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The structure of the Au(111) electrode surface in a 0.01 M NaCl electrolyte has been
investigated using grazing incident angle x-ray diffraction. The top layer of gold atoms
undergoes a reversible phase transition between the (1X 1) bulk termination and a (pXVv3)
uniaxial discommensuration (striped) phase on changing the electrode potential. Below a
critical potential the stripe separation, p =23, is identical to vacuum measurements. At
sufficiently positive potentials the surface forms an ideally terminated, (1X1), Au(111) surface.
Cycling the potential in the reconstructed region improves the reconstructed surface order.

I. INTRODUCTION

The understanding of surface structure in vacuum has pro-
gressed rapidly over the last several decades; many of the
developments have been due to techniques involving elec-
tron probes. In electrochemistry, electrode surfaces are of
fundamental importance, yet, very little is known about
their in situ structure. In part, this is due to the inability of
electrons to penetrate solutions. With the availability of
high brightness synchrotron sources surface x-ray diffrac-
tion has become a viable method to study in situ
structure.'™

In vacuum, the Au(111) surface reconstructs to form a
uniaxial compressed surface phase.”® Under electrochem-
ical conditions, the surface charge at the Au(111) surface
can be varied continuously and reversibly by as much as
0.5 electrons per surface atom. Very little is known about
the atomic structure of the Au(111) electrode surface. In
this paper we report the results of an x-ray scattering study
of the (23 XVv3) reconstruction of the Au(111) electrode
surface in 0.01 M NaCl. A full description of the phase
behavior and kinetic effects of the Au(111) surface in a
variety of salt solutions is reported elsewhere.’ In order to
differentiate the respective roles of surface charge and ad-
sorbates, studies were carried out in 0.1 M solutions of
NaF, NaCl, and NaBr as reported in Refs. 9 and 10. The
phase transition occurs at an induced surface charge den-
sity of 0.07+0.02 e/atom in all three 0.1 M solutions.>°

A current survey of the gold electrode literature can be
found in a recent review article.'! In the following, we
review some of the significant studies at the Au(111) face.
The possibility that electrochemically induced reconstruc-
tions of gold surfaces might exist was proposed by Hamelin
based on the hysteresis observed in capacity-potential
curves at the same potential where a peak emerged in cy-
clic voltammograms (current voltage curves).'>!® Ex situ
low-energy electron diffraction (LEED) studies by Kolb
Schneider have shown that the Au(111) surface, after em-
ersion from an electrochemical cell, forms a (23xVv3)
phase in the negative potential regime.'* Recent ex situ
LEED studies by Ross and D’Agostino have confirmed
that gold surfaces remain reconstructed after emersion. '
For the case of the Au(001) surface in HCIO,, in situ
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electroreflectance measurements provided further evidence
that gold electrodes reconstruct.’* Second harmonic gener-
ation (SHG) measurements at the Au(111) surface!®!?
have demonstrated that the phase transition between the
(23xv3) and (1X 1) phase can be monitored in situ by
the additional symmetry pattern in the SHG intensity as-
sociated with the uniaxial compressed phase. However, it is
difficult to extract detailed structural information from
these measurements. Concurrent with the present surface
x-ray scattering (SXS) study, in situ scanning tunneling
microscopy (STM) studies'®!® in HCIO, solutions have
confirmed the existence of the (pXV3) reconstruction
within the negative potential regime. In the present elec-
trochemical x-ray scattering study, the characteristic stripe
separation—averaged over a macroscopic area—versus the
applied potential has been measured with a lateral resolu-
tion which exceeds the capability of current STM measure-
ments.

Our understanding of the Au(111) surface in vacuum
has been obtained from a variety of techniques including
LEED,%’ transmission electron diffraction (TED),? he-
lium scattering,?’ surface x-ray diffraction,®?* and from
STM.?*?* The observed diffraction peaks have been inter-
preted as a rectangular (23 Xv3) unit cell corresponding to
a uniaxial compression (4.4%) along the (100) direction
in hexagonal coordinates (see Sec. II B) as shown in Fig.
1(a). This structure is often referred to as a stripe-domain
phase where the stripe separation is proportional to the
inverse compressibility. From TED measuremt;:nts,20 he-
lium scattering,?! and from x-ray reflectivity techniques® it
has been inferred that the surface atoms are arranged in a
manner such that the surface stacking sequence changes
between ABC to ABA as shown in Fig. 1(a). Recent x-ray
scattering® and STM studies™?* have shown that the dis-
commensuration direction rotates by +60° to form a reg-
ular array of kink dislocations in the discommensuration
direction under vacuum conditions. Under electrochemical
conditions with STM, similar kinks in the discommensu-
ration direction have been observed at the Au(111) elec-
trode in HCIO, solutions at negative potentials.'®1°

