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We have performed molecular dynamics simulations to obtain the internal energy and pressure of shock-
compressed fluid deuterium at 24 sepatdansity temperatujgoints. Our calculations were performed using
the generalized gradient approximati@®GA) in density-functional theory. We obtained a good fit to this
simulation data with a thermodynamically consistent virial expansion. The single-shock Hugoniot derived from
this equation of state is compared to previous theoretical and experimental results. We discuss several types of
error inherent in the GGA, as they relate to the quality of our results.

Various experiments have probed the effect of a strong A variety of direct simulation methods have been devel-
shock on liquid hydrogen or deuteriutti® In recent experi- oped in recent years to treat hydrogen and other systems in
ments, single-shock pressures of up to 23 GPa have bedhis regime. The most sophlsnc_ated mc_lude the path-integral

- - molecular dynamics(MD).2° The DFT-MD approaches
sponding to a density of around 0.58 gA;nover three

times greater than the liquid, and a temperature of arounE‘ainly emp_oned t_he local-density approximaticthA).
' or appropriate regimes, more approximate methods such as

4500 K. Previous gas-gun experiments had attained simil A 0 1 i i
single-shock pressurég.Multiple shocks with much higher aliré%rl];?z;ﬁa:mjiré%qﬁ/ghgf/lgk:fs’oagge“ngmiIki)zlr(]e(émg(TB) mo

pressures and densities were also produced in all of the gas- By choosing the matrix elements to reproduce known
gun experiments. These pressures have reached a range %perties, we originally fit a TB mod&t'3 that accurately
tween 80 and 180 GPa at temperatures of between 2000 apgh esented molecular vibrations, rotation, and dissociation,
5000 K. The derived densities of nearly 1 gkror ry  including interactions among separate molecules and disso-
~1.4 (rs=a;/ag with a; the ion-sphere radiiorrespond  ciated atoms. The model also included ionization in an ap-
to almost a factor of 10 compression of the initial liquid. proximate way, correct to the extent that single atomic orbit-
Other recent experimeritssed a high-energy pulse from the als can be superposed to represent lower-lying excited states.
Nova laser to create an initial shock wave, which then propawe applied our original TB model to the understanding of
gated into a liquid deuterium sample chamber. These experelectrical conductivity in shocked hydrog&has well as the
ments attained single-shock pressures of up to 350 GPa, withOS and Hugoniot of shocked liquid deuteritirin recent
inferred densities of over 1.0 g/émThey have cast doubt work, we fit a second TB model and compared it to a physi-
on the standard deuterium equation of st&S since, for  cally based dissociation mod¥t!®° Both our TB models are

a given pressure, the Nova densities range up to 50% highapproximate, and generally not as accurate as DFT ap-
than conventional EOS predictions, such as SESAME.proaches. Furthermore, it is difficult to quantify the amount
These findings have profound ramifications for systems asf error intrinsic in a tight-binding parametrization.

diverse as the interiors of the giant gas plahetsd inertial DFT provides a means of performing molecular-dynamics
confinement fusiof. simulations in which the results do not depend on an arbi-
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trary choice of fitting parameters. Until recently, the great TABLE I. EOS coefficients;; , expressing fluid pressufeas a
computational cost of DFT prevented it from being used tofunction of density and temperature.

generate a complete deuterium single-shock Hugoniot. If :
this study, we present for the first time a deuterium single! J Cij

shock Hugoniot produced using DFT. We have chosen to us 0 1733686 10"
the Perdew-Wang 91 parametrization of generalized gradierg 0 > 005438 10°
approximation(GGA),*® which we have found to be highly 0 07 v 107
accurate for the case of hydrogen. In DFT methods, the totaﬁ 1 1.25784& 101
energy is written as a functional of the electron density, ' ,
which is obtained by summing the probability density over -1 5.39958%10
the occupied orbitals. In GGA formulations, electronic ex- _; gggiigi 120

change and correlation energy are approximated using 3
functional which depends only on the density and its spatial
derivatives. GGA methods provide a highly accurate mean
of studying the thermochemistry of chemical bonding by
representing the inhomogeneities inherent in the electro
charge density.

%Pa and Ry/atom, respectively. We have chodeso that
the energy of the KHmolecule is zero. With this choice
represents the change in internal energy relative to uncom-

We performed our study using theasp plane-wave pressed liquid deuteriurignoring its very small cohesive

pseudopotential code, which was developed at the Technic&"€9Y relative to iso_Iated_ moleculedhe 17 EOS coeffi-

University of Vienna'’ This code implements the Vanderbilt C'€NtSCij anddj; are given in Table I and Table Il. The EOS

ultrasoft pseudopotential schethevhich is highly efficient. f|Ft|ng pfoceg‘“fe was Identical 'to that performed in ouor pre-

We used Vanderbilt-type pseudopotenfidllas supplied by VIOUS study-* For the present fit, the error fé was 2.2%,

