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Xe has been used to probe the distributions of adsorption sites across three different Cu single-crystal surfaces:
Cu(111), Cu(221), and Cu(643). These expose terrace, step, and kink sites, respectively. The study couples
the use of scanning tunneling microscopy (STM), temperature-programmed desorption (TPD), and photo-
emission of adsorbed Xe (PAX) to assess their use as methods for determining adsorption site distributions
on Cu surfaces. STM shows that the Xe adsorption sites in order of energetic preference are kink, step edge,
and terrace, but indicates that the binding energy differences between the three are likely very small. This is
borne out by Xe TPD studies that show distinct differences in the desorption kinetics on the three surfaces
but unresolvable differences in the desorption temperatures and binding energies at the terrace, step, and kink
sites. PAX spectra reveal observable features that can be associated with Xe adsorption at terrace, step, and
kink sites. These features can be analyzed semiquantitatively to give insight into the distributions of sites on

these surfaces.

1. Introduction

Vicinal single-crystal surfaces are miscut by a small angle
relative to a high-symmetry, low-Miller-index crystal plane, and
thus, their ideal structures are commonly considered to be
composed of low-Miller-index terraces separated by monatomic
steps with a specific crystallographic orientation.! The steps on
many such vicinal surfaces have single-atom displacements in
the plane of the terrace to form “kinks”. As an example, Figure
1A shows the ideal structure of the Cu(643) surface, a high-
Miller-index surface with periodic kinks along the step edges.
Terrace, step, and kink sites offer different local geometries for
the adsorption of molecules on these surfaces and, therefore,
different environments for subsequent surface reactions.

Vicinal surfaces are studied for several reasons. The enhanced
catalytic activities of step and kink sites make vicinal surfaces
interesting model systems for studies of heterogeneous catalysis.
In addition, the presence of steps/kinks can influence how
adsorbates behave on the terraces of vicinal surfaces. The atomic
structures of vicinal surfaces are investigated to better understand
the influence of steps and kinks, as well as their density and
orientation, on the morphology and energetics of surface
structures. The property of surfaces with kinked step edges that
has stimulated the current work is the fact that they are chiral
and, hence, can interact enantiospecifically with the two
enantiomers of a chiral adsorbate. Kinks on step edges have no
mirror plane or rotational symmetry and as a result are “locally”
chiral.>* One can think of these kinks as being formed by the
intersection of the three low-Miller-index microfacets, and their
handedness is dictated by the sense of rotation among these
three microfacets as viewed along the surface normal.>* Such
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naturally chiral metal surfaces exhibit enantioselective interac-
tions with chiral molecules, and thus, chiral metal surfaces can
be useful materials for enantioselective catalysis and sepa-
rations.>2 One of the key characteristics of these surfaces that
limits understanding of their enantioselective properties is the
fact that little is known about their real structures. The ideal
structures are those based on the termination of bulk cleavage
planes, such as those shown in Figure 1A. Consideration of the
ideal structures of chiral surfaces is of limited value because
their real structures often differ significantly from the ideal as
a result of thermal roughening via atomic diffusion on the
surface. Figure 1 shows the ideal structure of an fcc(643)R
surface, the thermally equilibrated structure of a Pt(643)R surface
simulated using kinetic Monte Carlo methods, and a scanning
tunneling microscopy (STM) image of the real Cu(643)}
surface.>?"?? A cursory glance at Figure 1B,C reveals that the
real structure of the surface is markedly different from the ideal
structure. As illustrated by the example of the Pt(643)® surface,’!
to decrease the free energy of the surface, atoms diffuse along
the step edges, causing the kinks to coalesce and the straight
portions of the step edge to grow in length. This reduces the
areal density of kinks. The STM image of the Cu(643)R surface
reveals a real structure that is very similar to that predicted by
simulations of thermal roughening on Pt(643)R. It is important
to note that real chiral surfaces maintain the net chirality of
their ideal structure despite thermal roughening; that is, the kinks
along roughened step edges are formed by the intersection of
the three low-Miller-index microfacets with the same sense of
rotational orientation as the kinks on the ideal surface structure.
One of the consequences of thermal roughening is that the areal
densities of different types of adsorption sites on a real surface
are different from those on the ideal surface; in general, the
density of kinks on the real surface is lower than that on the
ideal surface. In addition, the lengths of straight step edges are
longer on the roughened surface than on the ideal surface.
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Figure 1. (A) Ideal structure of an fcc(643)R surface. The (111) terraces are separated by kinked, monatomic steps having 2 x (100) step edges
and 1 x (110) kinks. (B) Simulated atomic structure of a Pt(643)R surface thermally equilibrated at 500 K.?! Coalescence of the kinks along the step
edges reduces the number of kinks and results in the formation of nonideal kinks at the intersections of long step edges; n x (100) and m x (110).
The orientation of the microfacets forming the kinks is preserved, and thus, the net chirality of the surface is preserved. (C) STM image of a
thermally roughened Cu(643)® surface at 78 K.** The inset shows atomic resolution of one of the nonideal kink sites. Image conditions: V;;, = 0.3
V, I =0.05nA. (D,E) Ideal structures of the (D) fcc(111) and (E) fcc(221) surfaces.

