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Ab initio simulations of compressed liquid deuterium
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Using ab initio molecular dynamics, we have investigated liquid deuterium under pressure, in a range of
densities relevant to recent laser shock experiments. Our results show that between four- and sixfold compres-
sion, and temperatures between 5000 and 10 000 K, the liquid goes continuously fdissoaiation/
recombination regimewhere a substantial proportion of atoms formy Bomplexes, to &cattering regime
where mostly atoms are present. At about 10 000 K and sixfold compression, we find that the liquid is a poor
metal. Our simulations point at a compression along the Hugoniot larger than indicated by old data, but smaller
than predicted by laser shock experiments.

Recent experiments* on shock-compressed liquid hy- classical dynamics to treat the motion of ions. We have con-
drogen and deuterium have produced interesting and unesidered temperatures sufficiently higli=%5000 K) so that
pected results for the equation of state and electrical conduden dynamics is expected to be reasonably described by
tivity at pressures near 100 GPa and elevated temperaturdgewtonian equations of motion. We have chosen to investi-
In particular, measurementsof the electrical conductivity gate the liquid at two densitie®.67 and 1.0 g/cry corre-
of samples compressed by reverberating shocks indicate thaponding to= four- and= sixfold compression; respec-
hydrogen becomes metallic at 140 GPa, near 3000 K. Medively) where new shock laser détaignificantly deviate
surements of the deuterium Hugoribtusing a high- from older modelg?! In particularp=1.0 g/cn? is close to
intensity laser to shock liquid samples at 20 K and ambienthe density at which maximum compression along the Hugo-
pressures indicate that fluid deuterium is significantly moreniot was recently observed experimentdiWe have used a
compressibléby about 50%) than previously thought. Thesegeneralized gradient approximatié8GA) (Ref. 19 for the
results raise important questions about our understanding @xchange and correlation energy functional, with no adjust-
hydrogen, the most abundant element of the universe. able parameter. In our investigation, we have focused on the

In spite of the apparent simplicity of hydrogen, the chal-structural and electronic properties of the fluid as a function
lenges involved in accurate theoretical modeling of theof P andT, and we have estimated its maximum compression
warm, compressed fluid are formidable; indeed significanglong the Hugoniot.
discrepancies exist between different theoretical approaches We have performed constant volume MD simulations
and some theories disagree with recent experimental dawith periodic boundary conditions and supercells containing
(see Fig. 1 for the deuterium Hugoniot. Statistical thermo- 124 atoms® Some runs were performed using 216 atom
dynamics modefs’ reasonably reproduce the recent data of
Collins et al®. These models are fitted to gas-gun data and 200 T T T T T e
assume mixtures of atoms and molecules in the liquid, their O osn
proportion varying with temperatu&) and pressuré) and [ — — Tight binding
being determined by the minimization of free-energy model 150 |- >
functions. Fully quantum mechanical approachéseating I
both ions and electrons with Path Integral Monte Carlo
(PIMC) methods seemed also to indicate a maximum com-
pression of deuterium along the Hugoniot close to that ob-
tained in laser shock experiments. Theoretical approaches i
developed for strongly coupled plasmasd applicable only 50 |-
at high P and T shows as well a maximum compression [ S
along the Hugoniot close to that obtained in recent i
experiment$.On the other hand, molecular dynamics simu- ol=—""1 .
lations using a tight-bindingTB) model for the electron¥ 0.25 0.50
give a pressure/density relationship along the Hugoniot,
which sgbstantially deviates from _recent experiments, and FIG. 1. Comparison of experimental Hugoniot data for deute-
agree with older mode!Jsl.The same is true for the results of i,y yith the results obtained using different theoretical models
a cla_SS|ca2I spin Hamiltonian model recently proposed bysee text Laser shock datéRefs. 3,4 are indicated with open
Rescigno squaregRef. 4 and diamondgRef. 3, corresponding to two sets

