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Dense hydrogen plasma: Comparison between models
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Static and dynamical properties of the dense hydrogen plagme®.6 g cnm3, 0.1<T<5eV) in the
strongly coupled regime are compared through different numerical approaches. It is shown that simplified
density-functional molecular-dynamics simulatidgB$=MD), without orbitals, such as Thomas-Fermi Dirac or
Thomas-Fermi-Dirac-Weiszer simulations give similar results to more sophisticated descriptions such as
Car-Parrinello(CP), tight binding, or path-integral Monte Carlo, in a wide range of temperatures. At very low
temperature, screening effects predicted by DFMD are still less pronounced than CP simulations.
[S1063-651X97)04709-0

PACS numbes): 52.25.Kn, 02.70.Ns, 71.15.Pd, 71.3Qv

I. INTRODUCTION elaborate techniques based on the density mgdiiare very
accurate at lower densiti¢Bigherr) and finite temperature,

In previous papers it has been shown that a simplifiedut are limited to a few tens of ions. To treat the plasma
density-functional scheme adapted to plasmdsnsity- regime, Car-ParrinelldCP) simulations have been pushed
functional molecular dynamic®FMD)] was able to repro- up to high densitie§10,8], but limitations arise in describing
duce accurately the equation of state of the hydrogen plasnelectronic excited states. Moreover, the metallic character of
at very high densities and in a wide range of temperaturethe system induces a mixing between ionic and electronic
[1,2]. The purpose of this paper is to present a more systentdegrees of freedom, leading to heat transfer between ions and
atic comparison of static and dynamical properties of theelectrons. In order to maintain the electronic density close to
dense hydrogen plasma between DFMD and other availablkiie Born-Oppenheimer surface, two Nose thermostats must
models. The high-density regime can be characterized by ke introduced to control electronic and ionic temperatures.
ratio rs=alag [wherea=(4/3wp) "2 is the ion sphere ra- At high temperature this procedure seems to induce a bias in
dius, andag the Bohr radiu smaller or equal to unity. For the simulation, making conventional CP simulations almost
such densities, the electronic orbitals of hydrogen are overdmpossible for temperatureE>1 eV. For higher tempera-
lapping and electrons become delocaliZ8il This simple tures, Kwon etal. proposed a tight-binding molecular-
pressure ionization criterion can be checked by using théynamics simulatiofi8] in which excited states are included
atomic physics packageoHEL [4] which predicts 80% of in the Hamiltonian, allowing simulations up to a temperature
ionization, with a weak temperature dependence. More reof 5 eV.
cent calculations have shown that this transition from high- By restraining our model to the plasma phasesat1, we
pressure molecular hydrogen to the plasma phase occurs veggn ignore all physical phenomena related to binding, and
abruptly through a first-order phase transition called thgocus only on screening by finite-temperature electrons. The
plasma phase transitid®], which can be located around aim of this paper is to quantify the differences between
=1 g cm 2 ending with a critical temperature of 15000 K. DFMD models and the other models previously mentioned.
Thus, forrg=<1(p=2.6 g cm °) the system can be consid- The paper is organized as follows. In Sec. Il we compare the
ered as a strongly coupled fully ionized plasma. concept of orbital free molecular dynamics with the classical

It is clear that for lower densitiesr{=1.5), a full Car-Parrinello scheme. Structural properties of the hydrogen
quantum-mechanical treatment is needed to account for mglasma are then discussed depending on the model, and fi-
lecular binding. Techniques such as quantum Monte Carl®ally diffusion coefficients and collective modes are com-
[6], density functiona[7], or tight binding[8] are then nec- puted.
essary to investigate the pressure dissociation of molecular
hydrogen. Conversely, for very high densities-{0) where Il. ORBITAL FREE FUNCTIONALS
the electrons are fully degenerdig=T,/Tr—0, whereT¢
is the Fermi temperatuy¢he electronic polarization becomes [N density-functional theory, the electronic energy is ex-
very weak and the system reduces to the one-componeRfessed as a sum of several terms: the kinetic enEfgy
plasma(OCP. the Hartree energ¥at, the exchange-correlation energy