Kresse and Hafnef and for U, 2.Q%. Given these errors, our equatlon of state
We performed fixed-volume molecular-dynamics simula-Should be reliable over the range of the fitting data.

tions at 24 separatiglensity, temperatuyeonditions, chosen As in our previous s_tudy, our EOS is smooth and essen-
to span a range of densities from=1.85 tor.=2.2 and tially featureless, showing no evidence for a phase transition

temperatures fronT=2000 K to T=31500 K, with em- within its region of applicability. In particula#P/JT is posi-

phasis on the single-shock Hugoniot region. At each timd!Ve €verywhere; we do not see the negat/JT values
step the energy and forces were calculated exactly. We usé&df€d as evidence for a phase transition within PIK1Our _
128 hydrogen atoms in the unit cell and fixed the plane-wav&/0Tk also provides no evidence for the plasma phase transi-
cutoff at 400 eV. Additional MD simulations using a 500 eV tion that appears in the model of Saumon and Chabtier.
cutoff produced nearly identical EOS values. Integration of We solved for the Hugoniot numerically using our equa-
the equations of motion proceeded with time steps of 0.25 ofion Of state, as was done in our previous waHour calcu-

0.50 fs with the smaller time step employed at higher tem/at€d Hugoniot(Fig. 1) resembles that derived from the

peratures. Simulations were performed for 1000 time stepSSESAME modél and from our earlier work? The main

we let the system equilibrate for 700 time steps and theflifference stems from the prediction of slightly more com-
calculated properties using the final 300 time steps. This praPréssion. The |n|_t|al state was taken to be liquid d_eutenum at
cedure proved sufficient to obtain accurate thermodynami€€r© Pressure with a volumé =23.5 crri/mol, which cor-
quantities, including pressure and internal energy. responds to a density gf=0.171 g/cni. Our equation of

The ionic temperature was fixed using a thermostat, angtate is fit for the energy,—U,, as the energy of the initial
electronic eigenstates occupied using a Fermi-Dirac distribiauid has already been subtracted. In our previous TB study,
tion. We retained enough excited states to treat the effect o¥€ also adjusted the internal energy by an amodldt=
ionization; 96 excited states were used at the lower tempera- 0-02 Ry/atom to improve agreement with gas-gun shock
tures, and 166 at the higher temperatures. We performed
tests and found this to give very good convergence. Since TABLE Il. EOS coefficientsd;; , expressing internal enerdy
our EOS exhibits thermodynamical consistency, we can cor?S & functlon of denS|ty.and temperature. Thls energy is relative to
clude that sources of error in our MD simulations have beerynshocked liquid deuterium, as discussed in the text. The unitis of
controlled. This observation does not rule out systematic er2'¢ RY per atom.
ror due to the GGA, which is approximate.

Given the results of the molecular dynamics simulations! J di

we fit smooth functions for the fluid pressuPeand internal ¢ 0 6.23547X 102

energy per atomyJ: 1 0 1.17851% 1¢°

2 0 —6.816226< 10

p=> c;n'T, (1) 3 0 9.23945% 107

i 0 -1 —4.53404% 107

1 -1 7.34099% 10°

B - 2 -1 4.37773% 10

U—% dijn'T, @ 4 -2 6.26536X 10°

1 -2 —1.36312%10°
where n=N/V is the number of atoms per unit volume g 1 1.23934&% 10~ °

(ag3) andT is the temperaturéK), with P andU given in
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300.0

many roots needed for the Fermi-Dirac population at finite
temperatures implies an effective representation of excited
- and continuum states of the extended system. GGA function-
° als share with LDA a tendency to underestimate the gap
- between occupied and unoccupied electronic eigenstates. On
this basis, we would expect, if anything, that GGA overesti-
i mates the effect of ionization on the Hugoniot, resulting in
too much absorption of energy. At the point of maximum
compression on our Hugoniot, the fluid temperature is only
about 11 400 K. We have tested the effect of ionization under
these conditions by setting the Fermi-Dirac electronic tem-
perature close to zero; we find that ionization has a very
o small effect on the pressure and internal energy at this rela-
o s o5 o8 o7 o5 e To T o tively low temperature. Another indication of the effective-
plg/cc) ness of this representation comes from the good agreement
obtained with experiment&?Xfor the electrical conductivity,
which depends critically on the quality of the excited states.