In the present study we have characterized the in-plane
structure of the Au(111) surface versus potential in 0.01
M NaCl. We have utilized a salt solution instead of the
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FIG. 1. (a) In-plane hexagonal structure of the Au(111) surface. The
solid (filled) circles correspond to atoms in the second (first) layer. Sur-
face atoms in the left and right hand sides of the figure are in undistorted
hexagonal sites (ABC stacking sequence) whereas in the center of the
figure the atoms are in faulted sites (ABA stacking sequence). (Refs. 21,
22) For 24 surface atoms in place of 23 underlying surface atoms, the
compression is 24/23 — 1 =4.4% and § = (v3/2)/23 =0.038. (b) X-
ray scattering electrochemical cell. The Au(111) single crystal is held at
the top center by a Kel-F clamp. The cell is sealed with a polypropylene
window by an o-ring. (A) electrolyte input, (B) counter electrode, (C)
electrolyte output. An outer chamber (not shown) is filled with nitrogen
gas to prevent diffusion of oxygen through the polypropylene window.

more commonly used acid solutions. Under these condi-
tions we obtain a wider double layer potential range and
are able to determine whether cations have any effects on
the structure of the Au(111) surface. The latter is not
possible in acid solutions since the cation is always a pro-
ton. At sufficiently positive potentials the stripe-phase re-
construction vanishes and the diffraction pattern exhibits
the symmetry of the underlying lattice. The phase transi-
tion is reversible although there are significant hysteresis
effects. A comprehensive study of the Au(111) surface in
NaF, LiCl, NaCl, KCl, CsCl, and NaBr electrolytes with
concentrations ranging between 0.01 and 0.1 M is reported
elsewhere.’

Il. EXPERIMENTAL TECHNIQUES
A. Electrochemical and surface preparation

Gold disk electrodes (2 mm by 10 mm diam) were
sliced from a common single crystal, and aligned along the
nominal (111) direction using a wire spark cutter. These
disks were aligned and sanded with the (111) planes ori-
ented within 0.1° of the surface normal axis 7. The disks
were mechanically polished with 6 pum diamond paste fol-
lowed by | um alumina powder. Although the surface has
a mirror finish, the mechanical polishing creates micro-
scopic surface damage. In order to expose undamaged
(111) planes, the samples were electrochemically polished
in 1:1:1 (volume) HCl:ethylene glyco]:ethanol.25 The final
surface preparation step involved sputtering with argon at
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5x 10~ Torr at 800 °C using a defocused beam at 2 kV
and 2 A for several hours. The sample was transferred
through air to an electrochemical x-ray scattering cell con-
structed from Kel—F3 as shown in Fig. 1(b).

A 6 um polypropylene window covers and seals the cell
with a thin capillary electrolyte film between the crystal
face and the polypropylene film. An outer chamber was
flushed with N, gas to prevent oxygen from diffusing
through the polypropylene membrane. The applied poten-
tial was referenced to an Ag/AgCl(3 M KCl) electrode
connected to the cell through a micro glass frit. Counter
electrodes were either gold or platinum wires.

The electrolyte solutions were prepared from superpure
NaCl diluted with ultrapure H,O. The diluted electrolyte
solutions were deoxygenated with 99.9999% N, gas imme-
diately before filling the cell. After flushing the cell with N,
gas, the deoxygenated electrolyte was injected into the cell
through a syringe with the control potential turned off. The
cell was filled with enough solution to expand the polypro-

-pylene window leaving a thick electrolyte layer (several

mm) between the face and the window. Cyclic voltammo-
grams were carried out in this geometry to check the elec-
trochemical conditions of the cell. Before carrying out the
x-ray scattering measurements the cell was deflated which
leaves a thin electrolyte layer which we estimate from the
small angle reflectivity measurements to be between 10 and
20 pum thick. In the thin electrolyte layer geometry, the
effects of bulk impurities are greatly reduced relative to the
thick electrolyte geometry.