In order to extract the dynamical behavior of the systemExc, and external energi e
(diffusion constant, viscosily very long simulations with
many ions are needed, and the accuracy of the physical Elp]=Ekelp]l+Enad 1+ Exdpl+Eexdp]l. (D)
model has to be balanced with computational cost. For ex-
ample, the OCP model allows for simulations with 1000 ionsThe minimization ofE depends only upon the electronic
over hundreds of plasma periods, but the lack of a goodiensity p(r) through the Hohenberg-Koh(HK) theorem
description of electron screening systematically underestit11]. In the Kohn-Sham realization of the HK formalism, the
mates the diffusion constant at finitg. Conversely, more electronic kinetic energgg is calculated as the kinetic en-
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ergy of a noninteracting electron gas, thus introducing a sdunctionals which are easier to compute. Nevertheless, in ad-

of nyec OCccupied electronic orbitalg; : dition to more complex calculations, the gradient term, when
used at low densities, gives rise to negative densities. In this

_ xr 1w2 case a mass preconditioning must be introduced in order to
EKE_Z f dr ¢i(n)*(=2VIei(r), 2 control the pseudodynamics of each Fourier component of
the electronic densitj14].
where the density is given by Another advantage of dealing with Thomas-Fermi orbital
free functionals is the possibility of performing finite elec-
Noce tronic temperature calculations. The energy is then replaced
P(r):izl Gi(1)* (). (3  py the free energy, also expressed locally Efp]

=[Fp(r)]dr, which acts as an effective potential for the

The ;s are derived by solving the usual Kohn-Sham equa-ions- The extensiqn of the Thomas-Fermi model to finite
tions. In conventional CP molecular dynamidg], the elec- témperature was given by Mof&3] and Perrof24] for the
tronic degrees of freedom are these orbitalgor more pre- whole TFDW functional in the K|rzshn|ts formulat!on. Fl_nlte
cisely the coefficients of their expansion on a set of p|anéa!gctron|c temperature S|r_nulat|qns are also possmle_wnh tra-
waves which are subject to an orthogonality constraint thatditional Car-Parrinello simulations, but they require the
represents a severe limitation to the size of the system. Implementation of a large set of excited states with occupa-
A tempting alternative is to apply the HK theorem liter- tion numbersf; determmed py the Fe_rml statlst|c§ through
ally and to regard the electronic densityr) as the sole the use of.the Mermin function4®]. Finite electronic tem-
variable. One thus has to propose some functional form foP€rature simulations in quantum physics are now a very ac-
the electronic kinetic energy as a function of the sole densit}/V€ field of research, where, due to their simplicity, orbital
(orbital fre8. Being the exact kinetic energy for a homoge- €€ functionals represent an interesting alternative.
neous system, the Thomas-Fer{iiF) theory appears to be
the paradigmof such approximations. As a matter of fact,
starting from the Thomas-Fermi expressiorE g IIl. COMPUTATIONAL DETAILS

_ 5/3 : _ 3. 2213 : _ , _ ,
= Co/ p(r)>"dr with co=55(37%)™ a whole family of or- Following the idea of Car and Parrinello, the dynamical
bital free functionals have been developed. The first correcg, o iution of the whole electron-ion system is controlled by a

tion is to keep the TF kinetic energy and to add to the elecbseudo-Lagrangian, in which the density is the sole elec-

tronic Hartree term the exchange energy formula for theyqnic dynamical variable. By taking the derivatives with re-

uniform electron gas computed by Dird@homas-Fermi-  gnect 1o the density and ionic coordinates of the Lagrangian,
Dirac (TFD) model:

N

— 5/3 4/3 .
ETFD Cof p(l’) dr-l—ij p(r) dl’, (4) £:%/.Lf -pz(r)dr+%21 MlRIZ_F[p(r),Rl]

wherec,= 2(3/7)'%. The next improvement is given by the
addition of gradient corrections to the density: _M(f p(r)dr— N), (6)

Vp(r)|?

