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Plasma-insulator transition of spin-polarized hydrogen
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A mixed classical-quantum density functional theory is used to calculate pair correlations and the free
energy of a spin-polarized hydrogen plasma. A transition to an atomic insulator phase is estimated to occur
aroundr,=2.5 atT=10"K, and a pressur®~0.5 Mbar. Spin polarization is imposed to prevent the forma-
tion of H, molecules[S1063-651X%99)50807-9

PACS numbsgs): 05.30—d, 31.15.Ew, 61.26:p, 64.70-—p

Although hydrogen is generally considered to be the simis assumed to remain so even whgrnis switched off. The
plest of elements, its expected metallization under pressurgubsequent calculation will be restricted to fluid hydrogen.
[1] has proven to be a rather elusive transition. It is now The thermodynamic properties of the low pressure spin-
accepted that the behavior of solid and fluid molecular hypolarized atomic hydrogen phase may be easily calculated
drogen (H) may be very different at high pressures. Despitefrom the known triplet pair potentigl’] by standard methods
considerable experimental efforts with static, room temperaef the theory of classical fluids. We calculated the atom-atom
ture compression of solid Hn diamond anvil§ 2] beyond pair distribution functiong(r) from the hypernetted-chain
pressures of 2 Mbar, there is still no compelling evidence formpproximation(HNC) integral equation[8], and deduced
a metallic statg3]. The situation is somewhat more favor- from it the equation of state via the virial and compressibility
able for fluid H,, since shock compression to 1.4 Mbar and aroutes. The resulting excess free energies per atom are plot-
temperature of about 3000 K led to measurements of metallited in Fig. 4 as a function of the usual density parameter
resistivities[4]. However, theoretical interpretation is ham- =a/a,, along the isothernT=10*K; here a, is the Bohr
pered by the absence of a clear-cut scenario; in particular, iadius anda=[3/(47n)]¥%, wheren is the number of H
is not clear whether molecular dissociation precedes ionizaatoms per unit volume. There is a thermodynamic inconsis-
tion or conversel\[5]. The presence of several species, H tency, typical of HNC theory, but the small difference be-
H,*, H, H*, and electrons at a “plasma phase transition” tween the “virial” and “compressibility” free energies will
[6] complicates a theoretical analysis considerably; to gain &ave no influence on our conclusions. To allow for a mean-
clearer picture of pressure-induced ionization, it may be iningful comparison with the free energy calculated for the
structive to consider a model system, which would not in-high pressure plasma phase, the free energies shown in Fig. 1
volve molecular dissociation. contain an electron binding energy contribution-00.5 a.u.

The model system considered in this Rapid Communicalt is implicitly assumed that this binding energy, valid for
tion is spin-polarized hydrogen. If all electron spins are asisolated atomg(i.e., in the limitrs—) does not change
sumed to be polarized by a strong external magnetic Beld Upon compression up tg= 2.5, due to the overlap and dis-
only triplet pair states®’S can be formed, preventing the tortion of the individual electron 4 orbitals. .
binding into H, molecules. The low pressure phase will be Astat!stlcal description of the high pressure phase is more
made up of H atoms and the only possible scenario upoRn@llenging. The key parameter characterizing the spin-
compression will be the ionization of atoms to form an poIanzedz electron component is its Fermi energy
electron-proton plasma, which is expected to be crystalline at 2-923fsa.u.; the corresponding Fermi temperatuFe
low temperatures and fluid at higher temperatures. A rough=9.2 10/r5K. Along the isothermT= 10K considered in
estimate of the magnetic field needed to spin polarize théhe present calculations, the electrons may be considered to
electrons is obtained by equating the magnetic coupling erbe completely degeneratee., in their ground stajeup to
ergy — ugB (whereug is the magnetic moment of an elec- rs~3. The degeneracy temperature of the protons is 2000
tron) to the difference between the triplet and singlet H-Htimes smaller, so that fof = 10°K, the latter may be con-
potential energy functions, calculated at the equilibrium dis-sidered as being essentially classical, dowm¢s0.5. The
tance of the H molecule[6]; this leads toB~10°T. This  proton component is characterized by the Coulomb coupling
value exceeds the highest magnetic fields achievable in eonstant” =e?/ (aksT) =31.56f ¢ along the above isotherm,
laboratory by three orders of magnitude, but is well within showing that classical Coulomb correlations are expected to
the range of astrophysical situations. The present calculatiobe strong over the density rangest,<3 considered in this
neglects possible orbital effects due to a strong applied mageaper. Note that whild” decreases as; increases, the cor-
netic field; such effects are expected to be small and theiresponding electron Coulomb coupling constant
inclusion would lead to a much more involved and less trans=e?/(aeg) =0.342 ¢ increases.
parent calculation. We prefer to think of our model system as In the ultrahigh density regime,<1, the electron kinetic
a plasma that has been prepared in a spin-polarized state aadergy dominates and the proton and electron components
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gredients for the calculation dff may be found irf9], and
the resulting free energy curve is shown in Fig. 1. Although
linear response cannat priori be expected to be quantita-
tively accurate for>1, it provides a rough estimate of the
plasma to atomic phase transition, from the intersection of
the free energy curves, which is seen to occuratl.9. The
corresponding transition pressure would be 2.3 Mbar.
However, asrg increases, the ion-electron coupling be-
comes stronger and the nonlinear response of the electron
component to the “external” potential field provided by the
protons is expected to lower the free energy of the plasma
phase. To explore the nonlinear regime we have adapted the
HNC-DFT (where DFT stands for density-functional thepry
formulation of our earlier work ortunpolarized metallic H
[12] to the spin-polarized case. Within this formulation,
proton-proton and proton-electron correlations are treated at
the HNC level, which is expected to be a good approxima-
tion for the long-range Coulomb interactions, while the en-
ergy of the inhomogeneous electron gas follows from the

