In Situ Scanning Tunneling Microscopy of
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An in situ scanning tunneling microscope (STM) was used to observe the morpholog-
ical changes accompanying the selective dissolution of Ag from low-Ag content Ag-Au
alloys in dilute perchloric acid. This study was undertaken to explore the role of surface
diffusion in alloy corrosion processes. These results are interpreted within the
framework of the kink-ledge-terrace model of a crystal surface and a recent model of
alloy corrosion based on a variant of percolation theory. The corrosion process leads to
roughening of the surface by dissolution of Ag atoms from terrace sites. Annealing or
smoothening of the surface occurs by vacancy migration through clusters and the
subsequent annihilation of clusters at terrace ledges.

E-ALLOYING, THE SELECTIVE DIS-
D solution of one or more of the

elements of an alloy owing to large
differences in their reactivities, is important
in the passivation (1), pitting (2), and stress-
corrosion cracking (3) of technologically
significant metals, such as stainless steel and
the lightweight Al-Li alloys currently under
development. Various mechanisms of de-
alloying have been proposed (4-6), but a full
understanding of this important process is
still an open issue. Sieradzki et al. (6) have
recently proposed a model of selective dis-
solution for a binary alloy based on a variant
of percolation theory that allows for the
removal of one element while the other
undergoes surface diffusion. In general, re-
arrangement of the surface by diffusion of
the less reactive element can result in the
covering or uncovering of underlying atoms
of the more reactive element. Sieradzki et al.
(6) suggested that this kinetic coupling of
dissolution and diffusion results in a compo-
sition-dependent “critical potential” below
which bulk de-alloying does not occur, even
for alloys with concentrations of the more
reactive element above the three-dimension-
al (3-D) percolation threshold. The need for
an atomic-level understanding of both the
dissolution and diffusion components of the
de-alloying process has motivated the STM
study reported here.

We used the in situ STM technique (7-
15) to study the changes in surface morphol-
ogy accompanying the selective dissolution
of Ag from Ag-Au alloys in contact with 0.1
M HCIO,. The Ag-Au system was chosen for
the experimental convenience of having air-
stable surfaces. Alloys with Ag concentrations
well below the site percolation threshold were
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used to limit the Ag dissolution to the first
few atomic layers so that the STM could
faithfully follow the surface morphology. Our
results on the evolution of the surface mor-
phology at the atomic level provide a micro-
scopic basis for modeling the role of dissolu-
tion and surface diffusion in corrosion.
Ag-Au alloy films with exclusively {111}
texture were prepared by simultaneous va-
por deposition of Ag and Au onto heated
mica substrates (16). The bulk sample com-
positions were obtained by energy disper-
sive x-ray fluorescence analysis (17). Samples
were mounted in a modified Nanoscope I
STM (Digital Instruments) that allows for
imaging in an electrolyte solution with con-
trol of the electrochemical potentials of both
the sample and the tunneling tip (9, 10). All
electrochemical potentials are reported with
respect to a Ag/(1 mM AgClO,, 0.1 M
HCIO,) reference electrode. The Pty glr, ,
tunneling tips were electrochemically etched
to a point and coated with an insulator on all
but the very end to minimize electrochemi-
cal currents (9, 10). The lateral resolution of
these tips is typically about 2 nm wide, as
measured by the observed width of mona-
tomic ledges on Au (111). The STM was
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Fig. 1. A time sequence
of in situ: STM images of
the corrosion of a
Ago 07AUg 93 alloy sam-
ple in 0.1 M HCIO, (A)
immediately, (B) 10
min, (C) 51 min, and
(D) 86 min after scan- .
ning the electrochemical
potential of the sample
to +0.60 V. Vertical
scale x10. Inset shows
the electrochemical cur-
rent density recorded
during the 0.02 V/s po-
tential scan.

operated in the constant-current mode with
a tunneling current of 1 nA (18) and a tip bias
of —0.01 to —0.53 V with respect to the
sample, depending on the electrochemical
potential of the sample. The 200 nm by 200
nm images presented here were obtained at a
rate of 400 nm/s, which corresponds to an
acquisition time of 2 min per image.

Figure 1 shows a time sequence of four
images of a Ag,o,Augg; alloy after the
electrochemical potential was scanned at a
rate of 0.02 V/s from the open circuit po-
tendal (+0.08 V) to +0.60 V in order to
initidte dissolution of Ag from the alloy
surface. The electrochemical current density
recorded during this scan is shown in the
inset to Fig. 1A. The area under the peak in
the inset (40 pnC/cm?) corresponds to 20%
of the charge required to dissolve a mono-
layer of Ag (111); however, this may be an
underestimate of the total change as the
electrochemical current did not drop to zero
immediately after reaching +0.60 V. The
sample surface is composed of flat terrace
regions separated by ledges of monatomic
height and is similar to vicinal (111) surfaces
of Au observed in vacuum (19), air (20), and
electrolytes (8, 9). Figure 1A shows the
surface morphology observed within 2 min
of scanning the potential to +0.60 V. The
image is similar to that observed at the open
circuit potential (21), despite the significant
electrochemical charge recorded in the inter-
im, indicating that any change in the surface
structure that may have occurred up to this
stage is below the lateral resolution of the
tip. Images acquired subsequent to Fig. 1A
show the surface becoming noticeably
rough, and Fig. 1B, taken 10 min after
reaching +0.60 V, shows substantial rough-
ening. The roughened crystal planes evolved
into monolayer-deep pits or vacancy clusters
as large as 16 nm in diameter (Fig. 1C). Pits
near the ledges eventually fused with them
and left the ledges highly curved (Fig. 1D).
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Similar experiments were performed on