A
EKEzcof P(f)mdr"’gf | ")
P the equations of motion of both components are obtained.
with a parameter £\<3%. The value of\ is a subject of The only constraint here is charge neutrality, which is easily
great discussions and for isolated atoms energies calculf@ndled.

dr, (5

tions, the value: seems to be the bekt3]. Combined with The external potential is given by the Coulomb potential,
the Dirac exchange term, this kinetic energy gives theEXCept for small distances €r;), where it is regularized by
Thomas-Fermi-Dirac-Weiszier (TFDW) functional. anad hochomogeneous smearing of the nucleus leading to a

More complex functionals have been devised, includingP@rabolic core for the potential. We have check2fithat,
the Lindhard response, or complex kernels, in order to reproProvidedr stays smaller tham, this procedure yields no
duce some condensed matter features such as binding of &gnificant differences on collectives properties compared
oms or total-energy calculations. Those functionals haveVith the bare Coulomb potential. However, this procedure

been applied to sodium and alumingitst—18, silicon[17— precludes exact energy calculations, and a static correction
19], metal-salt solution§20], clusters[21,18 and also hy- Must be introduced when calculating pressidre _
drogen adsorbed on silicium surfade®]. By equating the ionic and electronic temperature, this

But, keeping in mind that we are dealing with p|<—,1$mas,scheme allows us to perform finite electron temperature
some care must be taken in the choice of the kinetic-energ§imulations for 250 ions over 120 *, where the plasma
functional. However tempting it may seem to push the or-frequency is defined as,=(3/M,)¥% 732, in 10-h CPU
bital free concept far enough to be able to reproduce somef a YMP Cray computer. After an electronic minimization
condensed-matter properties, it will probably give rise tocorresponding to the targeted electronic temperature, the ions
more and more complex functionals, difficult to handle nu-are thermalized during 5&)‘;1 by simple velocity rescaling.
merically and consequently computationally slower. Thus weThe simulation is then run without ionic and electronic ther-
have focused our comparison mostly on the TFD and TFDWmostats. Total-energy conservation is better than one part in
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FIG. 1. Proton-proton pair distribution function for 3000 K and
rs=1. Long dashed curve is the OCP result; full curve with filled
circles: Car-Parrinello simulation€P); open circles: TFD simula-
tions; full line: TFDW simulations. the loss of adiabaticity. The DFMD models must now be

compared with the PIMC modé€6], in which finite tempera-

10%, and the electron-ion mass ratio is adjusted to maintaitiure electrons are described more accurately. The agreement
the fake electronic energy lower than TOtimes the ionic  is then very good, and the TFD curve is now very close to
kinetic energy with no drift. PIMC points. In particular, the closest approach distance is

Simulations at the lowest temperature of 3000 K, corre-well reproduced, showing the importance of excited states on
sponding to a plasma parametBre=e?/aksT=104, have screening. Again, the TFDW model yields a slightly too high
been performed with the DFMD code using TFD and TFDWfirst peak.
functionals and also with a CP code using BF2S] pseudo-
potentials without thermostatseferred to as CP To check
our CP code, comparisons have been made with Kohanoff V. INDIVIDUAL MOTION AND DIFFUSION
et al. CP simulation§10,2§ using the bare Coulomb poten- As shown in Ref[27], the individual motions of atoms,

tial, without noticeable differences. Higher temperature rungg,eajed by the normalized velocity autocorrelation function
(T=5800, 7300, 11 600, 29 000, and 58 00Pd6rrespond- y y

ing toI"'=50, 43, 27, 10, and 5.4 have been done to compare
with the tight-binding molecular-dynamics results of Kwon (v(t)v(0))
et al.[8]. Z(t)= TP

FIG. 2. Same as Fig. 1, foF=7300 K andr,=1.