r2 g .(r)

r/a ’ density functional E=Ne,):
FIG. 1. Radial electron density around a protofg,,(r) vsr/a E[p(r)]=Ex[p(r)]+Exlp(r)]+Ex[p(r)]+Ec[p(r)],
for re=1 (full curve), 1.5 (dots, 2 (dashed-dotted curygand 2.5 (4)

(dashed curve The triangles are the linear response resultsgat .
=1; the circles correspond 1dg;,(r) in the atomic phase. wherep(r) denotes the local electron density, did, Ey,

Ey, andEc are the kinetic, Hartree, exchange, and correla-
decouple in the first approximatidtitwo-fluid” model ); the ~ tion contributions. ForEx we adopted the Thomas-Fermi
weak electron-proton coupling may be treated by linear reapproximation, corrected by a square gradient term:
sponse theonyf9], suitably adapted to the spin-polarized 2
case. Within linear response, the free energy per dtom Ep(r)]=C f [p(r)]%%r + A [Vp(n)]
electron paiy splits into three terms: the ground-state energy K : 8 p(r)
of the uniform, spin-polarized electron gégellium” ), €., o3 . )
the free energy of protons in a uniform neutralizing back-where Cx=3(67°)**/10a.u., while the choice of 1O\
ground (the so-called “one-component plasma” or OGP <1 will be specified below. The mean field Hartree term is
focp, and the first order correction due to the linear screen®f the usual form:
ing of the Coulomb interactions by the electron defs

dr, (5

1 ,Ap(r)Ap(r’)
" F(T,ry) Enlp(r)]= 2 f de dr =] (6)

N

=€+ focpt AT, (1)
whereAp(r)=p(r)—n, while

where e.(r) is taken to be the sum of kinetic (1.7521)/,

exchange € 0.5772f;), and correlatior{ 10] contributions; Ex[P(r)]:ij [p(r)]*dr, @

focp is given by an accurate fit to Monte Carlo simulations

of the OCP[9,11]; Af follows from first-order thermody-

; - _ 13 i ibuti
namic perturbation theorg]: with Cy= —3(6/7)"“/4a.u. The correlation contribution

Eclp(r)] [within the local-density approximatiofLDA)]
1 can be found if10]. This functional yields an explicit form
Af:mJ Socp(k)W(k)dk, (2 for the electron-electron direct correlation functiogy(r)
(henceforth the indices 1 and 2 will refer to protons and
where Spcp(k) is the static structure factor of the OCP €lectrons respectively{12]. The remaining direct and total

(which plays the role of reference systemccording to lin-  correlation functiongy4(r), €15(r), hyy(r), andhyy(r) are
ear response theorW(k) is the difference between screened calculated by a numerical resolution of the HNC closure

and bare ion-ion pair potentials: equations and the quantum version of the Ornstein-Zernike
(O2) relations[13], which form a closed set of coupled non-
R 4me?[ 1 linear integral equations for the four functions.
W(k)= K | e(k) 1}' 3) Solutions were obtained by a standard iterative procedure

along the isothernT=10%K and for density parameters in
where (k) is the dielectric function of the electron gas the range 0.5r =<2.5, corresponding to more than one-
which we calculated within the random-phase approximatiorhundred-fold compression of the lowest density statg (
(RPA) from the Lindhard susceptibility of a gas of spin- =2.5), which would correspond to 0.17 gr/&niThe tem-
polarized, noninteracting electrons, supplemented by a localerature is roughly equal to that expected inside Saturn, and
exchange and correlation correctipt0]. All necessary in- comparable to temperatures reached in shock compression
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FIG. 3. The proton-proton structure factsy;(k) vs ka for rg
=1 (full curve), 1.5 (dashed-dotted curye 2 (dotg, and 2.5
(circles.

