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Ab initio study of deuterium in the dissociating regime: Sound speed and transport properties
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The sound speed and the transport properties of dense hydfdgaterium are computed from local
spin-density approximation molecular-dynamics simulations in the dissociating regime. The soundsSpeed
evaluated from the thermodynamical differentiation of the equation of state in the molecular phase and is in
very good agreement with recent experiments. The diffusion corBtant the viscosityy are extracted from
simulations performed av=6, 4, and 2.7 criifmole, corresponding, respectively, for deuterium pat
=0.672, 1.0, and 1.5 g/chin a range of temperatures 1006<K <50 000 K. In the dissociated regime, the
diffusion coefficient is well predicted by one-component plasma formulas using a renormalized coupling
parameter recently proposed by Murillbl. S. Murillo, Phys. Rev. B62, 4115(2000]. The behavior of the
shear viscosity in the dissociated regime is more complex and exhibits a crossover between atomic and
screened plasma formulation. A comparison with recent molecular-dynamics simulations of Yukawas systems
shows that the inverse of the screening length must lie between 1 and 2, in nearest-neighbor radius units, as
suggested by the results on the diffusion.
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[. INTRODUCTION [10,17 and his effect on diffusion has been quantified at
=1 corresponding to a density of 2.6 g/fnin this regime,

In a previous papefl] we reported local spin-density Kohanoff and Hansefhl2] computed the properties of the
approximation(LSDA) molecular-dynamics simulations of dense plasma usirap initio simulations in the local density
deuterium, which confirmed the discrepancies betwakn approximation, and Kwoet al.[13] investigated the region
initio simulations[2—4] and experimental results on the 2<r,<1 by means of tight-binding molecular-dynamics
hugoniot[5-7]. In particular, the calculated compressibility simulations, allowing for the recombination of hydrogen at-
(p/po=4.4) appeared much smaller than predicted by thems into molecules. The effect of finite electronic tempera-
experiments §/po=6). Nevertheless, the good agreementture was introduced by Alawt al. [14] who computed the
between LSDA results and theoretical predictions observedound speed in the interior of Jupiter<t,<1.3). From a
in the deep molecular phase as well as in the fully dissocimore formal point of view, there have been many publica-
ated regime suggest that most of the the physics is capturefbns on the thermodynamics of Yukawa systems initiated by
by those simulations, and encouraged us to compute moiRobbinset al.[15], Faroukiet al.[16], and more recently by
precisely physical quantities of interest. Caillol and Gilles[17]. The question of Ewald summations

The goal of this paper is to compute transport propertiesor screened potentials, which was put apart before, has been
of hydrogen with a special emphasis on the dissociated resolved by Rosenfelfl18] and also by Salin and Caill¢lL9]
gime. Transport properties of dense hydrogen have been thelowing for accurate results for self-diffusidi20] and for
subject of many studies, each addressing specific regions @fscosity[21]. The effect of the screening on transport prop-
the phase diagram. As a first approach, the very dense hyrties has recently received a simple response by Murillo
drogen plasma regimeT(100000 K,p>2 glcn?) can  who suggested a recipe to extend the results of the OCP to
been interpreted on the basis of the one-component plasmhe screened systef2]. Lower densitiesi(;=2) and lower
(OCP properties and OCP fits can be used to evaluate theemperature§ <10 000 K address the problem of the disso-
diffusion constan{8] and the viscosity{9]. This limiting  ciation of hydrogen and the transformation from a screened
case corresponds to a very high electronic density charactgptasma to a dense molecular fluid. This question, which is
ized by rs=al/ag<<l, where ag is the Bohr radius,a  also at the heart of the problem of the hydrogen equation of
=(3/47n)*3 is the mean ionic sphere radius, ands the state, is still unresolved and has motivated numerous simu-
number density. To describe more accurately partially degenation studieq2,3].
erate systems, screening has been introduced self- This paper is organized as follows. First we detail #fe
consistently beyond linear response through Thomas-Ferniiitio model used and particular settings. A classical model
statistics with the Thomas-Fermi molecular-dynamics modetesigned to compute, for a low cost, transport properties in

the molecular-atomic transition regime, is briefly described.