In this paper we present the resultsatf initio molecular  of experiments. The SesartiRef. 11 data are indicated by a solid
dynamics(MD) simulation$® of compressed liquid deute- line. The results of tight-binding calculatioi®ef. 10 and of the
rium using Density Functional TheoryDFT) to describe free-energy model of RosgRef. 5 are indicated by dotted and
electron-electron and electron-deuteron interactions, andashed lines, respectively.
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15 i ' ' ' ' ! ' FIG. 3. Distribution of pairs lifetimes ap= 0.67 g/cn? and
(b) 6000<T=10000 K (see text The lifetime of a pair is defined as
i i the number of times a pair of deuterons undergoes an oscillation at
—~ ) i the vibrational frequency of the Dmolecule in the gas phase,
o before separation of the two atoms occurs. We have indicated the
o | average and maximum lifetime witk Ift> and max Ift, respec-
m tively.

- quenching the electrons in their ground state at each'8tep.
This enabled us to compare statistical averages obtained with
different tolerances on the energy conservation in the micro-
canonical ensemble. The results of the two simulations were
20 3.0 4.0 basically identical. Depending dhandP, the time step used
tA) in our simulations varied from 0.5 to 3. a(l. a.u.= 0.0249
fs). Each run lasted about 1 ps, corresponding=to100

FIG. 2. Deuteron-deuteron pair correlation functigsgr)] for oscillations of the ) molecule, whose vibrational frequency

liquid deuterium atp=0.67 (a) and 1 g/cn? (b) at three different in the gas phaseafp) is 3112.7 cm L

temperature$T= 6000 (solid line), 8000 (dotted ling and 10 000 Figure 4a) shows the deuteron-deuteron pair correlation
(dashed lingK]. The position of the first maximunr ) of the  functions[g(r)] calculated forp=0.67 glcn? (rs=2a,) as
g(r)s are indicated, when well defined. a function of temperature. The position of the first maximum

of g(r) varies from 0.74 A at 6000 K to 0.86 A at 10 000
supercells to test size effects. For the purpose of our inveK. Theseg(r)s are qualitatively similar to those obtained
tigation, size effects were found to be small; for example, aboth with TB-MD and PIMC simulations, although quantita-
10000 K, the values of the pressure arex3} GPa and tive differences are present. For example the position of the
36+2 GPa alp=0.67 g/cn?, when calculated with 124 and first maximum at 10000 K is 0.95 A in TB-MB and 0.75
216 atom cells, respectively and 65 and 79-2 GPaat A in PIMC (Ref. 8 calculations. The number of atoms
p=1 g/lcm®. Small size effects were also observed for theforming pairs at a distance less than or equalre-r
potential energy ) of the liquid. For example, at 10000 K =1.06 A is about 80% at 6000 K and decreases only by
andp=1 glcm®, the difference betweeR, calculated with  few percent whef is increased up to 10 000 K. The number
124 and 216 atom supercells is 0.044 eV/atom. This differof atoms involved in pairs is very sensitive to the choice of
ence is slightly smaller at the same temperature@n0.67  the cutoff radius and decreases to less than 60% whén
g/cm®. In our simulations, the interaction between electronsdecreased to 0®A . Even when at distances close to the
and ions was described with a norm-conservingbond length of the gas phase,DBnolecule, atoms forming
pseudopotential and only thel' point was used to sample pairs do not necessarily give rise to true molecular states, in
the supercell Brillouin zone. Single-particle electronic stateghe liquid. This is shown, e.g., by the average lifetime of a
were expanded in plane waves with a maximum kinetic enpair, measured as the number of times a pair undergoes an
ergy cutoff of 45 Ry(a cutoff of 180 Ry was used for the oscillation at the frequency,, before separation of the two
potential and the charge dengityfhe samereferenceMD atoms occurs. At;=2 a,, the pair average lifetime is 1.22 at
cell was used at all densities, with the electronic kinetic en6000 K and decreases to 0.78 at 10 00(sKe Fig. 3. At all
ergy being evaluated as in Ref. 18. This allowed us to have @ considered here, the lifetime distribution is very broad,
constant resolution at different volumes and meaningfullywith some pairs having lifetimes up to 33 and 19, at 6000
compare values of the pressure obtained at different densand 10000 K, respectively. Consistent with these findings,
ties. Atp=0.67 g/cn? and temperatures less than 10 000 K,the computed vibrational spectrum of the liquid(w)] at
several annealing cycles were carried out in order to insure=0.67 g/cn? does not show a clear peak centeredvgt
that the liquid was properly equilibrated. At high density andbut rather exhibits a very broad, flat distribution of modes,
temperature 4=1.0 g/cn? andT= 10000 K), we performed for T = 6000 K. We note that even at lower densities, e.g.
MD runs both by using a Car-Parrinello dynamics and byp=0.40 g/cn? and 10000 K, the computed &) shows a
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FIG. 4. Fluctuations of the potential ener¢otted curve, arbi- " . ‘ ,
trary unit9 and number of isolated deuterium ato(itd) as a func- %0 4500 6500 8500
tion of the simulation time for compressed deuteriunpat 0.67 T(K)