alloys with lower (Agg 04AU, o6, Fig. 2) and

higher (Ag,15Au, g5, Fig. 3) Ag contents
(22). Effects similar to those discussed above

are seen. In the case of the more dilute alloy,
roughening was barely noticeable after 10
min at +0.60 V (Fig. 2B) but was observed
immediately at +0.70 V (Fig. 2C). In this
case mostly small clusters, less than 4 nm in
diameter, developed. The terraces also
shrank in extent. The grain boundary run-
ning horizontally in Fig. 2 serves as a con-
venient fiducial marker that allows us to
measure a ledge recession of order 12 nm in
the 120-s interval between acquisition of the
image in Fig. 2C and acquisition of the next
image. A time series of STM micrographs
(Fig. 3) shows how terraces actually break
up into smaller terraces in the higher Ag
content alloy (23). The extent of roughening
in this alloy is significantly greater than that
observed in the alloys containing less Ag,
and the higher Ag content results in a larger
overall change in surface morphology.

The surface roughening and subsequent
surface rearrangement in the sequences of
images presented here are qualitatively sim-
‘ilar to the roughening and annealing seen
after oxidation and re-reduction of Au (111)
(9). However, despite the similarity, the two
sets of phenomena have quite different ori-
gins. The effects seen here require Ag in the

sample; pure Au films are unaffected by the
electrochemical potentials used here.

There is a substantial (~0.5 V) increase in
the formal potential for Ag dissolution from
these alloys as compared to the potential for
dissolution from pure Ag (24). This stabili-
zation is similar to that observed for strip-
ping an underpotentially deposited (UPD)
“monolayer” of Ag from Au (111) and
reflects the significant additional bond
strength that a Ag atom has when bound to
Au atoms as compared to other Ag atoms.

Selective dissolution processes in alloys
can be interpreted within the framework of
the kink-step-terrace model of a crystal sur-
face and percolation theory. In a Ag-dilute
Ag-Au alloy, the availability of Ag atoms at
ledges is quickly exhausted, and dissolution
can only proceed if the electrochemical over-
potential is sufficient to remove Ag atoms
from terrace sites in the crystal surface. The
sequences of images shown in Figs. 1 and 2
clearly indicate the appearance of mona-
tomic deep pits in the terraces of the de-
alloyed crystal surface, providing strong ev-
idence that Ag atoms are being removed
from terrace sites during the dissolution
process. In principle, selective removal of Ag
from the bulk of the alloy is possible only if
the Ag concentration is above the 3-D site
percolation threshold. For alloys at compo-
sitions below that at which Ag atoms perco-

Fig. 2. A time sequence
of in situ STM images of
a  AgoosAuggs alloy
sample at (A) +0.32 V,
(B) after 10 min at
+0.60 V, (C) immedi-
ately after increasing the
potential to +0.70 V,
and (D) zfter 24 min at
+0.70 V. Vertical scale
x10.

Fig. 3. A time sequence of in situ STM images of a Ag, ;5Auy gs alloy sample at (A) 0.2 V, and (B) 2
min and (C) 42 min after reaching +0.70 V and disconnecting the counter electrode. Vertical scale
x10.
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late, dissolution from terrace sites occurs
until the accessible Ag atoms are exhausted.
The resultant (roughened) Au surface rear-
ranges by a vacancy diffusion mechanism.
Figures 1 and 2 illustrate this point, show-
ing that the annealing of the surface occurs
by concomitant vacancy cluster growth and
vacancy cluster annihilation at terrace ledg-
es, the driving force for which is the overall
reduction of the surface free energy.

As the Ag concentration in the alloy in-
creases, the connectivity and size of the vacan-
cy clusters that are “injected” into the surface
by dissolution increase. Near the two-dimen-
sional (2-D) site percolation threshold, this
trend would cause the initial terraces to break
up into smaller, more numerous terraces.
This behavior is observed for the
Ag, 1sAu, g5 alloy (Fig. 3). From the known
degree of surface segregation in Ag-Au alloys
(25), we estimate the surface composition to
be Agp 36ANy 64, Which is significantly above
the 2-D site percolation threshold of 0.29 for

the triangular lattice (26).