Our studies of the Au(111) surface were carried out in
a potential range which is referred to the “double layer”
region. Within this potential range there are no Faradaic
processes and the electrode can be treated as an ideally
polarizable interface. We note that the potential region in
which this approximation is valid is bounded by hydrogen
evolution at negative potentials and gold oxidation pro-
cesses at positive potentials. In salt solutions (pH about 6),
hydrogen evolution occurs below — 0.8 V. The high po-
tential limit was 0.8 V.

B. X-ray techniques

The x-ray scattering measurements reported in this pa-
per were carried out with focused, monochromatic syn-
chrotron radiation at beam line X22B at the National Syn-
chrotron Light Source (NSLS) at Brookhaven National
Laboratory. In the four circle geometry the sample orien-
tation is oriented through its Euler angles 8, y, and $*° by
a spectrometer under computer control. The scattering
wave vector magnitude is |k,—k;| = 47/4 sin(26/2)
where k; and k, correspond to the incident and scattered
wave vectors and where 20 is the detector angle within the
scattering plane. Diffraction measurements are carried out
by measuring the scattering intensity along paths in recip-
rocal space (see below).

Measurements were carried out at an energy corre-
sponding to a wavelength of 4 = 1.54 A at beamline X22B.
The scattered intensity is measured with a scintillator de-
tector placed on the 28 arm and is normalized to the inci-
dent flux. At grazing incidence, i.e., small a, the incident x
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rays illuminate a region of the crystal 0.5 mm wide across
the entire crystal face (10 mm). The scattering resolution,
in reciprocal space, is primarily determined by the angular
acceptance of the scattered radiation and the quality of the
mosaic of the Au(111) crystal. The illuminated area of the
incident beam does not directly affect the resolution. For
the present measurements, the resolution within the scat-
tering plane was determined by an array of equally spaced
parallel plates (Soller slits) which provide a 26 resolution
of 0.1° half-width at half-maximum (HWHM). This cor-
responds to a longitudinal in-plane resolution in reciprocal
space of 0.007 A~ HWHM at A = 1.54 A. The transverse
in-plane resolution is limited by the mosaic spread of the
crystalline order which is typically 0.025° HWHM. Nor-
mal to the scattering plane, the resolution is determined by
%, which is set by 10 mm detector slits located on the four
circle 26 arm which is 600 mm from the sample position.

The two principle features of the diffraction pattern
from the Au(111) surface in reciprocal space are Bragg
reflections and weak streaks of scattering along the surface
normal direction.””"?° In order to describe the scattering
wave vector in terms of its components in the surface plane
and along 7 it is convenient to use a hexagonal coordinate
system.®*%*! The hexagonal reciprocal space position is
represented by the vector (H,K,L) or (H,K) within the
surface plane where

b= 25 A, rmr 089 A
E . ’ T‘; . .
The nearest-neighbor separation, a, equals 2.885 A.

The relationship between the cubic vector, (,k,0) upics
and the hexagonal vector (H,K,L) is given by the trans-
formations h = — 4H/3 —2K/3 + L/3, k=2H/3 — 2K/
3+L/3, and [/=2H/3+4K/3+ L/3. For example,
(L,1,1) cuic = (0,0,3), (0,0,2) cuvic = (0,1,2), and
(0,2,2) cyvic = (1,0,4). The vector (H,K,0) lies within the
surface plane whereas (0,0,L) is along the surface normal
direction.

A principle feature of the Au(111) surface reconstruc-
tion (in vacuum) is a uniaxial compression of the top layer
of gold atoms by 4.4% as shown in Fig. 1(a). This picture
has been inferred from scattering techniques including low-
energy electron diffraction (LEED),%’ transmission elec-
tron diffraction (TED),?® helium scatte:ring,21 and surface
x-ray diffraction studies.® In an x-ray scattering measure-
ment the (pXv3) reconstruction gives rise to additional
rods of scattering. We refer to these rods of scattering as
over-layer reflectivity since the scattering originates from
the reconstructed “overlayer” (top layer).**? These over-
layer reflections (modulation peaks) are arranged in a hex-
agonal pattern surrounding the integer (H,K) positions
and the magnitude of the modulation wave vector is given
by 8a*. Their projection on the surface plane is shown in
Fig. 2. These additional reflections originate from the com-
pression of the top layer along the three v3 directions in
reciprocal space.