In the next part we propose a simple fit of the computed
*Electronic address: jean.clerouin@cea.fr molecular equation of stat&OS which incorporates zero-
"Electronic address: dufreche@ccr.jussieu.fr temperature experimental results and allows us to extract the
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sound speed in this regime. Diffusion and shear viscosity areutoff would lower the pressure by 30%. Concerning the
then computed from simulations in the last part and comBrillouin-zone sampling, foN=108 atoms, using Gamma
pared with our classical dissociation model and screenegoint or a mesh of 3 points, gives a 5% variation in pres-
plasmas models. The predictions of this last model are thegure. We thus have chosen to stay at the Gamma point in
compared with results of simulations for a higher densityorder to perform longer simulatiof®000—4000 time steps
(re=1.5, V=2.7 cn?/mole corresponding tp=1.5 g/cn¥  of 0.2 fs for the highest temperatire

for deuterium where the transition from molecular to plasma

is more sudden and occurs without going through an atomic B. Classical model

state. - S
To overcome the difficulty of lengthwb initio simula-

tions we have also devised a simple classical model to un-
Il. MODELS derstand the effect on transport coefficients of dissociating
. . molecules into atoms. This modg7] performs a classical
_ The accuracy of the evaluation of the dynamical properiysjecular-dynamics simulation of a mixture of molecules
ties, such as self-diffusion or viscosity, using molecular-znq atoms in a proportion prescribed by the Ross mi@s!
dynamics simulations, is strongly correlated to a precise degqjecule-molecule potentials are given by the Ross-Ree-

termi_nation of interac_tions b_etween protons, _treateql at qloung (RRY) potential[29] and the atom-atom potential by
classical level. These interactions can be described either exp-6 potential with short-range correctid8g]. Atom-

effective potentials, fitted on experimental results, or by first-,51ecules interactions were given by a Lorentz-Berthelot
principle co.mputations.of the interactipns betvyeen prOt,O”?nixing rule. Molecular-dynamics simulations were per-
immersed in a polarizable electronic density. Density-tormeq for 864 particles for 10 000 to 40 000 time steps for a
functional theory(DFT) provides the framework of the latter \qry 10w cost. From a set of simulations at different volumes,
approach through so-calleab initio methods that solve the \ye have computed the viscosity from the stress tensor and
Kohn-Sham equations in various approximations of the exxgier g study based on scaling laws, a universal rule has been

change correlatioffor a review of DFT methods, sé@3)).  given that fits the viscosity values with a reasonable preci-
Numbers of computational codes are now available allowing,p-

for DFT molecular-dynamics simulations of hundreds of par-

ticles in contrast with effective potential methofddassical n=T"2exga+blnx+cIn?x]x10°° Pas, (1)

molecular-dynamic¢MD) codeg where millions of particles

are now the standard. Because each approach has its owsherex=pT % and a=38.17, b=3.586, andc=0.0547.

advantages, we tried to use both methods in a complemeri-he overall shape of the predicted viscosities given by the fit

tary way. (1) (dotted curves in Figs. 7, 8, and &xhibits two different

behaviors with a minimum around the dissociation tempera-

ture. At low temperature, the system behaves as a dense fluid

with a decreasing viscosity with temperatdtkquid behav-
Extensiveab initio simulations were performed with the ior”) and when dissociation occurs this trend reverses and

VASP code, which is a plane-wave pseudopotential code dethe viscosity increases with temperatufgas behavior”).

veloped at the Technical University of Vienh24]. Vander-  This change is easily explained when considering the two

bilt ultrasoft pseudopotential25] are used with a LSDA componentgkinetic + potentia) of the stress tensor. Poten-

functional given by the Perdew-Wang 91 parametrization ofial terms are dominating stress-stress correlations at low

the generalized gradient approximatig@GA) (including temperature, and kinetic terms at high temperature. Although

explicitly the spin [26]. Simulations from which transport this trend can be observed for the OCP model, where the

coefficients have been computed, were carried out with 108iscosity exhibits a minimum around=10, it is strongly

atoms. If temperature, pressure, and total energies are wathhanced here by the dissociation process.