Ross(dash: Ref. 25 DM (dot, Ref. 14: and PIMC (crosses, Ref. We have tested the GGA, using the same p_seudopotential
7). Experiments: gas-guftriangles, Ref. 2 and lasefcircles, Refs. and energy CutpffS used for molecular dynar_nlcs, on th H
4. molecule. We find that the shape of the binding curve is
highly accurate near its equilibrium bond length and begins
to depart from configuration-interactiofCl) calculations
only for separations greater than aboutag.On the weak-

. - binding regime. We believe that under the conditions of the
Table Il displays the effect of the fitting paramet@y on Present study that this error is minimal. At these densities,

the maximum compression ratio attained on the Hugoniot. | . S
. . . . when molecules dissociate into atoms, they only very rarely
the TB equation of state is not adjusted to fit the gas-gun dat . . : .
ecome separated from all their neighbors in the fluid by

(6U=0) the maximum compression ratio increases frommore than 4.0 Bohr
4.05 to 4.27. Conversely, if the GGA equation of state is e ) . . .
In additional support of this observation, we again tested

adjusted to fit the gas-gun datdy=—0.03 Ry/atom), its . .
compression ratio drops from 4.61 to 4.23. Currently we feefhe GGA using the same ps_eudopotennal and energy Cutofis
; . . - . used for molecular dynamics, on the, fotential energy
the most meaningful comparison is f6lJ=0. In this case, ; W idered about half of the 8 .
the tight-binding model gives a compression ratio of 4.27 surface. We considered about half of the 83 geometries
““"studied by Schwenk8 using a highly accurate Cl method.

and the GGA result is 4.61. We regard this agreement &We find that the GGA predicts the potential energy accu-

excellent given the difference between the methods. rately (typically within a few percent or 0.1 e\éxcept when
The Nov& measurements reach much higher compres- yitypicaly b s b

sions than for our Hugoniot. As in our previous studidae one of the atoms is separated from the other three by more

are unable to explain the discrepancy with the Nova datat.han 4.0 Bohr. Interestingly, our .TB modéfswhich have a
. much less accurate representation than GGA gpfbit re-
Some mechanism to absorb energy appears necessary to pro-

duce the higher Hugoniot densities. The cause of the dis@roduce the i binding curve nearly exactly, give roughly

agreement, if real, remains uncertain: molecular dissociatioﬁ'mlz'!ﬁ;ﬁq?fg?(gsmgesﬁﬁ( toroG(e;Qi.es we have emploved the
of the fluid, excitation of rotational and vibrational molecular y prop ' ploy

modes, and ionization all exhibit energy absorbtion mecha—GGA with very high energy cutoffs to calculate the pressure

nisms accurately treated in our GGA-MD calculations. zf t{;ﬁ ﬁ:?i::&;?ﬁﬁﬁlg pg,?;%%?ﬁef;g?:sn g;gzl:_me.
In order to examine further the validity of the GGA in gan, g b 9

. : . ept at the lowest densities (>2.0). These findings rein-
representing the physical mechanisms that govern hydrog . - S . ; ;
in this regime, we have performed a set of ancillary calcula- '€ the basic validity of the GGA for this region while

tions. We expect that the energetics of the GGA model iS‘offermg explanations for the disagreements with the single-

highly accurate, except possibly for ionization. The use Of5hock gas-gun results. The latter occur at low temperatures

large plane-wave basis sets {0%) and the extraction of the and densities in which the system remains prec_jomlnantly n
a molecular state. Both zero-point nuclear motion, which is

not treated in our model, and the long-range tail of the mo-
lecular interactions play vital roles in this regime and prob-
%1ny account for the differences. However, as demonstrated
above, these two effects do not affect in any significant man-
ner the higher density and temperature ranges probed by the
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FIG. 1. Deuterium Hugoniots. Theoretical models: GGA-MD
(solid line); SESAME (diamonds, Ref. B TB (chain, Refs. 12,15

data? In this study, keeping with the spirit of parameter-free
ab initio methodology, we have made no such adjustment.

TABLE Ill. Sensitivity of the maximum compression ratio on
the Hugoniot to adjustment of the internal energy by an amoun
6U, for TB and GGA equations of state.

oU Pmax/po (TB) Pmax/Po (GGA) laser experiments.

0.00 Ry/atom 4.27 4.61 In summary, we have obtained an equation of state for
—-0.01 4.16 4.48 deuterium using first-principles molecular dynamics with
-0.02 4.05 4.36 GGA density-functional theory. We found the Hugoniot for
—0.03 3.97 4.23 shocked liquid deuterium based on this equation of state. The

maximum compression of the fluid is by a density factor of
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4.61. This agrees reasonably well with some previous theosources of error in our calculations. Although it would be
retical values, but is in sharp disagreement with some recentifficult to estimate the total error in our equation of state,
experiment$. Our Hugoniot also disagrees somewhat withwe believe it is physically based, and fairly reliable.

some gas-gun shock data due to neglect of nuclear zero-poinfy/e would like to thank Andy Hazi and Burkhard Militzer
motion and inaccuracies in the weak long-range interactiongor helpful discussions. This work was supported under the
We chose not to fit our equation of state in order to improveauspices of the U.S. Department of Energy through the Los
agreement with the gas-gun data. We have identified severallamos and Lawrence Livermore National Laboratories.
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