Although STM can image these surfaces and provide direct
insight into the areal densities of different adsorption sites on
the roughened surfaces, a need exists to determine the real
atomic structure of vicinal surfaces using spectroscopic tools
that sample larger surface areas and are easier to apply than
STM.

There are several methods for studying the atomic structure
of surfaces. Low-energy electron diffraction (LEED) can be used
to study the long-range order of real surfaces over length scales
equivalent to the coherence width of the electron beam. LEED
experiments can provide information on the average terrace
width and step edge orientation. Analysis of I—V curves can
be used to determine average step heights, which indicate
whether step bunching occurs on a vicinal surface.> Recent
LEED experiments have also provided some insight into the
structures of chiral Pt(531) and Cu(531) surfaces.*%% In
practice, it is much more difficult to acquire atomically resolved
STM images of highly stepped, vicinal surfaces than nominally
flat, low-Miller-index surfaces. For this reason, only a few STM
studies of highly stepped and kinked (chiral) surfaces have been
completed to date.?>?”?® The work reported in this article
explores the use of adsorbed Xe as a probe of local structure
on chiral surfaces and the use of temperature-programmed
desorption (TPD) and photoemission of adsorbed Xe (PAX) as
methods for titrating Xe adsorption sites. Xe is particularly
useful as a probe of local surface structure because it is
chemically inert and will not induce surface reconstruction.

In PAX, the dependence of Xe S5p photoelectron binding
energies on the local work function of the Xe adsorption site
can be used to determine the local work function distribution
of a heterogeneous surface and, thus, to probe the distribution
of different Xe adsorption sites. The PAX method was
developed by Wandelt and others, and several reviews of the
method are available in the literature.?*~*! The work function
of an adsorption site is local in nature and dependent on the
local atomic and electronic structure of the surface.’? The
interaction of Xe with substrates is very weak, and thus, initial-
state effects on photoelectron binding energies are very small.
Furthermore, Xe has a diameter of approximately 4—5 A and

forms a weak bond with substrate atoms and one that is typically
3.5—4.5 A in length. In this bonding geometry, the center of
an adsorbed Xe atom is outside the electrostatic surface potential,
and thus, the Xe electron binding energies are pinned to the
vacuum level; E¥¢ is independent of adsorption site. When
electron potentials are pinned to the vacuum level, the observed
binding energies relative to the energy of the Fermi level, EE,
as measured in a photoemission experiment, will be influenced
by the local work function, ¢,

Ey + ¢y = Ep° (1)

If two adsorption sites (i and j) have different local work
functions, then there will be an equal, but opposite, difference
in the observed binding energies of Xe 5p;, photoelectrons
originating from these two sites.