converged after 600 time steps of 0.2 fs of purely microca- In the molecular regime, the order of magnitude of the

nonical simulationgafter 300 time steps of thermalization viscosity can be deduced from the diffusion constant through

by velocities rescaling more time steps are needed to getthe Stokes-Einstein relation,

statistically significant transport coefficients. The electronic

temperature was set equal to the required ionic temperature. kT

The number of electronic states was taken in order to have an 1= 240D’ 2

occupancy for the highest state, given by the Fermi-Dirac

statistics, smaller than 1I6. We have identified three where o is a variational diameter and® is the diffusion

sources of inaccuracies: the number of particles, the pseudgonstant of the molecules, which in this regime identifies

potential cutoff, and the Brillouin-zone sampling. An estima-with the proton self-diffusion constant. If we také

tion of size effects has been done by comparing the pressures2000 K, D=10"2 cn?/s from Table Ill, ando=1.8 A

obtained with 64 and 108 particles. In most cases this differfrom a variational calculation, we gey=210 * Pas,

ence is of order of 15%, particularly in the dissociation re-which is in excellent agreement with the viscosities at low

gion. Convergence in the the ultrasoft pseudopotential cutoffemperatures in the molecular regime.

needs a value of 450 eV. Tests have shown that the pressure At high temperature T>2000 K) the system is mostly

is very sensitive to the cutoff and that the use of a 150-e\atomic(following the Ross modg¢land the main contribution

A. Ab initio simulations
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TABLE I. Thermodynamic properties of the molecular phase for 100

two densities corresponding tos=2 (p=0.665 g/cc) andrg

=1.75 (p=1 glcc). Ry is computed using EQq(3) with b

=0.8 cn¥/mole.

I Temperature Bt Prot Prit Cr =
(K) (GPa (GPa (GPa km/s & 5

2 0 127 77 o ; O)’/'/:
786 14.5 16.7 15.8 8.1 oe
1350 15.2 19.1 17.9 8.4 ® V-6
2200 15.3 215 21.3 8.8 W V-
3550 16.5 26.4 26.4 9.4

10 Il Il

4090 15.8 27.3 28.4 9.6 0 2000 4000
4800 11.9 25.3 31.1 9.8 T (K)

1.75 0 41.9 10.6 FIG. 1. Fits of pressure versus temperature in the molecular
896 42.3 46.0 44.7 11.1 regime. The filled symbols ai@ initio simulations, lines are given
1174 45.4 53.8 493 11.2 by Eg. (3) with b=0.8 cn¥/mole, and open symbols are classical
3031 42.6 55'3 53.6 12'1 estimations using RRY intermolecular potentials.
3932 38.5 55.0 57.3 12.5

with Vo=25.433 cmi/mol, K,=1.62 Kbar, andK,=6.813
(parametrization given if31]).

to the viscosity arises from atom-atom interactions, which  As shown in Fig. 1, pressures computed with dfeinitio
are purely atomic; no Coulombic contributions have beercode (filled symbol$ are in reasonable agreement with the
introduced(viscosities will be quoted as atomic model in the empirical EOS(3) using a covoluméb=0.8 cn#/mole, for
figures. We expect that this model gives valuable predictionshe two densities (=6 cnf/mol and V=4 cnf/mol).

when a well-defined atomic phase exists between the MGmpty symbols represent the pressures computed with the
lecular and the plasma phase. classical model, whose main contribution in this region
comes from the RRY potential between molecules. At the
. MOLECULAR PHASE lower density ¥=6 cn/mol) classical pressures are in
The quality of LSDA simulations in the molecular phase good.agreemenF with the {8) but systgmatically_ too high at
can be quantified by the equation state and by its coherendB® higher den5|ty.\(=4.cr.n3/rpol)'. Itis interesting to note_ .
with classical models and experimental results, and also bij!at the onset of dissociation is signaled by the sudden dimi-
the dynamical properties of protons revealing vibrational and'tion of the potential contribution of the pressure.
rotational degrees of freedom of molecules.

