and NNSA/DP on cooperation on funda-
ods that was illustrated in the preceding sectiondajuartz.  mental science.
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