ER() — ER() = droeli) — broed) )

Numerous experimental and theoretical studies of Xe on Cu
surfaces and many other surfaces have been reported in the
literature.** Most studies of Xe adsorption and dynamics on Cu
have been performed on the nominally flat (111), (100), and
(110) surfaces.** *° Building on this work, we report herein
studies of Xe adsorption on the flat Cu(111), stepped Cu(221),
and chiral Cu(643) surfaces using STM, TPD, and PAX to
attempt to titrate the density of terrace, step, and kink adsorption
sites on these three surfaces. The ideal structures of these
surfaces are shown in Figure 1A,D,E. The Cu(221) surface has
terraces formed by (111) microfacets and straight, monatomic
step edges formed by (110) microfacets. The Cu(643) surface
has terraces formed by (111) microfacets and kinked step edges
formed by (100) steps and (110) kinks. The work reported in
this article uses Xe adsorption to probe the real, thermally
roughened surface structures and the differences in densities of
terrace, step, and kink adsorption sites on the Cu(111), Cu(221),
and Cu(643) surfaces.
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2. Experimental Section

2.1. STM. All STM experiments were performed in a low-
temperature, ultra-high-vacuum (LT-UHV) STM instrument
(Omicron). The Cu(643) crystal was sputtered with Ar'™ ions
(1.5 keV at 13 nA) for 30 min and then annealed for 2 min to
1000 K.?2 After the final anneal, the crystal was transferred in
less than 4 min and in vacuum (<5 x 107'° Torr) to the
precooled STM sample chamber. Within 30 min, the sample
was cooled to 78 K (or 7 K). The Cu(111) single crystal used
for the STM experiments was purchased from MaTecK and
cleaned by cycles of Art ion sputtering (1 keV at 13 4A) and
annealing at 760 K. The STM scanner was equipped with a
sample heater capable of heating both the tip and sample to 50
K above the base temperatures of either 7.7 K (using liquid
He) or 78 K (liquid N,). This feature allowed the study of
adsorbate diffusion in a particular area of the surface over a
fairly wide temperature range. Xe gas (99.995% purity) was
purchased from Airgas and adsorbed directly onto the sample
at 7.7 K using a collimated molecular doser connected to a leak
valve. The Xe coverage was calculated from the STM images,
and a coverage of 1 ML of Xe formed the (\/ 3 x4/ 3)R30° Xe
overlayer structure.

2.2. Xe TPD and PAX. The Cu(643) crystal used in the STM
experiments was prepared in a similar fashion and then studied
using PAX and TPD in a different UHV apparatus. The TPD
and PAX experiments were performed in an ultra-high-vacuum
(UHV) system pumped by means of stacked turbopumps to a
base pressure of <107!° Torr. A typical background pressure
during experiments was 5 x 107! Torr. Xe TPD and PAX were
also performed on Cu(111) and Cu(221) surfaces prepared in
the same manner as the Cu(643) surface. The crystals were
mounted on a vacuum sample manipulator by means of 1 mm
Ta wires spot-welded to opposite edges of the sample disks.
The Ta wires were attached to copper blocks mounted onto the
cold-head of a closed-cycle Gifford—McMahon cyro-refrigerator
(Cryomech AL10). The sample temperature was monitored by
means of a type-K thermocouple spot-welded directly to the
top edge of the crystal. The design of the sample holder/
manipulator was such that Cu samples could be cooled to 50 K
and resistively heated to over 1100 K.

The Cu crystal surfaces were cleaned by cycles of sputtering
(Ar", 2.5 keV) and annealing to 1000 K prior to experiments.
Clean sample surfaces were characterized by sharp LEED
patterns with low inelastic background and the absence of
detectable contaminants.

TPD of Xe was performed using an Extrel quadrupole mass
spectrometer. The crystal surfaces were exposed to Xe gas
(99.995% UHP from Spectra Gases) by positioning the crystal
surface in front of a leak valve fitted with a stainless steel dosing
tube. The samples were then positioned in front of the aperture
to the mass spectrometer for TPD measurements. A constant
heating rate of 0.5 K/s was used in all Xe TPD experiments,
and the sample temperature was maintained within +0.3 K of
the set point during sample heating.

PAX was performed using a Specs 10/35 He(I) photon source
and a Specs Phoibos 150 MCD hemispherical electron energy
analyzer. The analyzer was operated with an acceptance angle
of £3° and an energy resolution AE < 80 meV. Further
reduction of the nominal energy resolution did not improve the
resolution of the PAX spectra as determined from the full width
at half-maximum (fwhm) of the Xe 5p;,, and Cu d-band states.
To obtain PAX spectra at increasing coverages of Xe, the spectra
were obtained during adsorption of Xe onto the surface. In other
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words, the spectra were obtained with a background pressure
of Xe (~107° Torr) while the sample temperature was held at
~55 K.