g/cm® and T=6000 K. The number icO has been defined as the
number of atoms Withqut a nearest _neigh_bor within a cutgff FIG. 5. PressuréP) as a function of temperatur@) in com-
=rg; the average coordination numbgncO> is 25 and the smaII-. pressed deuteriunt (=2 andr.=1.75a, in the upper and lower
est and largest values observed for icO are 15 and 30, respectivelyanel, respectivelyas obtained irab initio simulations. The total
pressure is given b¥=(N/V)kT-dE/dV, whereN, V, andE are
broad peak around the Dvibron, indicating that molecules the number of particles, the volume, and the potential energy of the
lose their gas phase identity already at modefa®ut 2.5  system;k is the Boltzman constant. Far=10 000 K, results ob-
compression. At about fourfold compression, the liquid is totained with both 124 and 216 atom MD cells are shown. Statistical
be viewed as a dynamical system where pairs of atoms corerror bars on the pressure obtained with 124 atom simulations vary
stantly form and break apart, consistent with TB-MD from = 5to +8 GPa, those on the temperature from 50 to 75 K and
results?® We call this adissociation/recombinationegime.  those on the potential energy from 0.05 to 0.08 eV/atom.
The changes in atomic coordination as a function of time are
directly related to the potential energf) fluctuations ob- cutoff distances r(;). Pairs identified with the sames as
served in the liquid; these are shown in Fig. 4 Tee 6000 those used at;=2 a, turn out to have average lifetimes less
K, where a clear relationship between the particle coordinathan 1 at allT, although some of them can persist in the
tion and the fluctuations dE can be identified. liquid for as long as 10-15 oscillations, depending on the
The upper panel of Fig. 5 shows the valuesPoind T temperature. Most importantly, inspection of electronic
computed for the liquid ats=2 a,. At 10000 K we report eigenstates gi=1 g/cm® and high temperature shows a ten-
the values obtained with both 124 and 216 atom supercellglency of the electronic states to become delocalized. Most of
indicating that size effects are fairly small on both quantitiesthe geometrically defined pairs do not correspond to chemi-
The range of computed values B{T) are similar to those cally bonded species. In order to substantiate these findings,
obtained with the linear mixing mod&lThey do not show Wwe have computed the electrical conductivity) (of the lig-
any change in the slope ¢(T) in the temperature range uid as a function of frequencyw() at 10000 K andp=1
considered here, thus indicating no sign of a phase transitiog/cm®, using the Kubo-Greenwood formuaFrom the limit
in the liquid at this density. However our simulations show aof o(w) for o—0, at 10000 K we found an estimate of the
clear increase oP as a function ofT, rather than a flaP(T) dc conductivity g4) of 8000 (2 cm) ~1, corresponding to a
curve, as found in Ref. 5. The potential energy contributionresistivity (1/oy) of 125 u()- cm; this is a value typical of
to the pressure-{ dE/dV) is basically constant as a function a poor metal. The dc conductivity is twice as small at the
of temperature in the range 5000—10 000 K, thus giving ssame temperature and=0.67 g/cn?. The conductivity val-
slopedP/dT similar to that of an ideal gas at the same den-ues obtained in our calculations are consistent with those
sity. We note that ouP(T) curve is qualitatively similar to computed in Ref. 19,23 for TB samples at similar densities.
that obtained in TB-MD(Ref. 10 simulations, but rather The difference in the values af4. obtained using integer
different from the one obtained in PIMC calculatifnslow-  occupation numbers or Fermi-Dirac distributions is about
ever PIMC data might be revised, according to recent refine®%. But the error associated to the computed values of the
