can be estimated from the data in Fig. 3. The
flux of electrons from the various substrates
under a common flux of photons is different.
We have estimated the relative intensities of
electrons from the substrates by integrating
(16, 17) the XPS spectra in Fig. 3 over the
kinetic energy (KE) range from 387 to 1487
€V. We are limited by the electrostatic ana-
lyzer on the XPS to quantitation of electrons
of KE = 400 eV, and there may be system-
atic errors in estimating the relative intensi-
ties of electrons in the range of energies that
are most damaging (~50 eV) from the
observed yield of electrons of energies >400
€V (17, 18). In Fig. 4B, we plot the intensity
of F(1s) from the various substrates versus
the number of electrons to which the SAM
was exposed. In order to generate similar
doses of electrons, we exposed the samples
containing thicker overlayers of Si to the
x-ray beam longer than those having thinner
overlayers. The profiles in Fig. 4B are re-
markably similar (especially given that the
substrates had different lengths of exposure
to the x-ray beam) and suggest that the
primary and secondary electrons are much
more important in the damage process than
are the x-ray photons. We believe the devi-
ations present are primarily due to difficul-
ties in maintaining a constant photon flux.

Although the data do not determine
whether electrons are solely responsible for
causing damage, they are, however, consis-
tent with the finding that primary and sec-
ondary electrons are responsible for most
{and maybe all) of the damage to a repre-
sentative organic system upon irradiation
with x-rays.
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Scanning Tunneling Microscopy of Galena (100)
Surface Oxidation and Sorption of Aqueous Gold

CARRICK M. EGGLESTON* AND MICHAEL F. HOCHELLA, JR.

Scanning tunneling microscopy was used to characterize the growth of oxidized areas
on galena (100) surfaces and the formation of gold islands by the reductive adsorption
of AuCl,~ from aqueous solution.  The gold islands and galena substrate were
distinguished by atomic resolution imaging and tunneling spectroscopy. Oxidized
areas on galena have [110]-trending boundaries; gold islands elongate along [110]
directions. However, there are no obvious structural registry considerations that
would lead to elongation of gold islands in a [110] direction. Instead, it is probable
that a direct coupling of gold reduction and sulfide surface oxidation controls the

o e s

initial formation of gold islands. Gold islands grow less quickly on preoxidized galena
surfaces and show no preferred direction of growth.

EDOX REACTIONS AT THE SULFIDE-

water interface are thought to play

an important role in the formation
of certain sulfide-hosted heavy metal ore
deposits (1, 2). For example, recent studies
have established a clear connection between
the adsorption and reduction of aqueous Au
by sulfide surfaces and concomitant sulfide
oxidation, although the role of the semicon-
ducting sulfide (whether n- or p-type) and
the exact mechanisms remain uncertain (2).
Our goal is to understand the chemical and
structural mechanisms that drive these sorp-
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tion-reduction reactions at mineral-water in-
terfaces. We have used scanning tunneling
microscopy (STM) and tunneling spectros-
copy to examine atomic level structural con-
trols on the oxidation of galena (PbS) in air
and aqueous solutions and to examine rela-
tions between surface oxidation and the
sorption-reduction of Au from Au(III) chlo-
ride—containing aqueous solutions (3). Al-
though the pyrite-Au(I) bisulfide system
is more relevant to sediment-hosted epi-
thermal Au deposits, the galena—Au(III)
chloride system was chosen for this study
because it is experimentally simple (experi-
ments can be performed under ambient con-
ditions) and it is relatively well characterized
(2). In addition, galena has perfect [100]
cleavage and its surface electronic character-
istics and bonding structure have been stud-
ied (4). Low-energy electron diffraction
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(LEED) shows that the (100) surface, ex-
posed by fracturing in air, does not recon-
struct (5). STM studies of the galena (100)
surface have included discussions of defect
structures (6-8) and image interpretation (9).