IV. STRUCTURE

A structural comparison between DFMD’s simulations
and the other modelfCP and path-integral Monte Carlo /5 N
(PIMC)] at rg=1, is provided by the computation of the 10}
proton-proton pair distribution functiofpdf) g(r) displayed
in Figs. 1-3, /

For the lowest temperatuf@ = 3000 K andl’ =104, Fig. ' /
1), the OCP model, in which interactions are unscreened v /

yields the most structured pdf, with the highest peak. Con- € / T=29000 K
versely, CP calculations give much less structure. The struc 05 | ,’ |
tures predicted by the DFMD models are intermediate be: ' // . _ocp
tween OCP and CP calculations. The first peak predicted b / oo PIMC
the TFD model is closer to the CP model than the one pre J o TFD
dicted by the TFDW model. / TFDW

At higher temperatur€l = 7300 K andl" =43, Fig. 3, the //
TFD and CP models are much closer, except for the firs !
minimum which is more damped for CP calculations. The 0.0 = p 5 3
TFDW curve is still quite different. r (@)

At the highest temperature we consider@d=29 000 K
andI'=10, Fig. 3, CP simulations are no longer reliable  FIG. 3. Same as Fig. 1, far=29 000 K and- ;= 1. Open circles
because of the drift in the fake energy, which is the sign ofare now for PIMC simulations.
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FIG. 4. Velocity autocorrelation functions faf=3000 K and FIG. 5. Same as Fig. 3 fof=11 600 K.

rs=1. Full curve with filled circles: Car-Parrinello simulations
(CP); open circles: TFD simulations; and full line: TFDW simula- and C=2.95 for the OCP model, which yields a good esti-
tions. mation for low temperaturesT< 2 eV) and provides a lower
bound for diffusion. Some points from simulations of Ref.
are dominated in the case of the OCP model by a long-livedi27], and computed with our OCP code, are also plotted. At
plasma mode at a frequency closeutp. The same behavior low temperature, CP computations of Kohanoff and Hansen
is observed here, but with a characteristic frequency muchising the bare Coulomb potentiakferred in the figure as
lower than the plasma frequency. This lowering, first ob-CPQ are reported together with our Car-Parrinello calcula-
served with simpler Thomas-Fermi simulatidiad, also ap- tions with Pachelet-Hamann-Sckdu BHS pseudopotentials
pears in CP simulation26], and can be traced back to the [25]. The agreement between the two calculations is fairly
reduced effective charge. In Fig. 4 we plot the normalizedyood atI’=104 (T=3000 K). For such a low temperature
velocity autocorrelation functioZ(t) for T=3000 K atrs; (3000 K) the diffusion constant calculated with the TFD
=1. The OCP curve, which exhibits damped oscillations at anodel is 25% lower, but at higher temperature the TFD cal-
frequency close tav, (first maximum at the vicinity oft  culations are close to tight-bindin@B) values obtained by
=2q) is not shown here for clarity. The basic period of Kwon et al, except forI’=50 where the TB value seems
damped oscillations dZ(t) is now of the order of twice the very high compared to the other models. Confirming the in-
OCP value for the CP simulations. This frequency is wellspection ofg(r) and Z(t), the TFDW functional yields
reproduced by the TFD model, whereas the TFDW modepoorer results. As previously mentioned by these authors, all
predicts a lower frequency. At much higher temperaturesstimations converge to the OCP value at high temperature.
(T=11600K) (Fig. 5, the convergence between CP and

TFD be_come; excellent, taking into account the uncert_ai_nti(.es VI. COLLECTIVE MODES
of CP simulations at high temperature, where adiabaticity is . o _ _
difficult to ensure. A more precise description of collective modes is pro-