The discommensuration periodicity, p, is defined as v3/
(28). For example, if there are 24 surface atoms in place of
23 underlying surface atoms, the compression is 24/23 — 1
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FIG. 2. Top: In-plane diffraction pattern of the Au(111) (23Xv3) re-
construction in hexagonal coordinates. The solid circles are at the peri-
odicities from the underlying bulk substrate. The open symbols originate
from the (23 Xv3) reconstructed phase with three rotational equivalent
domains. The axis g, is defined to be along the (1,1) direction. Bottom:
X-ray scattering equal intensity contours in the vicinity of the (0,1) re-
flection at L = 0.5 measured in 0.01 M NaCl at — 0.3 V vs a saturated
Ag/AgClL.

=4.4% and 8 = v3/2/23 = 0.038. In an x-ray scattering
experiment in which the intensity is collected over several
square mm, all three symmetry equivalent domains are
probed. At sufficiently positive applied potentials, in all
electrolytes, the scattering from the Au(111) surface does
not exhibit the diffraction pattern of a reconstructed sur-
face. Instead, only the integral reflections (H,K) originat-
ing from the substrate are observed.

lil. RESULTS

The in-plane diffraction pattern from the Au(111) sur-
face, obtained within the reconstructed potential regime, is
virtually identical in all electrolytes.” In the present paper
we report the potential dependence of x-ray scattering
measurements from the Au(111) surface in 0.01 M NaCl.
Below a critical threshold potential, the scattering exhibits
the characteristic diffraction pattern of a (pXVv3) striped
phase with three rotationally equivalent domains. In the
bottom panel of Fig. 2, equal intensity contours are shown
in the vicinity of the (0,1) reflection at L = 0.5 for 0.01 M
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FIG. 3. Representative x-ray scattering scans along the g, axis (see Fig. 2)
for the Au(111) surface at L = 0.2 in 0.01 M NacCl solution at a series of
potentials chosen from scans between 0.1 and — 0.8 V in steps of of
— 0.05 V. The solid lines are fits to a Lorentzian line shape described in
the text.

NaCl at — 0.3 V. Four peaks surrounding the (0,1) re-
flection are arranged in a hexagonal pattern, where &
= 0.038 is the length of the hexagon side in dimensionless
units.%"222 Our electrochemical measurements of the in-
commensurability are in good agreement with high resolu-
tion vacuum measurements at 7 =300 K, where
8 = 0.0383.5"2%2! Figure 2 shows that the two surface re-
flections at largest wave vector transfer, from the origin,
are the most intense and that the two reflections with the
smallest wave vector transfer are not observed. These dif-
ference can be attributed to the arrangement of atoms in
the reconstructed unit cell (structure factor).

We have carried out a detailed study of the potential
dependence of the scattering from the Au(111) surface
through the (0,1) reflection along the (1,1) direction
which we label as the ¢, axis in Fig. 2. Along the g, axis, the
in-plane projection of the scattering wave vector is given by
(g,/V3a*,1 + q,/v3a*). In Fig. 3, we present the measured
scattering intensity obtained along the ¢, axis at L = 0.2 at
a series of decreasing potentials between 0.1 and — 0.8 V
with an effective scan rate of 0.5 mV/s. Above 0.10 V the
scattering is centered at g, =0 (Fig. 3) corresponding to
the (0,1) bulk reflection. As the potential is reduced below
0.05 V, the intensity of the reconstruction peaks grows.
Concomitantly, the (0,1) reflection decreases in intensity
but remains centered at zero. The position of the recon-
struction peak moves outward (increasing compression) as
the potential is decreased. The maximum scattering inten-
sity at (0,1) is about thirty times the diffuse scattering
originating from the electrolyte and window.
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FIG. 4. Equal intensity contours created from the intensity distribution
along g, starting at a potential of 0.2 V and extending to — 0.8 in steps of
0.05 V. The emergence of a broad peak at g, = 0.030a* corresponds to the
formation of the reconstructed phase.