Our in situ STM results indicate that it
takes many minutes at +0.60 V before the
surface appears rough at the resolution of
our STM (vacancy cluster diameter, =2
nm). We offer two possible explanations for
this delay, both based on the known segre-
gation of Ag to the surface of Ag-Au alloys
(25). Unfortunately, we cannot unambig-
uously discriminate between the two at this
point. The first scenario hypothesizes the
existence of a low-coverage Ag overlayer
(27), similar to the UPD layer that Ag forms
on Au (111) at potentials positive of the
bulk Ag deposition. Dissolution of this con-
formal layer gives the current peak observed
during scans to positive potentials but does
not alter the morphology of the sample at
the resolution of our images. After the re-
moval of this overlayer, Ag atoms dissolve
from terrace sites of the alloy at a much
slower rate, resulting in the slow roughen-
ing observed on the surface (28). In the
second scenario, the outer layer of the Ag-
Au alloy is not pure Ag but is simply
Ag-enriched relative to the bulk (25), and
the current peak corresponds mainly to the
dissolution of Ag atoms from terrace sites in
the surface. The resulting vacancies and small
vacancy clusters are hypothesized to have low
enough mobilities that it takes many minutes
for them to fuse into sufficiently large clusters
to be seen with our STM.

Our observations suggest that random
walk processes responsible for vacancy clus-
ter motion may be biased, owing to vacancy
cluster interactions and interactions between
vacancy clusters and terrace ledges. Long-
range interactions should result from the
stress or displacement fields associated with
such surface defects. Sieradzki et al. (29)
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have been investigating these issues through
computer simulation by using realistic inter-
atomic potentials that model Au (111) sur-
faces. Their results provide some evidence
that interaction effects may be important in
the annealing of the roughening resulting
from dissolution. For example, they find
that as a result of stress field interactions,
vacancies are attracted to a down ledge and
repelled from an up ledge.
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Early Cambrian Foraminifera from West Africa

STEPHEN J. CULVER

Agglutinated foraminifera have been recovered from siltstones in the Walidiala Valley,
Taoudeni Basin, West Africa. Associated faunas suggest an Early Cambrian age for
these strata, These now earliest known unequivocal foraminifera help constrain hypoth-
eses concerning the origin of skeletalization at the beginning of the Phanerozoic.

ISCUSSIONS CONCERNING THE AP-
pearance of skeletonization near the

base of the Cambrian [about 550

Ma’ (million years ago)] (1) are often re-
stricted to metazoans and take little account
of the acquisition of hard parts by protists at
the same time. For example, hypotheses
relating the evolution of skeletonization to
increases in body size (2) and to detoxifica-
tion of excess calcium (3) in metazoans do
not apply to protists and hence are weak-
ened by the appearance of testate protists in
the Early Cambrian (4). However, this ap-
pearance is not inconsistent with the hy-
pothesis, applicable to both metazoans and
protists, that the initial function of skeletons
was to protect the organism, primarily
against predation (5). The presence of ag-
glutinated foraminifera in the Lower Cam-
brian, probably ‘Atdabanian Stage-equiva-
lent strata, of the Taoudeni Basin, West
Africa, is reported here. These specimens
extend considerably the known geologic
range of several genera, they represent the
earliest known unequivocal foraminifera,
and they further remind us that protists as
well as metazoans should be considered in
accounting for the origin of skeletalization.
The unmetamorphosed and generally un-
deformed Taoudeni Basin strata have been
divided into three supergroups (6). Super-
group 1 is entirely Proterozoic in age, Su-
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pergroup 2 (about 1200 m thick) commenc-
es with an Upper Proterozoic tillite, and
Supergroup 3 commences with an Upper
Ordovician tillite (6). In the Walidiala valley
at the Senegal-Guinea border, only the low-
er portion of Supergroup 2 is present and is
represented by the Mali group (Fig. 1). This
has been divided into the Hassanah Diallo
Formation, composed of glacial diamictites
and laminated siltstones with ice-rafted
dropstones and representing the Late Prot-
erozoic (Vendian) glaciation of West Africa
(6-11), and the overlying Nandoumari For-
mation, commencing with intermittent
quartz arenites (Tanague Member), and
overlain by dolomites (Bowal Member) and
green and red siltstones (Fougon Member)
(8). The dolomites are of supratidal to shal-
low subtidal origin. Subtidal dolomites are
interbedded with siltstones that pass con-
formably into the overlying Fougon Member
siltstones. Hence, the Fougon Member is also
of probable shallow marine origin (8).

A few specimens of small shelly fossils
have been recovered from Bowal Member
dolemites (7) and several hundred addition-
al small shelly fossils and several agglutinat-
ed foraminifera have been recovered from
two samples of the immediately overlying
siltstones of the Fougon Member (Fig. 2).

Supergroup 2 strata in the Taoudeni Ba-
sin are poorly fossiliferous. The only record-
ed macrofossils from Supergroup 2 are inar-
ticulate brachipods from near the top of the
unit in the Mauritanian Adrar which indi-
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