B. Sound speed
A. Thermodynamics

h q in th lecular oh ) Equation(3) allows us to compute the sound speedrat
The rpeasuret prefssufr.es(;n t Ie mo ?CuTaer ?S?Narehglve_no K by taking the derivative of of the Vinet equation with
Versus temperature lor fixed volume in fable 1. Ve aVerespect to the volume. As shown in Fig. 2 we get a direct
separated the potential contributiop,Pfrom the total R, : i ;

S . . ' evaluation ofcg at 0 K, which is in excellent agreement with
contributions to show the slowly varying potential contribu- he experimental results of Pratesial. [34] for hydrogen
tion in the total pressure before dissociation. It is thus natur h P derivation for deuteri (Bt'lll {0 K) fy” gl '
to introduce the experimental pressure at zero K obtained b € same cerlvation lor deuteriu(stil a alls a'so

: : ) \¥ery close to recent experiments of Holnm&2]. At finite
![_igrl:,bg:je?; %légigsaes; f‘i’t"i'r? ::huer\;(e),rr?qlven by the Vinet equa temperature we gety by differentiation of Eq.(3), which

differs from c, by a factor ofy/y, y being the polytropic

RT coefficient, which in this range of densities is between 1.4
P(V,T)=Po(V)+a(V)*T=Pvine{V)+ 57—, (3 and 1.3. This introduces an uncertainty of 10% in our evalu-
ation ofcg. In order to compare with Holmes experiments,
we have used the Sesame EOS for deutefiBBhto estimate
volume and temperature corresponding to each measurement
of the sound speed for a given hugoniot pressiieble ).
By introducing those quantities into E() we have deduced
the isothermal sound speed which, taking into account a fac-
)1,3H tor of 10% for vy, yields values in excellent agreement with

whereb is a covolume andPy;,: iS given by

vV 1/3
1‘(%)

—2/3
P= 3Ko<

Vo

(4) the experiments and also with the Sesame prediction for deu-
terium (dashed line on 2

3
XEX[{E(KO—l)[l—(V—O
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FIG. 3. Velocity autocorrelation functiod(t) versus time and

FIG. 2. Sound speed velocity versus pressure evaluated on tHE SPectrumZ(w) versus frequency at,=2 andT=1330 K. The
principal hugoniot. The filled squares are experimental hugoniof’e”'cal line indicates the vibrational frequency for deuteriam
data[32], filled triangles are 0 K diamond anvil cell measurements = 0-0138 a.u.

[34], and empty diamonds with error bars are fitted LSDA results

with Eq. (3). The full line is the 0 K derivation of the Vinet equation IV. TRANSPORT PROPERTIES

for hydrogen and the dotted line is the same derivation for deute- A Protons self-diffusion

rium. The dashed line is the Sesame prediction for deutef88h '

A proton self-diffusion coefficient is obtained with an ex-

C. Dynamics of the molecular phase cellent precision by integration of the velocity autocorrela-
tion functionZ(t):

Atomic motion is revealed by the computation of the pro- -
ton velocity autocorrelation function: D=f Z(t)dt (5
0

1
Z(t)= z{vi(7)-vi(0)) regardless of the nature of the molecular or dissociated state.
All diffusion constants, given in Table IIl, have been trans-
lated into hydrogen units for the sake of comparison with

from which by a simple time integration we get the diffusion ©ther calculations, by multiplying, computed for deute-
constant we are going to discuss in the next section. We ha/é4m ?y VdA » WhereAp |sdthe dﬁutenum molar mﬁss, and
plotted in Fig. 3,Z(t) and its Fourier transforrZ(w) for a are po_tte on Figs. 4 and 5. The agr_eement with previous
oure molecular case,=2 andT=1330 K. Two frequencies GGA simulations[35] is excellent. At high temperatureTl (

are well defined: A high frequency that identifies with the;rtocgaobﬁ)svggﬁrgsagi?:é ilfl Qgﬁcﬁliiggnzrgk?:ér?ae ?};]Sus
vibrational frequency of deuterium »=0.0138 a.u. gy P ' '

