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Mean-field potential calculations of shock-compressed porous carbon
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The mean-field potential approach with first-principles total energy data as input is used to investigate
shock-compressed carbon with initial densities of 3.51, 2.2, 1.85, and l.@’g,l/p:m) 1400 GPa. We have
calculated the shock Hugoniot, and the temperature and electronic contribution to the heat capacity along the
Hugoniot. While excellent agreement with underground nuclear explosion data is obtained, our results do not
show the high compressibility of carbon at megabar pressures indicated by recent laser-driven shock wave
experiments.
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I. INTRODUCTION Il. THEORETICAL METHOD

We first give a brief summary of the MFP approach. In a
couple of paperd-??the classical MFP approach was devel-
oped to calculate the various thermodynamic quantities of
metals. The MFP approach was first tested on the metét Ce.
measured shock Hugoniot points for two different initial den'Isswgar-}sItils?gstmgtsusrgetr;r?s?tic\)/r?lgtms?oodllar:ﬁg eC;f ;?ii];'\r'f”
sities of carbon fell below the Hugoniot derived from the . Hug(y)noi[ot and the 200 K isotherrm were well regroduced
SESAME tables. They pointed out that, despite the large The MFP approach was then checked for the five metals Al,

error bars, the systematic deviation of their data from theCu, Ta, Mo, and W2 The calculated Hugoniots and 293 K

theoretical curve indicates that the compressibility of Carbonsotherms fell well within the experimental uncertainties. The

is greater than theoretical predictions, but they admit that thi P vields Hugoniots for porous cooper. nickel and molvb-
discrepancy may be due to systematic errors in their experi- yie 9 porc PPeT, AR y
mental technique. We note that EOS data on deuterium frorﬂenum in good agreeme_n_t_v;nth experiment, including cases
laser-driven shock wave experimefitd show significant de- of anomalous (_:ompressmlln?y. . . .
partures from the SESAME moddee Knudsort all?), ab Let us consider a system with a given averaged atomic
initio calculationsi2-15 and other experimenté:16 .W’hile volumeV and temperatur@. It is known that the vibrational
Ross and Yang at,tributed the discrepancy to tﬁe failure of contribution to the part|t|on function takes the formqn

the current implementation of density functional theory,._exq_NFiO“/.kBT)’ W.here.N is the total number .Of lattice
Nellis'® suggested that the laser-driven shock wave result®"s andFign is the vibrational free energy of an ion. In the
were incorrect mean-field approximation, the classi@|, is given by

If limited to the solid state, the high-pressure EOS of MkgT
Zion = (

The equation of stateEOS of carbon has recently been
investigated both experimentally and theoretictiyVery
recently, Bataniet al. carried out laser-driven shock wave
studies of the EOS of porous caroand found that their

carbon can be reliably calculated in the quasiharmonic ap- P
proximation with the phonon contribution evaluated using
density functional perturbation theoty? However, the tra-  The essential feature of the MFP approach is that the mean-
ditional Debye-Griineisen methdt?is the most widely used  field potentialg(r , V), is simply constructed only in terms of

approachH(it is used to construct the SEASAME EOS tables ine 0-K total energyE,, which is obtained fromab initio
but it is not only limited to solids, but also depends on theg|ectronic structure calculations

modeled density dependence of the Griineisen parargter
such asyp=const(p is the density. In this paper we calcu-
late the Hugoniots of carbon with initial densities of 3.51,
2.2, 1.85, and 1.6 g/ctup to 1400 GPa using the mean-
field potential(MFP) approact?:-26 which has been tested It has been show# that the well-known Dugdale-
for many elemental materials, including porous sofitls. MacDonald® expression for the Griineisen parameter can be
Variations in the initial density allow us to study more of the derived by expanding(r,V) to orderr?.

