On the other hand, the galena [110]
direction is preferred by oxidation reaction
fronts (Figs. 1 and 2), and a direct coupling
of the sorption and reduction of aqueous Au
with the initial oxidation of surface sulfide
sites could produce the nucleation and
growth of small Au clusters in this direction.
We propose that such clusters grow and
coalesce to form ordered domains within
[110]-trending Au islands, as observed. It is
likely that Au islands also grow by the
diffusion of reduced Au along the galena
surface to growing Au clusters. In either
case, Au reduction is probably accompanied
by polysulfide (S,>”) formation and Pb
release into solution, with eventual forma-
tion and release of SO,>~ (18). On preoxi-
dized surfaces, similar mechanisms produce
Au islands, except that there is little to no
direct Au deposition on unoxidized surface
sites. Thus, the oxidized galena surface ex-
erts little influence on the shape and orien-
tation of Au islands, and the rate of reaction
is reduced by a factor of about 3.

We have extended previous studies of
aqueous Au deposition on sulfides to show
that surface oxidation, as well as oxidation-
related Au deposition, are governed by sur-
face structure to a degree that depends on
the history of the surface. Further studies
using scanning probe microscopes and other
surface-sensitive techniques will add to our
understanding of sulfide oxidation kinetics
and mechanisms. Such knowledge will
prove useful not only for understanding
certain aspects of ore-forming processes, but
it should also be applicable to ore-process-
ing methods and to the environmental
chemistry of sulfides.
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Hydrogen-Helium Mixtures at Megabar Pressures:
Implications for Jupiter and Saturn

J. E. KLEPELS,* K. J. SCHAFER, T. W. BARBEE III, M. Ross

Models of Jupiter and Saturn postulate a central rock core surrounded by a fluid
mixture of hydrogen and helium. These models suggest that the mixture is undergoing
phase separation in Saturn but not Jupiter. State-of-the-art total energy calculations of
the enthalpy of mixing for ordered alloys of hydrogen and helium confirm that at least
partial phase separation has occurred in Saturn and predict that this process has also

begun in Jupiter.

ed on the basis of observed character-

istics such as the total mass, radius,
rotation rate, and gravitational field of the
planet. These measured quantities plus ob-
servations of the planetary atmospheres of
Jupiter and Saturn are consistent with a
hydrogen-helium mixture composed of 7%
helium by number (23% by weight, the
solar abundance) surrounding a central rock
core (1). On the basis of these inputs, plan-
etary evolution models can be used to deter-
mine the thermodynamic conditions as a
function of time in the interior of the planet.
The maximum temperature and pressure in
the mixture occurs at the central core
boundary; the best estimates for the current
values are 45 Mbar and 20,000 K for Jupiter
and 10 Mbar and 10,000 K for Saturn (1).
Evolutionary models also can be used to
determine the energy output of the planet as
a function of time. These models yield a
cooling rate for Jupiter that is consistent
with both its measured energy output and
the approximate age of the solar system, but

P LANETARY MODELS ARE CONSTRUCT-
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the corresponding rate for Saturn is too fast
(1-3). It has been suggested (4) that, as the
planets cooled, a temperature might have
been reached at some distance from the
central core at which helium-rich droplets
would condense out of the hydrogen-helium
mixture (phase-separate), releasing gravita-
tional energy as they settled. This extra
source of energy might then account for the
anomalously slow cooling of Saturn. How-

ever, it has been assumed that this process

has not occurred in Jupiter (1, 2). Thus far,
the only internal energy source included in
evolutionary models is the heat generated as
a result of the gravitational collapse that
occurred during the formation of the planet
(1). Calculations including the possibility of
phase separation have yet to be carried out
[Stevenson and Salpeter (2) have discussed
the detailed implications of phase separation
but in general terms only]. A crucial ingre-
dient in these calculations will be the pres-
sure and temperature dependence of the
miscibility gap in the hydrogen-helium mix-
ture. In the calculations presented here we
use state-of-the-art total energy (TE) meth-
ods to address this question.