=3055 cm !, and a much lower frequency that correspondsthe OCP prediction
to a band of rotational states of the moleci34].
D*=cl'™ ¢ (6)

TABLE Il. Pressure and sound speed measured on the principal
hugoniot by Holmeg32]. Corresponding thermodynamical condi- \yith c=2.95 o= 1.35 andrzezlakBT [8] strongly under-
tions are evaluated with Sesame E{83] and isothermal sound estimates th,e diﬁusio,n constant. Recently, Murft2] pro-
speed extracted from the differentiation of £8). posed a simple way to connect dynamical properties of
screened Coulomb systems to those of the OCP. Using an

P Holmes expt. v Sesame - argument based on an equivalent hard-spheres system,
Cs cr Murillo suggested to inject into OCP’s formulas a renormal-

(GP3 km/s cn#/mol (K) km/s ized coupling parameter

11.3 8.5 8.41 2418 6.8

19.7 8.6 7.34 4143 8.3 FOCP: A(K) + B(K)F"’ C(K)FZ (7)

22.2 9.0 7.12 4619 8.7

27.3 8.9 6.72 5724 9.4

with « being the inverse screening lengtharunits and
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TABLE Ill. Thermodynamic properties and transport coeffi-
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. " . 1 0 GGA V=6 -|
cients for three densities corresponding {e=2 (p=0.665 g/cc), 10" + =n LSDA V=5 . g
rs=1.75 (p=1 gl/cc), andrs=1.5 (p=1.5 g/cc). Diffusion and — ocP i’/
viscosity are computed in hydrogen units. The last column indicates o
the number of 0.2 fs time steps after thermalization. 10 /,U
(2]
rs Temperature Pressure  Diffusion Viscosity  Steps ¢ u
5]
(K) (GP3  (10* cnPls) (10" Pas) o -
2 792 16.7 2.2 2. 1800 10° | o E
1350 19.0 3.7 35 1500 -
3560 26.5 23 1.7 1700
4780 251 38 1.6 2900 10 .
5878 27.1 56 1.5 1600 1000 10000
11020 40.9 177 1.1 2000 Temperature (K)
19800 68.6 394 84 2000 e
30250 112.5 651 106 2000 FIG. 4. LSDA proton self-c_in‘fusmn constant versus temperature
50100 1971 1100 0.4 2500 at V=6 cnt/mole (rs=2) (filled squarey compared W|t_h the
GGA result(open squarel35]), the OCP formula Eq6) (full line),
and the screened OCP formula E6) used with a coupling param-
1.75 896 46.0 0.5 4.3 1500 gter given by Eq(7) (dashed ling
2019 53.9 34 5.0 1500
3091 55.9 13 3.1 1200 B. Shear viscosity
?;28 Si'; SZ ;'g ggg The viscosity hae been c_omputed by integrating the stress-
: ' stress autocorrelation function
11 300 90.1 156 4.6 2000
19800 138.6 268 10.0 2000 - V [+
29677 193.9 436 8.7 3500 7= T f . n(r)dr (8)
49700 319.3 694 11.0 2000
V o[+
1.5 5970 156.5 44.0 500 ——— | (c*B(r)oP(0))dr,  (9)
7700 198.2 61.0 25 1250 keT Jo
11 800 203.3 103.0 4.5 1500
19900 271.9 195.0 8.5 4000 Wherea®? are the five independent components of the trace-
29422  350.6 268.0 9.4 3000 less stress tenson™, oY% o™ 3[0**—¢”], and 3[ oY
49700  535.0 462.0 177 2000 — o] with
o= mpMf+ > X riFE, (10)
0.46* ! e
A(K)= ———,
1+0.44¢ wherem; andv{* are the masses and the=X, y, or zcom-
ponent of the velocity of théth particle andrj, Fﬁ the «
B(x)=1.01e~ 9%,
10™ . -
0 GGA V=4 e
C(k)=—3.7X10"°+9.0x 10 *xk—2.9x 10 *«2. ] Ii/-’
A natural screening length in this regime is the Thomas- 102 | .E. _
Fermi screening length, which @ units reads 9 D-/’
13
A ( > )1/3 : ° 10° .
TF 127 \/r_—S
|
As shown in a previous papgt0], this length overestimates
the screening and thus the diffusion coefficient. We have 10“‘1000 10600