EOS surface of carboriSince the MFP method incorporates ~ As a result, when the magnetic contribution is neglected,
the one-particle mean-field model, it is not possible to studythe Helmholtz free energy per ida(V,T), can be written as
molecular liquid deuterium without first extending the tech-the sum of the coldT=0), vibrational ionic, and thermal
nique) electronic contributions

3N/2
) {J exd-g(r,V)/ksT]dr}N. (1)

o V) = S[ER+D +ER-N-2ER]. @
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F(V,T) =EyV) + Fign(V, T) + F(V,T), (3)  just —19 meV/atom(see Janottiet al,?® and references
therein. The effect of this difference on the Hugoniot tem-
3 migT peratures is less than 100 K, which is not discernable in the
Fion(V,T) = —kBT< =In +1n v (V, T)) (4)  figures plotted in this paper. We only consider pressures
2" 2mh? above the graphite-diamond transformation pressure and as-
sume the final states are completely compacted. In this case,
(V. T) = 477] exp( glr, V)) ©) it is a good approximation to take the initial specific energy
kgT h Ef°"°“Sfor porous carbon to be exactly the same as the initial
specific energye, for nonporous carbon. The initial volume
Fo=Ey-TS, (6)  of the porous material i¥5°°"=m \p, wheremis the initial
porosity andV, is the ambient volume of nonporous single-
e crystal diamond. Our initial densities of 3.51, 2.2, 1.85, and
Eo(V,T) = n(s,v)fgdg_f n(e,V)ede, (7) 1.6 g/cn? correspond tan=1.0, 1.6, 1.9, and 2.2, respec-
tively.
Mitchell et al2° found that the effects of shock melting on
the P-V Hugoniots of several reference metals were too weak
SV, T) == ka n(e,V)[fInf+(1-fin(1-f)de. (8) g be observed: hence we have neglected shock melting and
the phase dependence of the high-temperature equation of
In the above equations;,, is the ionic vibrational free en- state in our calculations of the carbon Hugoniots.
ergy, Fe is the free energy due to the thermal excitation of The 0-K total energy was calculated using the full-
electronsn(e,V) is the electronic density of stat€é®0S), f  potential linearized augmented plane wawg&APW)
is the Fermi distribution, and is the electronic Fermi en- method®3? in the generalized gradient approximation
ergy. (GGA).23 To ensure continuity of the calculated energy as a
Other thermodynamic functions can be obtained infunction of volume, we used constant muffin-tin radii of
the usual way fromF(V,T); specifically, entropy isS  1.0a, (Bohr radiug. The input to all of our thermodynamic
=—(dF/dT)y, internal energy iSE=F+TS pressure isP  calculations consists of both LAPW-calculated energies and
=—(dF1dV)1, and the Gibbs free energy G=F+PV. points obtained by cubic spline interpolation with nodes
separated by 0.0@5. Outside the region where the LAPW
calculations are applicable, Morse function extrapolations to-
Ill. COMPUTATIONAL DETAILS ward zero and infinity are used to complete the 0-K energy

curve.
The P-V Hugoniot was obtained from the Rankine-

Hugoniot relationP(VE°“*>-V)/2=E-E{*""S where V§°"*

is initial specific volume andEf®“*is the initial specific IV. RESULTS AND DISCUSSION
internal energy. In all of our Hugoniot calculations we take
the carbon structure to be that of diamo@51 g/cni am-
bient density; hence, our initial densities of 2.2, 1.85, and Laser-driven shock wave data are usually presented in the
1.6 g/cn? correspond to “porous diamond.” This is a reason-u,-P plane because of the large error bars on the measured
able approximation since the measured enthalpy differencéensities. Our calculated results fo=1.0, 1.6, 1.9, and 2.2
between diamond and graphite under standard conditions &re plotted in theu,-P plane in Fig. 1 together with experi-