At the pressures in the interiors of Jupiter
and Saturn, hydrogen is believed to be a
liquid metal (5) whereas helium should be
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an insulator with a wide band gap (6). How-
ever, most previous calculations for hydro-
gen-helium mixtures start with a fully pres-
sure-ionized system of ions and include the
response of the electron gas using perturba-
tion theory (7-9). Using this approach,
Stevenson (7) predicted that a 7% helium
mixture would phase-separate at approxi-
mately 7000 K near 8 Mbar. Subsequently, a
number of workers (8, 9) carried out classical
Monte Carlo simulations for hydrogen-heli-
um ionic mixtures. Those of Hubbard and
DeWitt (9) yield a phase-separation tempet-
ature of approximately 7500 K near 8 Mbar
for a planetary mixture. These two calcula-
tions support the view that phase separation
has occurred in Saturn, at some distance from
the central core, but not in Jupiter, because of
its higher internal temperatures. However,
MacFarlane (10) predicted that hydrogen-
helium mixtures would not phase-separate at
any temperature for pressures near 10 Mbar.
He used a model potential extracted from
Thomas-Fermi-Dirac calculations for alloys
of hydrogen and helium in body-centered
cubic (bec) and face-centered cubic (fec) crys-
tal structures.

The crude treatment of the electronic
structure in these previous calculations and
the wide range in their predictions for the
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Enthalpy of mixing per atom (eV)
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Fig. 1. The enthalpy of mixing per atom (defined
in Eq. 1) obtained from TE calculations at a
pressure of 10.5 Mbar and a temperature of 0 K.
The symbols at specific values of x (number
fraction of helium atoms) correspond to different
ordered alloys in bcc and fcc crystal structures.
The label sc refers to the calculations carried out
for a simple cubic unit cell in both bec (two atoms
per cell) and fcc (four atoms per cell) lattices.
Similarly, dia refers to a bcc lattice with a dia-
mond-like unit cell consisting of four atoms ar-
ranged along the (111) direction. For each of
these structures, calculations were carried out for
all of the distinct atomic configurations. The label
rhom refers to a bce structure with a rhombohe-
dral unit cell that contains a single atom of one
type and its eight bcc nearest neighbors of the
opposite type. The curve is a polynomial fit to
both the bec and the fee calculations [the precise
form is given in (13)].
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phase-separation temperature of a planetary
mixture (0 to 7500 K) force the conclusion
that these models were too inaccurate to
determine whether phase separation has oc-
curred in Jupiter and Saturn. The primary
reason for this circumstance is that the rele-
vant pressure range requires an accurate
description of both nearly free hydrogen
electrons and more tightly bound helium
electrons in the same calculation. Although
perturbative and Thomas-Fermi methods
are not able to solve this difficulty, the
state-of-the-art TE methods used in con-
densed matter theory offer the possibility of
an accurate description of both constituents.
The accuracy of these methods, which are
based on the local density approximation
(LDA) (11), is well established (12). The
electrons are treated quantum mechanically
in a one-electron approximation where each
electron feels the Coulomb potential of the
classical nuclei as well as the self-consistent
potential from all of the remaining electrons.
The biggest strength of TE methods is in
determining the TE difference between two
structures, where most of the errors due to
the LDA cancel out. As a result of this
cancellation, TE differences can have an
accuracy as high as 0.05 eV, which corre-
sponds to only 600 K. Our calculations
apply these TE methods to high-pressure
mixtures of hydrogen and helium.

The primary result of our TE calculations
[a more detailed account of the method and
results will be published separately (13)] is
given in Fig. 1, which shows the enthalpy of
mixing per atom at 0 K and 10.5 Mbar,

AH(x) = H(x) — xH(x = 1)

— (1 - x)H(x =0) (1)

where H(x) = E(x) + PV(x) is the enthalpy
per atom and x is the number fraction of
helium atoms [E(x) is the total energy per
atom; P is the pressure, which is held con-
stant; and I”(x) is the volume per atom]. The
variation in the results for different bec and
fec structures (Fig. 1) reflects the dependence
on atomic configuration [a more detailed
description of the structures is given in (13)].

The ionic zero-point energy contribution
to AH has been neglected, but a simple
estimate (13) indicates that it is an order of
magnitude smaller than the electronic ener-
gy- From Fig. 1, we see that the energy cost
is larger to substitute a small amount of
hydrogen in a lattice of helium than to
substitute a small amount of helium in a
lattice of hydrogen. In addition, we find that
the approximation of additive volumes,

Vix)=xV(x=1)+ (1 —x)l(xx=0) (2)

all at constant pressure, is accurate to about 1%
for alloys of hydrogen and helium. This result

implies that the large values of AH in Fig. 1 are
due to the total energy contribution, the PAV
term being small. In their Monte Carlo simu-
lations Hubbard and DeWitt (9) found this
same result, which bears on the determination
of the helium abundances in the interiors of
Jupiter and Saturn (1, 2).