3. Results

3.1. Scanning Tunneling Microscopy. Figure 1C shows an
STM image of the Cu(643)R surface recorded at 78 K.?> Because
of the very high step density on the Cu(643) surface, imaging
of the surface by STM was very difficult and required a tip
with a high aspect ratio. Good-quality images were obtained
by applying 10 V pulses to the tip while scanning different parts
of the crystal until a sharp, stable tip was achieved. When
compared to the structure of the ideal Cu(643) surface (Figure
1A), it is evident that the real surface has undergone significant
roughening via thermal diffusion to lower the surface free
energy, as predicted by simulations. In fact, the image is
qualitatively similar to that predicted by molecular simulations
of roughening of the Pt(643) surface (Figure 1B).?! The terraces
are inhomogeneous in size, and the kinks are spaced unequally
along the step edge. Furthermore, as indicated in the inset to
Figure 1C, the kinks can occur at the intersections of long,
nonideal step edges. Although thermal roughening reduces the
areal density of kinks on the real surface relative to that on the
ideal structure, it is important to note that the kinks all have
the same orientation and, thus, the net chirality of the surface
is maintained. Atomic-resolution imaging, as shown in the inset
in Figure 1C, reveals that all of the kinks are of the same
chirality.?? This observation is consistent with both theoretical
predictions noted above and STM studies of other chiral
surfaces.?!-?728

Although the Cu(111) surface was nominally flat, all such
surfaces contain some residual steps as a result of slight, local
misorientation of the crystal surface. Although Cu(111) has no
net chirality, locally its step edges contain both R and S kinks.
Therefore, with its wide terraces separating monatomic step
edges that contain equal numbers of R and S kinks, Cu(111) is
an ideal surface on which to study the temperature dependence
of Xe adsorption at step edges. Figure 2 shows STM images
obtained at 7.7 K of atomically resolved and isolated Xe atoms
adsorbed at the bottom of the step edges of Cu(111). Figure
2A shows images obtained at very low Xe coverage at which
the Xe atoms adsorb preferentially at the kink sites. The inset
of Figure 2A shows an isolated Xe atom adsorbed at a kink
site. The topographic height of the Xe atoms measured 0.22
nm, consistent with that expected for Xe atoms adsorbed at sites
below the step edge.’® As the coverage was increased, the Xe
began to populate the straight parts of the step edge (Figure
2B). The features observed running parallel to the step edges
in the STM images are electron standing waves originating from
scattering of the surface-state electrons from the step edges. It
is evident from Figure 2 that the kink sites on step edges are
the preferred Xe adsorption sites at 7.7 K. Figure 2A also reveals
that, once kinks sites are filled, the Xe appears to adsorb at the
step edges by binding at sites adjacent to other Xe atoms, thus
forming rows at the bottom of the step edge. Higher-coverage
data (not shown) reveal that, once all of the sites below the
step edges are filled, two-dimensional (2D) island growth begins
both around the step edges and on the terraces. These data show
that the binding site preference of Xe on Cu(111) surfaces is
kinks > straight step edges > terraces, consistent with the
observations of Park et al.® These results also reveal that, when
adsorbed on the surface at 7.7 K, Xe is sufficiently mobile to
diffuse across the terraces and along the step edges to find its
preferred adsorption sites.
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Figure 2. STM images of Xe adsorption at step edges on a Cu(111) surface. (Left) Obtained at low Xe coverage (Ox. = 1 x 10° ML); Xe adsorbs
preferentially at the kink sites on the lower side of the step edges. The inset on the left shows a single Xe atom adsorbed at a kink site. Scale bar
= 3 nm. (Right) Image revealing that, at higher Xe coverage (Ox. = 4 x 107* ML), all of the sites below the step edges become occupied by Xe.
Image conditions: (left) Vi, = 0.01 V, I = 0.05 nA, T = 7.7 K; (inset) Vi, = 0.001 V, I = 0.01 nA, T = 7.7 K; (right) Vi, = 0.001 V, I = 0.01

nA, T =17.7K.
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Figure 3. STM images of the temperature-dependent mobility of Xe atoms adsorbed at step edges on a Cu(111) surface. At T < 26 K, Xe atoms
are adsorbed preferentially at step edges. As the temperature increases, the Xe atoms acquire enough thermal energy to populate the Cu(111)
terraces. Image conditions: Vi, = 0.01 V, I = 0.01 nA, Xe coverage = 3 x 10~* ML. Scale bar is 4 nm.