FIG. 2. Proton-proton pair distribution functiagy(r) vs r/a
for r¢=1 (full curve), 2 (dashed-dotted curyeand 2.5(circles.
The dotted curve is the atom-atom functig(r) atrs=2.5.

experiments at the NOVA laser facility at Livermdig. The S_h'fted to largerk, wh‘!Ie a significant pea}k tqulds up kt
=0. Such enhanced “small angle scattering” is reminiscent

iterative solutions were first obtained at the highest densitiegf the behavior observed in simple fluids near a spinodal
(r¢=0.5 and }, where linear response theory provides rea- P P

sonably accurate initial input. The prefactoiin the square . .
gradient correction to the electron kinetic energy functionalConvergence O.f the HNC.'DFT. .|ntegral equations far
>2.5, which hints at an instability of the electron-proton

(5) was adjusted to provide the best match between thé " . S
HNC-DFT result for the local radial density of electrons plasma at lower densities. This strongly suggests a transition

around a protont2g,,(r)=r2[1+hy,(r)], and its linear re- to the insulating atomic phase, but the simple density func-

sponse prediction, at the highest densities=0.5 and J,
where linear response should be most accugtgr) turns
out to be rather sensitive th, and the best agreement is
achieved forA =0.18, which is close to the value 1/5 fre- L
guently advocated in electronic structure calculations for at- g2 [
oms|[10]. -
Results for the local radial densityg,,(r) are shown in -

(subcritica) instability. In fact, we were unable to obtain

04 T T T

Fig. 2 for several values af. As expected, electrons pile up 73 r
increasingly at small asr increases, and a shoulder is seen & B
to develop around/a~0.4. For comparison, the linear re- g I
sponse prediction is shown iaf=1, while at the lowest den- % |
sity (r¢=2.5), an estimate of15(r) in the atomic phase is § _g2 L
obtained by adding to the electron density @ H atom o L

[namelyr?p(r)=r2exp(—2r)/ara.u], the convolution of the L
latter with the atom-atom pair distribution functiag(r). -
HNC-DFT results for the proton-proton pair distribution —0.4 -
function are shown in Fig. 3 for three densities. As expected,
proton-proton correlations are seen at first to weaken as the
density decreases, due to enhanced electron screening. Hov P S N A B s R
ever, at the lowest density {=2.5), weakly damped oscil- 1 1.5 2 2.5 3

lations build up at long distances, which may be indicative of Te

an incipient instability of the pro'ton-electron plasma. The £ 4 Free energy per proton-electron fair atom minus the
atom-atomg(r) at the same density agrees reasonably wellyea) proton contribution vs the density paramater Full curve,

with g4(r) up to the first peak, but it does not exhibit the «yjria|” free energy of the plasma phase; dotted curve, “compress-
long-range correlations in the latter. The proton-proton strucipility” free energy for the plasma phase; circles, average of the
ture factorsS;y(k) are plotted in Fig. 4 for several values of |atter two estimates; triangles, linear response result; dashed-dotted
rs. A considerable qualitative change is again seen to occuurves, “virial” (uppe) and “compressibility” (lower) free energy

at the lowest densityr¢=2.5), where the main peak is for the atomic phase.
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tional used in this work cannot properly describe the recomshown in Fig. 4. It falls well below the “compressibility”
bination of protons and electrons into boufaomig states free energy curve, thus illustrating the well known thermo-
[14]. _ _ . dynamic inconsistency of the HNC closure for Coulombic
In order to confirm this scenario, the free energy of thefluids [15]. Any reasonable extrapolation of the two free en-
plasma phase should be compared to that of the atomigrgy curves would miss the low density limit0.5 a.u. by as
phase. This is easily achieved within the high density lineagych as 20%. We suggest instead an estimate of the free
response regime, as shown earlier. However the calculatio(g)nergy of the plasma phase by taking the average of the
of the free energy in the nonlinear regime appropriate fokompressibility” and “virial” values, despite the lack of
lower densities (s> 1) is less straightforwarL2]. In fact,  fngamentah priori justification for doing this. A short ex-
t_he present HNC-DFT formulatlon prpwdes only one Q'F?Cttrapolation of the resulting curve is likely to intersect or
link with thermodynamics, namely via the compressibility smoothly join on to the free energy of the atomic phase just

relation|8]: beyondr,=2.5. An intersection would correspond to a first-
lim Sy4(k)=lim S;o(k)=nkgTx7, (8)  order phase transition, reminiscent of the “plasma phase
k—0 k—0 transition” of Saumon and Chabri8]. However, due to the

] o uncertainty on the thermodynamics of the plasma phase, a
where yy denotes the isothermal compressibility of the continyous transition cannot be ruled out. The transition
plasma. From the calculated valuesyaf, the free energy of  hresqyreP would be of the order of 0.5 Mbar, well below the
the plasma follows by thermodynamic integration, startinge,rent experimental and theoretical estimates for the transi-

from a refe_rence §tatée.g.,r3: 1) for which the linear re- .tion of fluid molecular hydrogen to a conducting stp4e5].
sponse estimate is expected to be accurate. The resulting In summary, the structure and thermodynamic results de-

compressibility” free Energy curve 1s plottgd In Fig. 4. rived from an HNC-DFT theory of the spin-polarized proton-
Somewhat unexpectedly, it lies above the linear response, - blasma stronaly suagest that this plasma will recom-
prediction. An alternative route to the free energy is via theb. onp insul tgy utgg . h ! p~25 V\;'
virial relation for the pressure; only an approximate virial ine into an insulating atomic phase aj~2.5, for a

expression is known within the present HNC-DFT formma_temperatureT:lO“ K. We are presently exploring the be-
tion [12], and the resulting “virial” free energy curve is also havior of the system at lower temperatures.
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