A. Pressure versus particle velocity
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mental dat&:>34-3%6 The porosity m=1.0 (initial density et al3* for m=1.9 may be due to inaccuracy in their mea-
=3.51 g/cm) corresponds to single crystal diamond, andsurement. We can see from Fig. 2 that the graphite Hugoniot
m=1.6 (initial density=2.2 g/cr®) corresponds to pyrolytic dat&¢ for m=1.6 (p,=2.2 g/cn¥) show a trend toward a
graphite. For these two porosities, our calculatgd Hugo-  larger value ofV/V, than 0.728 at 325 GPa. Note that the
niots agree with the measuremérits®6to within the experi-  shock experiment of Pavlovskit al3* on carbon forp,
mental error bars. Fan=1.0, we believe that the small but =1.85 g/cni (m=1.9 gives a density at 325 GPa that is
growing difference between the empirical fik=12.16  higher than that obtained fg#=2.2 g/cn? (m=1.6) from
+1.0Qu, of Pavlovskif> and our calculations above 600 GPa our MFP calculations at the same pressure, or by extrapola-
is a consequence of extrapolating the fit to pressures abowgn of the data of Nelliet al2 to 325 GPa.
those of the data that were available to Paviovdgi
<600 GPa. Nellis et al? calculated the graphite Hugoniot
by taking it to be “porous diamond” am=1.6 and found that
their theoretical curve deviated significantly from their mea- Our results fom=1.0, 1.6, 1.9, and 2.2 are plotted in the
surements foP>300 GPa, but still our calculations show T-V/V, plane in Fig. 8a), which also shows the carbon
excellent agreement with their measurements. er2.2,  Hugoniot temperatures fan=1.0 and 1.847 calculated by
the laser-driven shock wave results of Batahal! are sys-  Pavlovskii2> Our result form=1.0 is in good agreement with
tematically lower than our calculations at a given particlethat of Pavlovskii, while his result fom=1.847 is closer to
velocity, and they are also systematically lower than theour result form=1.6 than to our result fom=1.9. It should
Hugoniot obtained from the SESAME tables. be mentioned that standard temperature estimates are rather

Figure 1 includes the SESAME Hugoniots far=1.6, uncertain due to the shortage of data on the Grlneisen pa-
1.9, and 2.2 obtained by Bataat al! from the SESAME rameter and specific heat.
EOS of graphitdm=1.6). The Hugoniots fom=1.6 and 1.9 The calculated Hugoniot temperatures as a function of
disagree with our MFP results, while the Hugoniot for  pressure up to 1400 GPa are listed in Table | and compared
=2.2 is in close agreement. The discrepancy is most likelyo the model results of Fried and Howéi@H) in Fig. 3(b).
due to inaccuracy in the Griineisen gamma used to construétt a given pressure the Hugoniot temperature increases with
the SESAME EOS! The agreement between the MFP andthe porosity because of the larger volume collapse and the
SESAME Hugoniots fom=2.2 is fortuitous. corresponding larger increase in internal energy. While very
good agreement is obtained between our calculation and the
FH modeling form=1.0 (diamond and m=1.6 (graphite,
our calculated temperature fom=1.9 at 325 GPa is

In Fig. 2, a plot ofV/V, versusP, the errors due to the 21758 K, which is almost 50% higher than the 15000 K ob-
uncertainties in the particle velocity measurements are ertained by FH. FH obtained their EOS by generalizing the
larged enormously. Note that the errors in the relative vol-approximate Murnaghan functional form. The EOS param-
ume for the laser-driven shock wave experiments by Batangter values were chosen to ensure agreement with two types
et al! for m=2.2 span the entire volume range from of data: (1) accurate thermodynamic data, specifically the
=1.0 tom=2.2 at a given pressure. 300 K isotherms and temperature dependences of the heat

For m=1.9 (p,=1.85 g/cnd), the relative volume mea- capacities of both diamond and graphite, thus the good
sured by Pavlovskiet al3* at 325 GPa is 0.728. In contrast, agreement between FH and MFP for tne1.0 andm=1.6
our calculated relative volume is 0.825. The discrepancy beHugoniot temperatureq?2) inaccurate shock data, namely
tween our calculation and the measurement by Pavlovskihe measurement of Pavlovskit al3* for m=1.9, which is

C. Hugoniot temperatures

B. Relative volume(V/V,) versus pressure
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inconsistent with our MFP Hugonidsee previous subsec- studies’®-*'At low temperatures, metallization is associated
tion), hence the discrepancy between the FH and MFP Hugowith the closing of the electronic band gap. We have calcu-
niot temperatures fom=1.9 at 325 GPa. lated the electronic band gap of diamond-type carbon as a
function of V/V,;, see Fig. 4a). The calculated band gap
increases with density, as also found by Settal3° and by
Fahy and Loui¢? This implies that diamond-type carbon
The pressure-induced metallization of non-metals hag®ecomes a more effective insulator with increasing hydro-
been the subject of a number of theoretical and experimentatatic pressure, in agreement with experinféfthis unusual