The calculated AH is a very slowly varying
function of pressure. For all of the alloys
considered, AH(x) is virtually unchanged
between 5 and 10 Mbar. In addition, we
find (13) that AH(x = 1/2) in the bcc-sc
structure is nearly constant between 5 and
20 Mbar and that above 20 Mbar it decreas-
es very slowly with increasing pressure (it
has dropped by only 35% at 1000 Mbar). In
our calculations pure helium metallizes at
slightly less than 40 Mbar in the bec struc-
ture (the energy gap between the 1s band
and the 2p band goes to zero). However, we
find that nothing striking happens to AH at
40 Mbar; it is still large (for x = 1/2 in the
bce-sc structure it has dropped by only
10% from the value at 5 Mbar) at this
pressure and remains large at higher pres-
sures. Even though helium is metallic at 40
Mbar, it is a very “poor” metal in the sense
that the density of states at the Fermi level
is small. Thus it may not be surprising that
at this pressure helium is still immiscible in
hydrogen, which is a very “good” free-
electron-like metal. The metallization of
pure helium occurs because the electronic
states become more free-electron-like as
the pressure is increased. This same trend
causes AH to be small at sufficiently high
pressures, but the exact point at which pure
helium metallizes is unimportant. The accu-
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Fig. 2. The energy bands along high symmetry
lines for the bee-sc structure (with the unit cube as
the primitive cell—two atoms per cell). The solid
lines are the bands obtained from the TE calcula-
tions and correspond to a pressure of 10.5 Mbar;
the dotted lines are the purely free-electron bands
at the same volumes. The horizontal dashed lines
indicate the accurate Fermi level, and the small
arrows at the left indicate the free-electron Fermi
level. (A) Bands for pure hydrogen, (B) bands for
the bec-sc alloy containing 50% helium, and (C)
bands for pure helium.
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rate treatment of the electronic structure in
our TE calculations, which was missing in
previous treatments, has allowed us to dem-
onstrate this point.

An analysis of the electronic band struc-
tures obtained from the TE calculations [a
detailed discussion is given elsewhere (13)]
yields a number of important insights. If the
accurate bands in Fig. 2 (solid lines) were
exactly free-electron-like (dotted lines) for
the alloy as well as for the pure constituents,
then there would be no distinction between
hydrogen electrons and helium electrons
and so we would expect AH to be small.
However, the TE calculations (Fig. 1) find a
large AH and therefore the deviations from
the free-electron bands must be important,
because the electronic energy is the domi-
nant contribution to AH. The bands for
pure hydrogen are very close to the free-
electron bands, especially below the Fermi
level (Fig. 2A). However, there are signifi-
cant deviations from the free-electron bands
for the alloy (Fig. 2B) and the deviations for
pure helium are similar in magnitude to the
bandwidths (Fig. 2C). In view of these large
deviations, it is likely that any perturbation
theory treatment starting with free-electron
states will break down for the helium-de-
rived electronic states. This result calls into
question the conclusions of previous calcu-
lations (7-9), which were based on pertur-
bation theory.

For the 50% bcc-sc alloy (Fig. 2B) there
are two distinct bands, one that is entirely
below the Fermi level and another that
intersects the Fermi level at several points in
the Brillouin zone. Examining the orbital
character of these two bands, we find that
the lower band is composed primarily of the
helium 1s orbital with only a small admix-
ture of hydrogen 1s. Similarly, the band that
intersects the Fermi level is composed pri-
marily of the hydrogen ls orbital with only
a small admixture of helium 1s. This separa-
ton into a hydrogen band and a helium
band is due to the fact that the helium-
derived electrons are more tightly bound to
the helium nuclei and therefore are at lower
energies relative to the hydrogen-derived
electrons. This energy separation inhibits
the formation of the alloy (13) and must be
treated accurately in order to obtain correct
results for AH. This conclusion is the most
fundamental result of our TE calculations.
Calculations based on perturbation theory
yield incorrect energies for the formation of
a hydrogen-helium mixture because their
inaccurate description of the electronic
states leads to an underestimate of the ener-
gy separation between the hydrogen and
hellum electrons. We also find that the
widths of the hydrogen and helium bands
must be much larger than the energy differ-
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Fig. 3. The solid curve is our calculation of the
phase-separation temperatures at a pressure of
10.5 Mbar (based on the results of TE calcula-
tions and Eq. 3). The critical (maximum) temper-
ature is estimated to be 7. = 40,000 = 12,000 K
at a critical concentration of x. = 0.43. We also
find the phase-separation temperature at x = 0.07
(relevant to Jupiter and Saturn) to be 7" = 15,000
+ 3,000 K. The uncertainties arise from both the
limited number of atomic configurations we con-
sider and our simplified treatment of thermal
effects. The remaining curves are obtained from
three different plasma models (see text).

ence between the hydrogen and helium elec-
trons before AH becomes small (that is, the
pressure must be very high). This fact ex-
plains why our AH decreases so slowly with
pressure.