An alternative approach for displaying the potential de-
pendence of the surface scattering—shown as a series of
displaced curves in Fig. 3—is shown in Fig. 4 as a contour
plot. The intensity matrix, used to create the contour plot,
was formed by measuring the scattered intensity along g, at
a series of decreasing potentials starting at a potential of
0.2 V and extending to — 0.8 in steps of 0.05 V. It is
apparent from Fig. 4 that the reconstructed phases starts to
form at 0.05 V as indicated by the emergence of contour
lines at g, = 0.030a*. As the potential is further decreased
the reconstruction wave vector moves outward to g,
= 0.038a* (p = 23) and the scattering line shape narrows
corresponding to an increased surface order.

To extract additional information from the scattering
profiles, we have fit the scattering profiles along g, to the
sum of two Lorentzians and a small background

1]
S =
(g,) 1+q§r/a_2
Is
t1+(q,-0)

72+ A+ Ba/a*. (1)

The first term represents the scattering at the substrate
(0,1) wave vector, the second term corresponds to the
scattering centered at (8/v3,1 4+ 8/v3), and 4 and B are
small background parameters. The parameters I, and I
correspond to the peak intensities at g, equal to 0 and 8,
respectively. The Lorentzian profile widths in Eq. (4) are
o and o;. In reciprocal space, the Lorentzian line shape is
derived from a one-dimensional real space atomic model in
which the correlation function decays exponentially with a
length {5 = av3/(4mos). This length is a measure of the
distance over which atoms in the reconstructed layer are
positionally correlated. The discommensuration periodic-
ity, which we also refer to as the stripe separation,
Ly = pa=av3/(25).
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F1G. 5. The stripe separation (a) and correlation length (b) obtained by
fitting the data shown in Figs. 3 and 4 to Eq. (1) for the Au(111) surface
in 0.01 M NaCl. The triangles and upside down triangles correspond to
positive and negative sweep directions, respectively.

In an x-ray scattering measurement, the correlation
length of the underlying Au(111) facets can also be deter-
mined from the inverse peak widths in reciprocal space. If
the surface is composed of terraces (facets) separated from
each other by monoatomic steps, the scattering from neigh-
boring facets adds out-of-phase at the (0,1) reflection and
the peak width is broadened by this effect. For an expo-
nential facet size distribution, the mean facet size along the
{1,1) direction ¢ equals av3/(4mro). In the present set of
measurements, § is at least 300 A and represents a lower
bound for the distance between steps. Incorporating finite
resolution effects into the analysis increases the effective
facet size.

In the fitting procedure the peak position 6 the widths,
o and o, the amplitudes, /; and I, and the background
are varied for the scattering profiles at constant potential.
Instrumental resolution effects have not been included in
the present analysis since improving the reciprocal space
resolution by a factor of ten did not modify the observed
scattering linewidths.’® The scattering in the wings of the
peak at ¢, = O (substrate periodicity) exhibit a g,~ * fall off.
At small ¢g,, however, the scattering profiles are not ade-
quately represented by the model. In part, this discrepancy
is due to finite substrate mosaic effects which have a Gauss-
ian component that is not included in our Lorentzian
model. At g, = 0.038a* (reconstructed periodicity) the
scattering is reasonably well represented by the Lorentzian
profiles at sufficiently negative potentials.

The stripe separation Lg and the correlation length ¢
obtained from fits to Eq. (1) are shown in Figs. 5(a) and
5(b), respectively as a function of the applied potential.
The potential cycle originates at 0.1 V and continues to
— 0.8 V and then back to O V in steps of 0.05 V. After the
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FIG. 6. The effect of surface grooming (see text) at the Au(111) surface
in 0.1 M NaF. The data is acquired at fixed scan rates of 1 and 10 mV/s.
(see key) at a wave vector (0.038/v3,1 + 0.038/v3,0.2). At this position
the scattered intensity increases as the stripe length L; approaches 23 and
as the correlation length increases. The scattered intensity increases dur-
ing potential cycles between — 0.8 and 0.1 V.

initial signs of the surface reconstruction at 0.05 V, corre-
sponding to the emergence of the modulation peak, there is
a continued compression as the potential is decreased, as
shown by the inverted triangles in Fig. 5(a). The maxi-
mum compression corresponds to a stripe periodicity of
23a. Changes in the reconstructed surface structure virtu-
ally cease below — 0.6 V. Further compression and an
increase in the correlation length resumes after sweeping
the potential positive. The stripe domain correlation length
{5 achieves a maximum value of 55 at — 0.1 V. This is at
a potential just below where the lifting of reconstruction
starts and §j is always less than §.