From the time integration of the velocity autocorrelation vided by the computation of the charge-charge intermediate
functionZ(t), we have extracted the diffusion consténin  scattering function
reduced unitsazwp. Results using the DFMD models are 1
compared with other models in Fig. 6 and Table I. We first _ = _
plot the fit given in Ref[27], D=CI'™¢, with a=—-1.35 Fzdk,D) N {p2(k,)po(—k,0), )

TABLE I. Diffusion coefficients vs coupling parametEr

DFMD Quantum
r T (eV) OCP TFDW TFD B CP
104 0.26 0.006 0.010 0.012 0.016
50 0.5 0.015 0.025 0.033 0.043 0.030
43 0.63 0.020 0.031 0.037 0.038
27 1 0.038 0.054 0.068 0.072 0.067
10 25 0.134 0.164 0.192 0.186

5.4 5 0.239 0.288 0.36 0.338
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FIG. 6. Diffusion in unitsazwp: The straight line is the fit given ) ) ) .
in Ref.[27] (D=2.95"~139: open circles: OCP simulations; filled FIG. 7. Dispersion relation computed with the TFD mog@sgien

up triangles: Car and Parrinello simulations with Coulomb potentiaSduares and with the CP simulations of Kohanoff and Hansen

[10]; opened up triangles: Car and Parrinello simulations using ed squares Dotted (TFD) and dashed line¢CP) are fourth-

BHS pseudopotentials; filled down triangles: tight-binding simula—Order polynomial fits.
tions[8]; stars: Thomas-Fermi Dirac simulations; crosses: Thomas-
Fermi Dirac WeizSeker simulations. =2.6 g cm®) between very different models of increasing

complexity. As expected, the OCP model appears as an
where p,(k,t) = pi(k,t) — po(k,t), whose Fourier transform asymptotic model and yields reasonable predictions for very
is the dynamical structure fact@(k,w). Note that, due to high temperaturesT(>5 eV). The finite-temperature TFDW
the adiabatic motion of the electronic density, the chargefunctional, which seemed the most accurate regarding total
charge and proton-proton dynamical structure factors arenergies of isolated atori$3], and which has proven to give
very close, which would not be true if the system was treate@ good equation of state for hydrogésith some static cor-
as a fully dynamical ion-electron plasma. The screening hagection [1], gave somewhat disappointing results compared
a dramatic effect in changing the Idkvplasma modes. As to the other models. Conversely, and surprisingly, the sim-
pointed out by several authd28], this screening is respon- pler TFD functional gives very good results for temperatures
sible for the appearance of an acoustic mode with a vanistgreater than 0.25 eV. Static and dynamical properties pre-
ing frequency in thek—0 limit, in contrast to the OCP dicted by this model are in good agreement with Car-
model where the lovk limit is the plasma frequency, . As Parrinello, tight-binding and path-integral Monte Carlo cal-
shown in Fig. 7, TFD simulations reproduce this feature andulations, with a much smaller computational effort. For
our dispersion relation, computed by collecting the peak valsuch high temperatures, the TFD model appears to be easy to
ues ofS(k,w) and the half mean width, is very close to the handle, in comparison with CP simulations where energy
one computed by Kohanoff and Hansen. The sound velocitjransfer between ions and electrons remains the main diffi-
Cs, given by the derivative oB(k,w) with respect tck at the ~ culty. However, at lower temperatures, where quantum ef-
origin, is estimated from a fourth-order polynomial fit, and fects are starting to come into play, the discrepancies with
yields a value ot¢=40 km/s. In order to compare with the CP simulations are more important and call for a more accu-
Alavi-Parrinello-Frenkel estimatiof29], we extrapolated rate functional. For lower densities>1), CP simulations
their curve up to a pressure of 16 Mb, correspondingto appear undeniably necessary to take into account the forma-
=1. This extrapolation gives a sound velocigg=45 tion of molecules. Thus the domain of validity of DFMD
+2 km/s in good agreement with our result, correspondingnodels can be limited by>2.6 g cm® (high-density re-
to the upper range of pressures encountered on Jipilgr ~ gion) and byT>0.3 eV.
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