found that\ = 1/k =2\ 1 gives diffusion coefficients in ex-
cellent agreement with simulation when used in E@sand
(6) as shown in Figs. 4 and 5.

Temperature (K)

FIG. 5. Same as Fig. 4 for=4 cni/mole (r=1.75).
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0.0025 " T " T \ — T " T 0.0025 " T " T T — T . T
B LSDA V=6 B LSDA V=4
Eo-oeeeen atomic 1 oot atomic
— — screened — — screened ;
— ocP — ocP
0.0020 - /\ Yukawa k=1 7 0.0020 - Yukawa k=1 7]
V Yukawa k=2 Yukawa k=2 : 9
Q | 0 '
& 0.0015 |- . & 0.0015 - .
) v 2 pe
% P 2 ; 4
g 00010 - PR g 0.0010 |; “1T A
S ; P - S | K
: -7 A
0.0005 f 0.0005
00000 ———L— L . L . L . | 00000 L———L L . L . 1 . |
0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000
Temperature (K) Temperature (K)
FIG. 6. LSDA shear viscosity in Pas versus temperaturg at FIG. 7. Same as Fig. 6 for=4 cnt/mole (rs=1.75).
=6 cn/mole (r¢=2) (filled squares compared with the OCP
formula Eq.(6) (full line) and the screened OCP formula E§)
used with a coupling parameter given by Ef). (dashed ling The 1 nmax
(éztt((ag.llne is the fit obtained from the classical model given by 772 577(0)+At nzl n(n-At), (11)

. . which splits the viscosity into two contributions: a initial
and 5 component of the distance and of the force betwieen shear modulugy(0) and a tail contribution. Hence the rela-

andj Shear yiscosity is a ditficult quantity to extrac_t fr(ab_ tive error can be written

initio simulations because it requires very long simulations

to get rid of statistical noise. Nevertheless, estimations of the

viscosity of liquid aluminum and iron-sulfur alloy have been ~

obtained by this technique by Alfe and GillaB6] after very Az _ 1 An0) N Aprai (12

long simulations of more thanx210* time steps for 64 par- 7 2 70 m

ticles. In our case, we are aware that our simulations are very

short compared to the previous ofe=e Table Il and thus

stress-stress autocorrelations functions are much more noidye first term is the error ow(0) which can be evaluated
as shown in Fig. 6. At low temperaturel £5000 K) a  from t.he standard deviation of block averages computed over
strong coupling between shear modes and vibrational mode¥0 time steps. The error on the tail contribution can be
is revealed by the frequency analysis of the stress-stress afistimated by the comparison between the two treatments of
tocorrelationFig. 6a@)], leading to a unexpectedly low value noise at long time as described before. By adding those two
of the viscosity just before the freezing of the systefn ( Kind of errors we get relative errors in the range 26%
=792 K atrg=2 or T=896 K atr=1.75). A simple —30%, which, taking into account our small number of in-

atomic system would have seen a strong increase of the viéegration stepg2000—4000 time stepscan be considered as
cosity under the same conditions. acceptable and can still indicate physical trends.