simulations?! conductivity could be as large as 30/50%, because of errors
The liquid is much less structured at=1 g/cm® (r¢  introduced by our GGA approximation and Bypoint sam-
=1.75 &), as shown by the deuteron-deuteron correlatiorpling. However we can conclude that increasing density in
functions displayed in Fig. (6), which at all temperatures liquid deuterium leads to electronic delocalization and in-
between 6000 and 10000 K have a maximum smaller thanreased electrical conductivity; eventually the system be-
1.0. The position of the first maximum increases in goingcomes a poor metal dt= 10000 K and in a range of den-
fromr¢=2.0 tor=1.75a,, at all temperatures. At 10000 K sities p=0.67-1 g/cnt. Consistently, in a Mott-Hubbard
the first maximum in ) becomes a shoulder, with the first picture, at 10 000 K the ratid /W—whereU is the Coulomb
minimum being hardly defined. Geometrical definitions of interaction energy between two electrons on the same atom
pairs are thus difficult to apply, due to the lack of meaningfulandW is the one-electron bandwidth—is slightly larger than
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one atp= 0.67 g/cn?, and becomes less than 1 @=1  recombinationregime, with a considerable proportion of
g/cm?®. This indicates thap=0.67-1 g/cnt is a transition long-lived diatoms, to a scattering regime, where mostly at-
region from a nonmetallic to a metallic regime. In particular,oms and some short-lived diatoms are present. In the
we have takerU= 17 eV?* andW = 16 and 18.5 eV, as dissociation/recombinatioregime we found a large number
calculated from averaging over 7 MD configurationspat  of different molecular aggregates with different electronic
0.67 and 1 g/cr, respectively. Our findings on the conduc- properties. In the scattering regime most pairs defined ac-
tivity of the sixfold compressed liquid are in agreement withcording to a distance criterion do not correspond to chemi-
recent reflectivity measuremefitsshowing that atp=1  cally honded species. We note that at all densities considered
g(cm3, compressed deuterium becomes a poor metal, &Here, using the concept of diatorfe of transient diamej$
high T. ) is more appropriate than that of molecules; indeed pairs of
The lower pane!?of Fig. 5 shows the computed valueB of ,1omg separated by a distance close to thebbnd length
andT atp=1 g/cn. The pressure is an increasing function ¢,y attain a variety of bonding configurations, which are in
of the temperature. Contrary to what was found at the lowepnera) gifferent from that of the molecule in the gas phase.

density, the kinetic energy contributio_n to th_e PreéSSUre ISrhe mean-field approximatiofDFT/GGA) used here seems
smaller than the potential energy contribution in alarge 'tem:[0 underestimate the maximum compression observed ex-
perature range, up te-8-9000 K. At 10000 K the kinetic o imentally along the Hugoniot. This could come from an
contribution is again dominant, similar to the lower density. , 4 astimate of the energy difference between fully disso-

_ We used the limited number oP(T,E) points calculated  giateq metallic states and semiconducting states containing
in our simulation to estimate some {p) values on the deu- 4y atomic pairs and isolated atoms, in the liquid. Investi-

terium Hugoniot. Assuming tha will increase withT also  gations involving explicit treatment of the spin, as well as

for temperatures higher than those considered in our simulgy,antym Monte Carlo treatments of the many body interac-
tions, our estimated maximum compression of the liquid is atjons are under way.

p= 0.75 glcn? (corresponding to 4.4 compressjoand P

= 50 GPa. This density is larger than that shown by old data We thank W. Nellis, M. Ross, B. Militzer, R. Cauble, and
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