Because galena oxidizes slowly in air (10),
we were able to cleave it under ambient
conditions and then both induce and ob-
serve oxidation with the STM. A tip bias of
—200 mV in air was used for this purpose.
A fresh galena (100) surface imaged within
3 min of cleavage shows dominant spots
that correspond to S sites (Fig. 1A) (9).
Dark areas are roughly rectangular, with
edges parallel to [110] and equivalent direc-
tions. In the time it took to complete the
next scan (33 s), the dark areas grew and
coalesced (Fig. 1B). We believe that the dark
patches in Fig. 1 form as a result of the

Fig. 1. (A) Galena imaged in air within 3 min of
cleavage. Dominant spots, most likely corre-
sponding to S sites (9), can be discerned. Dark
sites and areas probably result from S oxidation.
Arrow points along [110]. Image size is 22 by 22
nm. (B) The area shown in (A) after the next scan
was completed (33 s later). The oxidized areas
have expanded and coalesced. The apparent hor-
izontal reaction fronts are along the direction of
the scan and probably directly tip-induced or an
artifact of limited time resolution. Both images
were taken in a constant current mode with a
tungsten tip, a tip bias of =200 mV, and a
tunneling current of 1 nA.
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oxidation of surface sulfide sites. The rate of
the observed reaction is in rough agreement
with the results of voltammetry measure-
ments for aqueous galena oxidation (11) and
is too slow to be the result of the chemisorp-
tion of O-containing species to Pb sites as
characterized by photoelectron spectroscopy
(PES) (10, 12). Furthermore, the oxidation
of surface sulfide will most likely alter the
local bonding and electronic structure so as
to reduce the tunneling current over oxi-
dized sites (lead sulfate is an insulator); this
process results in apparent topographic lows
in STM images. However, regardless of the
area imaged on the sample or the reaction
progress, the oxidized areas generally have
[110]-trending boundaries.

Fig. 2. High-resolution STM image taken with
the tip and sample under oil (13) to exclude air,
after the sample had been immersed in deionized
water for 1 min immediately after cleavage. The
dominant spots are assigned to S sites, and the
weak spots between are assigned to Pb sites (9).
The arrows outline a surface unit cell. The appar-
ent vacancies probably correspond to oxidized S
sites, similar to the small dark areas in Fig. 1A.
Image size is 4.2 by 4.2 nm, collected at a tip bias
of =200 mV and a tunneling current of 1.8 nA in
constant height mode.

The oxidation reaction imaged in Fig. 1
occurred mainly under the area being
scanned by the STM tip. For example, after
following the reaction to completion in one
area, we could move to a new area to find
that the reaction was in an earlier stage of
progress. Most likely, oxidation was acceler-
ated only in the immediate vicinity of the
tip. Other areas of the sample probably
oxidized at the much slower rate character-
istic of galena in air (10). To confirm that
the dark areas resulted from reaction with air
and not solely from scanning influences, we
imaged a fresh galena surface under oil (13).
Dark areas were rare and grew over hours
instead of minutes, a rate probably limited
by the diffusion of air through the oil.
Moreover, when we exposed a fresh cleavage
surface to water for 1 min and then imaged
this surface under oil, small oxidized patches
were common (Fig. 2) and stable during
imaging; this observation suggests that oxi-
dation occurred during water exposure.

In these experiments (Figs. 1 and 2),
oxidized areas appeared to nucleate and
grow rather than form by random oxidation
of individual § sites. This observation im-
plies that oxidized surface S (S,,) exerted an
influence on neighboring unoxidized surface
S (Sunox)> making the unoxidized sites more
susceptible to oxidation. Such an influence,
perhaps in the form of an altered local
potential for S, with nearest neighbor
Sox» would help explain why oxidized areas
were bounded by [110]-trending reaction
fronts. S,,.ox on a [100] reaction front has
two S, nearest neighbors and thus might
oxidize more readily than S, on a [110]
front where there is only one S, nearest
neighbor. This process may allow faster
advance of [100] fronts relative to [110]
fronts; fast-moving fronts obliterate them-
selves relative to slow-moving fronts, analo-
gous to crystal growth. Established [110]
fronts may most efficiently advance, one row
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at a time, by kink migration along the front
(kink sites on [110] fronts have two S,
nearest neighbors). However, our time res-
olution was insufficient to follow kink mo-
tion in air.

For Au sorption studies, fresh galena sur-
faces were immersed in 1 ppm Au(III) (add-
ed as KAuCly), 1.1 M NaCl, pH = 3.2
(adjusted with HCI) solution at 25°C for
various times (1 min to several hours;
AuCl,~ is the stable gold complex in this
solution). Under similar conditions, it has
been shown by PES (14) that Au is sorbed
onto the sulfide surface and reduced to
Au(0) and that Cl~ does not adsorb to the
galena surface. After reaction, samples were
removed, rinsed briefly in deionized water,
and wick-dried. The samples were imaged
under oil to suppress reaction with air.