C. Estimation of errors bars D. Comparisons with theoretical models

For each molar volume, we have plotted the value of the
iscosity predicted by the classical atomic model &g.and
y the OCP model as given by the Wallenborn-Baus formula
9]:

From the inspection of Fig. 6 it appears that after a first
well-defined decay, a level of statistical noise remains tha
has no physical meaning. To get rid of this noise we hav
killed the signal after some cutoff time by multiplying it by a
Gaussian functioriddashed line in Fig. 6 Clearly, this pro-
cedure tends to underestimate the viscosity. Oppositely, we x (1+\1p)?
have also replaced the the original signal by an algebraic tail 7" =Ny NP
after some cutoff time, which overestimates the viscosity.

Errors bars were estimated in the following way. We inte-
grate Eq.(8) by trapezoidal rule: where

(13
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0.005
B LSDAV=27 1
~~~~~~~ atomic \V&
— — screened r=1.75 T=2000K
— ocp ;
0.004 - /\ Yukawax=1‘ 7 Sos
\ Yukawa k=2 £
) ) =3 L N 2 - .
«© L VAN U A VA PN AW A N
0.003 | : P 0 N AV IV
o p 1 | AW
= v e 1 0 10000
8 | p A r,=1.5 T=20200K
Q 0002 | ; _ _ b)
R : ; 205
> : E £
: =~ =
0.001 - ol =2z _w*/_ﬁt_\_/_\_/_t/_&_\z____r_/\:
0 5000 10000
time (a.u.)
0 M |

YR N SN TN TN TN NN SN ST SRR TR NN S S S S Y
0 25000 50000 75000 1e+05
Temperature (K)
FIG. 8. Same as Fig. 6 faf=2.7 ci/mole (rs=1.5). Note the
extended scale to show Yukawa simulations Bt=2 (T
=105300 K).

4
_ 312
N 3 (3I)°"%,

I, =(1800 73?1,

_0.49- 22318

|
2 6072

r 1/9

1,=0.24F—

: (14
a2

and wheren* is the dimensionless viscosity. The transfor-

FIG. 9. Normalized autocorrelation function of the stress tensor
versus time in atomic units fd@) rg=1.75 andT=2000 K in the
molecular region angb) r;=1.5 andT=29 000 K in the fully dis-
sociated regime. The inset is the frequency analysis in atomic units
of the molecular stress autocorrelation function and the vertical bar
indicates the vibrational frequency for deuterium.

TABLE IV. The first part of the table gives dimensionless vis-
cosities »* versus coupling parametdt for different screening
parametersc computed by Salin and Caill¢R1]. The second part
gives the viscosities and coupling parameters translated, respec-
tively, in Pas<10 4 and in Kelvin versusp for three densities
corresponding to Figs. 7, 8, and 9. For each density, we give the
OCP result ¢=0) given by the Wallenborn and Baus form{if,
the results of Salin and Caillol for two screening parameters (
=1 and«x=2) , and the Murillo’s formuld22] for k= 1. The value
for I'=3.3 has been interpolated.

mation into Sl units is given by the same kind of relation 0
than for diffusion after multiplying by the mass densigee 1
Ref. [8]). Following the same idea as for diffusion, we have?2
also plotted the screened viscos{#y3) with a renormalized 3

coupling parameter given by the Murillo’s rule E() and
with the same screening lengkth= 2\ ¢ (quoted as screened s

mode). New molecular-dynamics results on Yukawa poten-
tials by Salin and Caillo]21] have also been computed with 2
two screening wave numberg=1 (up triangle$ and «

=2 (down triangle§ « being ina unit. For the two densities
we have plotted in Figs. 7 and 8 the viscosity in hydrogen

units versus temperature. The transformation from deuterium
simulations to hydrogen units is nowy= 7p/VAp.

E. Discussion

Inspection of Figs. 7 and 8 reveals that after following at

first the “atomic” prediction given by Eq(1) up to 20 000 K,

the values of the viscosity saturate and become in better.5

agreement with the screened plasma model with the same
screening length as previously € 1/k=2\+g). This transi-
tion seems to occur sooner for the highest density. Although

k| T— 10 3.3 2
0.073 0.131 0.291
0.1122 0.304 0.496
0.1451 0.568 0.991
0.1982 0.393 1.282
p T(K)— Kl 15800 47000 79000
WB 0 1.63 2.9 6.5
0.337 Salin 1 2.5 6.8 11.
Salin 3.2 13 22
Murillo 1 2.1 8.8 17
T(K) — K| 18 000 54100 90 300
1.75 0.5 WB 0 2.3 4.1 9.1
Salin 1 3.5 9.5 16
Salin 2 4.5 18 31