The relatively large, positive values of AH
in Fig. 1 imply that a high temperature must
be reached before entropy dominates and
the fully mixed phase becomes energetically
favored over the coexistence of a helium-rich
phase and a helium-poor phase. In order to
directly address the question of phase sepa-
ration, we construct a simple model that
extends our TE calculations to nonzero tem-
peratures. From the energy bands in Fig. 2
we see that the Fermi energy of the electrons
(the energy difference between the lowest
band at I" and the Fermi level) is on the
order of 40 eV. Because the temperatures of
interest correspond to kT = 1 eV and AH
is dominated by the electronic energy, it is
reasonable to assume that AH is indepen-
dent of temperature T in this range (we
neglect the contribution from the lattice
dynamics). The second, and more crucial,
approximation is that we consider only the
ideal entropy of mixing. With these two
assumptions we can calculate the Gibbs free
energy of mixing,

AG(x) = AH(x) + kgT[x Inx
+ (1 —x) In(1 — x)] 3)

where kj is the Boltzmann constant.
Through a series of common tangent con-

structions (13) we can determine the phase-
separation temperature for all values of x. The
results of this calculation, at a pressure of 10.5
Mbar, are shown as the solid curve in Fig. 3.
This curve indicates that more than two phas-
es can coexist in a small range of temperatures
around 19,000 K. There is a large uncertainty
in our calculation of the phase-separation
temperatures because we obtained the AH
contribution to AG by fitting only a small
number of points. In order to estimate this
uncertainty, we calculated the phase-separa-
tion temperatures on the basis of fits of AH to
different subsets of the structures shown in
Fig. 1. The solid curve in Fig. 3 is based on
the fit of AH shown in Fig. 1. Using this fit,
we find a critical (maximum) phase-separa-
tion temperature of T, = 40,000 + 10,000 K
at a critical concentration of x, = 0.43. We
also find the phase-separation temperature at
x = 0.07 (relevant to Jupiter and Saturn) to
be T = 15,000 = 2,000 K. These uncertain-
ties are due only to the limited number of
atomic configurations we consider and do not
include those due to our simplified treatment
of thermal effects, which we estimate next.
We emphasize that the uncertainties from
both of these sources are larger than the small
uncertainties in the TE calculations them-
selves.

We can estimate the additional uncertain-
ty arising from our simplified treatment of
thermal effects by a comparison with plasma
models for which the equation of state of the
solid and fluid are known accurately. The
fluid plasma models include the contribu-
tion from the lattice dynamics and properly
account for the disordered nature of the
fluid. Conversely, the solid plasma models
neglect the lattice dynamics and assume a
perfect crystalline lattice, just as we have
done. We first calculate the phase-separation
temperatures, at a pressure of 10.5 Mbar, by
applying the linear-mixing (LM) model (14)
to a fit of the Helmholtz free energy ob-
tained from the Monte Carlo simulations of
Stringfellow et al. (15) for the one-compo-
nent plasma (OCP). These results are plot-
ted as the dotted curve in Fig. 3 (labeled
OCP-LM). We next consider the ion-sphere
model (16), which makes essentially the
same approximations for the ion-ion inter-
action as in the OCP-LM calculation but
includes thermal effects exactly as we do in
Eq. 3. The phase-separation temperatures
for this model, at 10.5 Mbar, are plotted as
the dot-dashed line in Fig. 3 (labeled ion-
sphere). The difference between the ion-
sphere and OCP-LM curves at x = 0.07 is
very close to 1000 K, and the corresponding
difference in the critical temperature is ap-
proximately 2000 K. We take these quanti-
ties to be estimates of the uncertainty due to
the simplified treatment of thermal effects in
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our calculation (the neglect of lattice dynam-
ics and the use of perfect crystalline lattices).
Both plasma models may be compared to
the Monte Carlo simulations of Hubbard
and DeWitt (9) (at 10.5 Mbar), who used
the Lindhard dielectric function to screen
the bare Coulomb interaction between the
ions (dashed curve in Fig. 3 labeled Lind-
hard). The Lindhard results are very close to
both the OCP-LM and ion-sphere curves
but very far from our calculations.