D. Shock-induced insulator-conductor transition in carbon

TABLE |. The calculated relative volum¥/V, and temperature for diamond with initial porosities
=1.0, 1.6, 1.9, and 2.2/, is the atomic volume of single-crystal diamond under ambient conditions.

m 1.0 1.6 1.9 2.2
P
(GPa VIV, T (K) VIV, T (K) A T (K) VIV, T (K)

75 0.8726 429  0.9155 3707  0.9397 5328  0.9646 6881
100 0.8437 520  0.8952 4937  0.9242 7098  0.9538 9123
125 0.8185 637  0.8772 6201  0.9099 8875  0.9433 11307
150 0.7963 783  0.8609 7492  0.8967 10634  0.9328 13405
175 0.7768 960  0.8464 8797  0.8843 12356  0.9225 15411
200 0.7594 1165  0.8330 10106  0.8726 14032 09126 17333
250 0.7292 1649  0.8091 12705  0.8513 17244  0.8942 20967
300 0.7038 2229 07883 15244  0.8323 20288  0.8775 24387
325 0.6925 2552 07789 16487  0.8238 21758  0.8698 26035
350 0.6820 2897 07700 17711  0.8155 23197  0.8624 27649
400 0.6631 3647 07535 20105  0.8005 26000  0.8490 30792
500 0.6315 5367  0.7255 24708  0.7745 31366  0.8259 36823
600 0.6059 7338 07022 29119  0.7532 36504  0.8069 42612
700 0.5847 9507  0.6825 33389  0.7350 41481  0.7906 48230

800 0.5665 11818 0.6656 37553 0.7195 46336 0.7768 53719
900 0.5506 14215 0.6508 41633 0.7060 51094 0.7647 59106
1000 0.5366 16655 0.6379 45646 0.6944 55773 0.7540 64417
1200 0.5126 21565 0.6160 53510 0.6745 64954 0.7360 74882
1400 0.4927 26438 0.5981 61213 0.6584 73974 0.7211 85221

054110-4



MEAN-FIELD POTENTIAL CALCULATIONS OF SHOCK:-.. PHYSICAL REVIEW B 71, 054110(2005

T T T T T 35
° 3
30
£
5 H
25
_ >
Bk | A
A %0 b FIG. 4. (a) The calculated
o 8 band gap of carbon as a function
A 5 L | 3 of relative volumeV/Vy. (b) The
s 215 ¢ calculated electronic heat capacity
g o of diamond as a function of pres-
a 2 | i o sure for initial porositiesm=1.0,
= 10T 1.6, 1.9, and 2.2.
g
1 - -§ 5
(a) =
0 | | 1 | 1 0
1 0.9 0.8 0.7 0.6 0.5 0 200 400 600 800 1000 1200 1400
V/V, P (GPa)

behavior is usually explained in terms of the splitting of plosion dat&3® at m=1.0 (single-crystal diamondand 1.6
bonding and antibondingp® states of carbof’* (graphite. In contrast, our calculations do not show the high
However, in the case of shock-wave compression, the incomp(essibility of carbon at megabar pressures observed by
crease in temperature along the Hugoniot must be taken int8atani et al* in their very recent laser-driven shock wave
account, especially in the case of porous materials, whicgxperiment, nor do our MFP results support the measurement
generate h|gh temperatures during volume Co”dm_ 3) of Pavlovskiiet a|.34 for m=1.9. In addltlon, we also studied
High temperatures could excite electrons from the valencéhe possible insulator-metal transition in shocked carbon. We
band to the conduction band of carbon, even though the barf@und that single-crystal diamond will not transform into a
gap is very large. Fom=1.0, 1.6, 1.9, and 2.2, we have also metal untll sho_cked up to 600 GPa, but porous _dlamond with
calculated the electronic contribution to the heat capacity! ;ozépls predicted to transform into a metallic statePat
Co=dE./dT [see Eq(7) for the definition ofEy ], of carbon ~ a.
along its Hugoniot. An abrupt increase@y, from zero in the ACKNOWLEDGMENT
low-pressure insulating state is an unambiguous signature for
the insulator-conductor transition. In Fig(bJ, we see that .
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