Murillo 1 2.9 13 24
T(K) — K| 21063 63180 105300
0.8 WB 0 3.3 6.0 13.3
Salin 1 5.1 14 22
Salin 2 6.7 26 45
Murillo 1 4.3 18 36

this saturation could be attributed to the small number of
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simulated particles, as pointed out by Sanbonmatsu anghent. In the same regime, the behavior of the viscosity ver-
Murillo [37], we would rather think that this effect is the sustemperature reveals a crossover from an atomic regime to
indication of a crossover between an atomic behavior and the screened plasma model, which was not observed with the
screened plasma behavior. diffusion constant. The agreement between our simulations
In order to test this “atomic” hypothesis we have per- data with Murillo’s and with recent Yukawa simulations of
formed extra simulations at,=1.5, V=2.7 cn¥/mole cor-  Salin and Caillol[21] indicates that the dimensionless in-
responding top=1.5 g/cn? for deuterium. Results are verse screening lengtk lies between 1 and 2, which con-
shown on Fig. 9. It appears clearly that the atomic solution idirms the value given by diffusion coefficients. If the
no longer a reasonable prediction even at 20000 K. On th&homas-Fermi screening length is multiplied by a factor of
contrary, the screened model is more coherent with the vis2, we get a screening parametefin units g equal to 1.105
cosity data, which confirms the hypothesis of a direct transiatrs=2 and 0.9572 at;=1.5. The use of the finite tempera-
tion from the molecular regime to the screened plasma reture Thomas-Fermi screening length slightly increases the
gime. Moreover, our results at high temperatur@ ( interactions(increases the screening lengtbut cannot re-
=30000 K) are bracketed by Salin’s Yukawa simulations forproduce our renormalization factor of 2, which confirms that
screening parameter equal to 1 and 2, which corresponds screening is strongly nonlinear in the case of hydrogen due
to screening lengths between\2r and ¢ (see Table IV, to the lack of core electrons. Higher-temperature simulations
where dimensionless units have been translated into IT>50000 K) would be highly desirable to go further in the
units). dissociated regime and to validate Murillo’s screening ap-
We believe that at “low” density f=0.1 g/cn?) we  proach, but we consider that 50 000 K is a practical limit due
would observe the opposite effect due to the existence of t the large number of excited states to be considered. At
well-defined atomic phase. But simulations for such a systerhigher temperatures, for a fully dissociated system, simpler
are prohibitively expensive. One could ask why such a crossnodels such aéThomas-Fermi molecular dynamjcshould
over between atomic and plasma behavior does not appebe able to take over to predict transport properties as shown
on the diffusion constant? Our explanation is that diffusion isfor the pressurg38]. Finally, simulations at lower density
a rather simple quantity with a monotonic behavior in con-(V=7 andV=8 cnt/mole) are needed to compare with gas
trast with the viscosity that is a nonmonotonic quantity. gun experiments and also to validate the existence of a
broader atomic regime leading to much higher values of the
V. CONCLUSION viscosity.

In this paper we have presented new results on sound
speed and transport coefficients of deuterium computed with
ab initio simulations in the local spin-density approximation.
From the computed equation of state in the molecular phase We thank Dr. N. Holmes for kindly sending sound veloci-
we have derived sound speed values in excellent agreemetigs data in deuterium and also G. Salin and J. M. Caillol for
with recent experimental resulfs2]. In the dissociated giving us molecular-dynamics data on Yukawa systems. We
phase, the diffusion constant has been interpreted in the lightish also to acknowledge P. Loubeyre, G. Chabrier, G.
of a screened plasma modg?2] with a very good agree- Zerah, J. B. Maillet, and S. Bernard for fruitful discussions.
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