Positive identification of Au sorbed on
galena was performed with the use of dinl/
dinl” tunneling spectroscopy in air, where I
is the tunneling current and ' is the applied
bias voltage (Fig. 3) (15). The spectra show
that Au has a uniform density of states near
the Fermi level (Eg), whereas galena has
increasing density of states away from Eg;
these spectral features are qualitatively simi-
lar to those obtained for Au on GaAs(110)

Fig. 4. Gold islands formed on a fresh (A) and
preoxidized (B) galena (100) cleavage surface
after exposure for 1.5 hours to the Au-bearing
solution (see text). Image size is 800 by 800 nm in
(A) and 275 by 275 nm in (B). Both images were
collected at a tip bias of ~200 mV and a tunneling
current of 0.85 nA in constant current mode.
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surfaces in vacuum (16). Spectra collected
from Au islands and exposed galena were
consistently similar to those shown in Fig. 3
and could be used to distinguish between
the two materials.

Islands of metallic Au that formed on the
galena surface after 1.5 hours of exposure to
the Au-bearing solution are shown in Fig.
4A. These islands were 100 + 20 nm long,
10 = 2 nm wide, and 6 = 1 nm high and
were not preferentially associated with
[100]-trending steps. The islands grew
along only two of the four crystallographi-
cally equivalent [110] directions on this
surface, even after exposure for up to 2 days.
This may be related to the fact that we used
cleaved surfaces in these experiments. It has
been suggested (6) that edge dislocations
form on galena cleavage surfaces with orien-
tations that are dependent on the direction
of breakage. Oriented, cleavage-induced de-
fects, if present, may help promote island
growth in certain directions and not in other
crystallographically equivalent directions
(for example, see Fig. 5B). We repeated the
1.5-hour experiment using preoxidized ga-
lena (3); the surface (Fig. 4B) appeared
rough and pitted, as previously found for
oxidized surfaces (8). Gold islands were
hemispherical, not elongated. The preoxi-
dized surface was less reactive; the fresh
surface sorbed the equivalent of 7 * 1
monolayers of Au in 1.5 hours, compared to
2.5 = 0.5 monolayers for the preoxidized
surface, at least within these and other im-
aged areas. These results are in qualitative
agreement with earlier PES results (14).

Gold islands on fresh galena surfaces and
neighboring exposed galena were imaged at
atomic resolution in air to see if structural
registry considerations might explain Au
island elongation (Fig. 5, A and B). On Au
islands, a hexagonal array with a spacing of
0.5 = 0.1 nm was observed; this pattern and
spacing do not correspond with the most
common growth surface for Au, a (111)
face, where the atoms are in a closest packed
arrangement with a spacing of 0.29 nm.
However, it does correspond with a V3 by
V3 overlayer on Au(111). In other cases in
which we obtained atomic resolution of
adsorbed Au, a V3 by V3 pattern was
always observed but never in ordered do-
mains larger than about 10 nm in diameter.
A V3 by V/3R30° structure has been ob-
served in situ for the first layer of Cu coad-
sorbed to Au(l11l) with other molecules
(17), and we speculate that AuCl,™ anions
might behave similarly as they sorb to Au
surfaces; however, this leaves important
questions about the mechanistic role of the
V3 by V3 overlayer on a growing Au
particle.

One of the three equivalent directions of

closest atomic spacing on the V3 by V3
structure (marked A-A' in Fig. 5A) is
aligned with the [010] direction of the
galena substrate (Fig. 5B). Similar orienta-
tions with either the galena [100] or [010]
directions were observed for other V3 by
V'3 Au domains. Although these data show
that there is a tendency toward particular
orientations of small ordered Au domains
on growing Au islands on galena, it is not
obvious why ordered Au domains should
line up so as to produce elongation of Au
islands along the galena [110] direction.

Fig. 5. (A) High-resolution STM image taken
atop an Au island formed on a fresh PbS surface
after 2 hours in an Au-bearing solution. The
structure is a V3 by V3 pattern relative to the
unreconstructed Au(111) surface; spectra taken
over this area are presented in Fig. 3A and
confirm the Au composition. The imaged area is
3.8 by 3.8 nm, collected at a tip bias of —200 mV
and a tunneling current of 3.2 nA in constant
height mode. See text for explanation of A-A’.
(B) High-resolution STM image taken to the side
of the Au island imaged in (A) and exhibiting the
spectrum presented in Fig. 3B. The arrangement
of § sites on the galena (100) surface can be seen.
Note the defect in this image (atomic rows are
offset from upper left to lower right); such defects
may play a role in preferred oreintation of oxida-
tion fronts and Au islands. The imaged area is 5
by 5 nm, collected at a tip bias of +600 mV and
a tunneling current of 4.7 nA in constant height
mode.
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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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