Our phase-separation temperatures were
calculated for a pressure of 10.5 Mbar but
are virtually independent of pressure in the
range from 5 to 20 Mbar. However, at low
pressures hydrogen is a molecular insulator
and becomes a molecular metal near 2 Mbar
(5). Van den Bergh and Schouten (17),
using pair potentials fit to low-pressure ex-
periments, found that for pressures up to 1
Mbar helium will be completely miscible in
insulating, molecular hydrogen for temper-
atures above approximately 2500 K. The
miscibility of helium in metallic, molecular
hydrogen is unknown. Our calculations do
not apply directly to this molecular phase,
but in analogy with the metallization of pure
helium we expect that the precise pressure at
which molecular hydrogen metallizes will be
unimportant with regard to the miscibility.
Rather, we expect that the phase-separation
temperatures will increase monotonically
from van den Bergh and Schouten’s values
at 1 Mbar to the values we calculate at
sufficiently high pressure, where hydrogen is
an atomic (rather than molecular) metal.
Additional TE calculations for alloys con-
taining molecular hydrogen are needed in
order to accurately determine the behavior
of the miscibility gap below 5 Mbar.

The primary conclusion obtained from
the results of our TE calculations is that it is
crucial to treat the electronic structure accu-
rately in order to obtain the correct thermo-
dynamics for hydrogen-helium mixtures at
megabar pressures. The electronic energy
makes a large contribution to the phase-
separation temperature. This temperature
could be small only if we have severely
underestimated the thermal contribution.
Barring this circumstance, our phase-separa-
tion temperature of 15,000 = 3,000 K for a
7% helium mixture confirms that the fluid
interior of Saturn has at least partially phase-
separated, because the maximum tempera-
ture in the fluid is estimated to be only
10,000 K. The estimated temperatures in
the fluid interior of Jupiter range from
10,000 K near the surface to 20,000 K at
the central core (7). Thus our calculation
predicts that phase separation has also be-
gun in Jupiter. In view of this prediction,
the fact that the currently successful evolu-
tionary models of Jupiter do not need to
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invoke phase separation may indicate a fail-
ure of these models. Alternatively, phase
separation may have occurred too late in the
evolution of Jupiter to provide a significant
internal energy source up to the present
time. In either case, new evolutionary calcu-
lations are needed to resolve this dilemma
and to confirm that the inclusion of phase
separation leads to a consistent model of
Saturn.
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Superconductivity in the Fullerenes

C. M. VARMA, J. ZAANEN, K. RAGHAVACHARI

Intramolecular vibrations strongly scatter electrons near the Fermi-surface in doped
fullerenes. A simple expression for the electron-phonon coupling parameters for this
case is derived and evaluated by quantum-chemical calculations. The observed super-
conducting transition temperatures and their variation with lattice constants can be
understood on this basis. To test the ideas and calculations presented here, we predict
that high frequency H, modes acquire a width of about 20% of their frequency in
superconductive fullerenes, and soften by about 5% compared to the insulating

fullerenes.

HE EXCITING DISCOVERY OF SUPER-
conductivity in metallic fullerenes (1)
leads us to inquire whether the clas-
sic mechanism for superconductivity, name-
ly, effective electron-electron attraction via
the interaction of electrons with vibrations
of the ions, is applicable here as well. Asso-
ciated with this is the question of whether
the direct electron-electron repulsion in
Fullerenes can suppress conventional singlet
pairing. In this paper we exploit the special
nature of cluster compounds to derive a
particularly simple expression for electron-
vibrational coupling from which parameters
of the superconducting state of fullerenes are
easily calculated. Further, we present argu-
ments why the effective repulsions in
fullerenes are no different than in conven-
tional metals.
The lattice vibrations couple to the elec-
tronic states of metallic fullerenes in two
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ways: by causing fluctuations in the hopping
rate of electrons from one molecule to the
other and by causing fluctuations in the
electronic structure of a single molecule. The
covalent interactions that split the molecular
states, which form the bands in the metallic
state, are over an order of magnitude larger
than the inter-molecular covalency. This is
reflected in the intra-molecular splitting
Winea = 20 €V (2, 3) compared to the width
of the t,,, bands which is W, .., = 0.6 eV (4,
5). The electron-vibration coupling is
known to be proportional to such covalent
splittings (6). Therefore, in the problem of
the fullerenes, one needs to consider only
the intra-molecular vibration coupling. The
same argument rationalizes why the elec-
tron-vibrational coupling may be much larg-
er in doped fullerenes than in doped graph-
ite. In the latter, the orbitals near the Fermi-
energy are w bonded. The Fullerenes have a
significantly larger relevant bandwidth, be-
cause of o admixture due to the non-planar
local geometry, and therefore a stronger
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