In vacuum, the Au(111) surface forms an ordered array
of 60° shifts in the discommensuration direction.?*2* For
the Si(111) surface an ordered array of reconstructed do-
mains with different orientations reduces?’ the strain en-
ergy of the underlying substrate. This argument may also
apply to the Au(111) surface.’* These shifts in the discom-
mensuration direction (kinks) for the Au(111) surface are
separated by about 80a at T = 300 K. This new wave vec-
tor, ~2m/80a, gives rise to additional diffraction spots.8 At
the electrode surface, at all potentials, these additional dif-
fraction spots are absent. Hence, there is no evidence that
the kinks form an ordered array. However, the Au(111)
electrode surface may form a disordered array of kinks in
which the kink spacing is irregular. This observation is
consistent with recent in situ STM studies of the Au(111)
surface in HClO,.!'®!” These studies clearly establish the
existence of discommensuration kinks, however, a well or-
dered array of kinks can not be ascertained from the
present STM results.

In 0.01 M NacCl solutions, the correlation length can be
increased by cycling the potential in the reconstructed po-
tential region. We refer to the surface state where the max-
imum compression and correlation length are achieved as
the “groomed” surface. The effect of surface grooming on
the Au(111) surface is shown in Fig. 6 by recording the
scattered intensity while the potential is swept at fixed rates
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in both sweep directions. The spectrometer is set to
(0.038/v3,1 4 0.038/v3,0.2). At this position the scattered

intensity increases as the stripe length L; approaches 23 .

and as the correlation length increases. The effect of sur-
face grooming on the Au(111) surface in 0.1 M NaF is
shown in Fig. 6. Similar results have been obtained in 0.01
M NacCl. In Fig. 6, the normalized scattered intensity has
been obtained by dividing the scattered intensities by the
maximum scattered intensity recorded in the grooming
procedure. In the figure, the first potential ramp starts at
0.8 V and stops at — 0.8 V at a rate of 1 mV/s. The
groomed surface is obtained by repeated potential cycles
between 0.8 and 0.1 V at a rate of 10 mV/s. Finally, the
potential is swept from — 0.2 to 0.8 V at a sweep rate of 1
mV/s. In the first potential ramp the normalized intensity
only reaches 45% (dashed line) of the groomed value.
During the grooming cycles (solids lines) between — 0.8
and 0.1 V the intensity increases substantially. After 20
grooming cycles (1 h) there is no further increase in the
intensity at (0.038/v3,1 +-0.038/v3,0.2). For the studies
in 0.01 M NaCl, cycling the potential for several days in
the reconstructed potential region did not improve the cor-
relation length beyond 55a. In conjunction with specular
reflectivity measurements, which are sensitive to the sur-
face normal structure,” we know that the grooming process
only involves a rearrangement of the atoms within the sur-
face plane. Finally, the grooming process may facilitate a
rearrangement of the discommensuration kinks which
leads to a more ordered surface.

Complementary information on the Au(111) surface
structure can be obtained by monitoring the potential de-
pendence of the scattering at several positions along the
rods of scattering. Different positions in reciprocal space
are sensitive to different aspects of the surface structure
and likewise the potential dependence varies with recipro-
cal space position. For instance, scattering with an in-plane
wave vector (0,1) couples to the Fourier transform of the
atomic density distribution within the surface plane at a
wave vector corresponding to the undistorted bulk hexag-
onal spacing. Also the scattering at the reconstructed po-
sition increases with decreasing potential, whereas the scat-
tering at (0,1,0.5) increases when the reconstruction is
lifted at positive potentials. These differences have moti-
vated us to present the potential dependence at different
reciprocal space positions

Figure 7 displays the potential dependence of the scat-
tering from the Au(111) surface in 0.01 M NacCl at (a)
(0.038/v3,1 + 0.038/v3,0.2), and at (b) (0,1,0.5). Each
panel corresponds to a potential cycle starting at 0.6 to
— 0.8 V and then back to 0.6 V at a sweep rate of 1.0
mV/s. In the top panel [Fig. 7(a)] the scattering intensity
corresponds to the principle (23 X v3) reconstruction peak.
We have subtracted the diffuse background and normal-
ized the intensity to the groomed state. At 0.05 V the
intensity at (0.038/v3,1 4- 0.038/v3,0.2) starts to increase
corresponding to the formation of the reconstructed phase.
Note that the maximum scattered intensity is achieved in
the positive going potential sweep before the reconstructed
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FIG. 7. Potential dependence of the x-ray scattering intensities at (a)
(0.038/v3,1 4-0.038/v3,0.2), and (b) (0,1,0.5) in 0.01 M NaCl solution.
Data was acquired at a scan rate of 1 mV/s. in both the negative and
positive slew directions as indicated by the arrows in the figures. In all
cases the potential cycles start at 0.6 V. The background subtracted in-
tensities are normalized to unity at their maximum values.

phase is lifted. The measured intensity at (0.038/v3,1
4+ 0.038/v3,0.2) does not always reflect the peak intensity
along g, since § varies with potential as shown in Fig. 3.
Despite this fact, the potential dependence at this position
does provide a reasonable measure of the reconstructed
order parameter. This is because the peak profiles are rel-
atively broad compared to the changes in § with potential.

The scattering at (0,1,0.5) versus the applied potential
is shown in Fig. 7(b) where the scattering intensity has
been normalized to unity at 0.6 V. This reciprocal space
position is exactly halfway between the (0,1,1), and
(0,1,2) Bragg peaks. At these halfway positions, the mea-
sured intensities are most sensitive to effects of surface dis-
order. In the (1X 1) potential region between 0.4 and 0.6
V there is no change in the intensity with potential as
shown in Fig. 7(b). As discussed in the context of the
nonspecular reflectivity profiles at the Au(111) surface’
this strongly suggests that the lateral position of the gold
atoms in the top atomic layer remains fixed within this
potential region. At the lowest potentials the surface is
reconstructed and the intensity at (0,1,0.5) falls to about
65% of the (1Xx1) value. Comparing the scattering at
(0,1,0.5) with the scattering at (0.038/v3,1 4 0.038/
v3,0.2) versus potential allows us to draw several interest-
ing conclusions. The sharp break in slope at 0.05 V at
(0.038/v3,1 4+ 0.038/v3,0.2) (negative potential sweep) is
clearly correlated with the sharp break in slope at (0,1,0.5)
corresponding to the loss of order at the in-plane wave
vector (0,1). In the positive sweep direction, the loss of the
reconstructed order is nearly complete by 0.25 V, Fig.
7(a), whereas the order at the (0,1) wave vector is not
completely restored until 0.40 V. A dip in the scattering
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inténsity at (0,1,0.5) appears in Fig. 7(b) during both scan
directions. In the positive sweep direction this effect is
most pronounced and the intensity at 0.25 V falls to 35%
of the intensity at 0.6 V. We believe that this dip in the
scattering intensity (0.25 V) corresponds to increased sur-
face disorder during the lifting of the reconstructed phase.

IV. CONCLUSIONS

In this article we have presented the results of in situ
structural x-ray scattering studies of the Au(111) elec-
trode surface in 0.01 M NaCl solutions. The top layer of
gold atoms undergoes a reversible phase transition between
the (1x1) bulk termination and a (pXv3) uniaxial
(striped) discommensuration phase on changing the elec-
trode potential. Below a critical potential the stripe sepa-
ration, p = 23, is identical to results obtained in vacuum.
An ordered array of discommensuration kinks is not ob-
served. At sufficiently positive potentials the striped phase
disappears and the surface exhibits the structure of a
(1 1) surface. v

In a separate paper, a comprehensive x-ray scattering
and reflectivity study of the Au(111) surface is reported in

a variety of salt electrolytes.” The potential dependence of

the scattered intensity is a strong function of the electrolyte
anion species. However, in all these solutions, the transi-
tion between the (13X 1) and reconstructed surfaces occurs
at a common value of the surface charge. In particular, the
reconstruction starts to form and lift at a negative charge
of 0.07 electrons per surface gold atom. Additional infor-
mation on the nature of the reconstruction has been ob-
tained by measuring the transition kinetics after a step
change in the potential.
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