To determine the temperature dependence of the distribution
of Xe atoms among adsorption sites, STM images were obtained
of Xe at low coverages on Cu(111) over a wide temperature
range. As a result of Xe’s unique electronic structure, it is only
possible to image Xe atoms at very low biases and high
currents.**#!#2 This is problematic because Xe is weakly bound
to metal surfaces and can be easily moved by the STM tip.*>*
Therefore, before each experiment, the scanning conditions were
chosen to maximize the image quality, and care was taken to
check that the STM tip did not perturb the Xe atoms over many
scans so that thermally induced diffusion could be differentiated
from tip-induced motion. To investigate the effect of temperature
on the distribution of Xe atoms on the surface, a step edge
populated by Xe was found and imaged repeatedly as the sample
warmed. Corrections for thermal drift allowed continuous
monitoring of the same area of the surface over a temperature
range of ~30 K. Figure 3 shows Xe atoms adsorbed at three

step edges as a function of temperature. A dramatic change in
the images was observed at temperatures between 26 and 28
K. The terraces that were imaged clearly at <26 K became
streaky, and line scans revealed that the topographic height of
the noise was equal to the topographic height of Xe atoms
(~0.22 nm). This phenomenon indicates the detachment of Xe
from the step edges and the formation of a 2D gas in which
atoms or molecules adsorbed on terraces are mobile and STM
images appear streaky as the adsorbates are diffusing on a time
scale faster than that of imaging.* In the present case, Xe atoms
that are adsorbed preferentially at the step edges at 7 < 26 K
occupy a distribution of terrace and step edge sites at 7> 28 K.
At low temperatures, enthalpy favors adsorption at the step
edges; however, at higher temperatures, the significant width
of the terraces entropically favors adsorption on the terraces.

As the Xe coverage was increased, hexagonal islands of Xe
atoms began to form on the Cu(111) terraces, as seen in Figure
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4. The sides of the islands were rotated by 30° relative to the
atomic lattice of the Cu(111) substrate, consistent with previous
work showing that Xe packs in a (+/3 x +/3)R30° structure on
Cu(111).% The thermal stability of these islands was investigated
by imaging the same area of the surface as the substrate
temperature was slowly increased. The size of the Xe islands
appeared static on time scales of 1 h at 7 < 20 K. At higher
temperatures, they began to fluctuate. Figure 4 shows an
example of this behavior in which three islands coalesce into
one large island. This is an example of Ostwald ripening in
which atomic mobility on the surface leads to shrinking of small
2D solid islands and growth of the large islands. The mechanism
for such rearrangement begins with detachment of atoms having
the fewest nearest neighbors from the edges of the small islands;
these have the lowest energetic barrier to leaving the island and
joining the 2D gas on the terrace. These mobile atoms then
diffuse around the terraces until they coalesce with another
island. Through this process, the large islands grow, and the
smaller ones shrink.

3.2. Temperature-Programmed Desorption of Xe. TPD
experiments were performed on Cu(111), Cu(221), and Cu(643)
for initial coverages of Xe ranging from a few percent of a
monolayer to multiple adsorbed layers. The TPD spectra are
shown in Figure 5 for initial Xe coverages up to 1 ML.

On Cu(111), Xe exhibits zeroth-order desorption kinetics
except at very low coverage. Over most of the coverage range,
the desorption peak temperature increases with increasing
coverage, and the leading edges of the desorption features
overlap one another. At coverages greater than a few percent
of a monolayer, Xe forms 2D solid islands (as shown in Figure
4) that exist in a thermodynamic equilibrium with a 2D gas
phase of individual Xe atoms. A simple model for Xe desorption
from nominally flat surfaces is that Xe desorbs from the 2D
gas phase and not the 2D solid phase, so that the rate of

20K

24 K
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desorption, 7y, is first-order with respect to the concentration
of Xe in the 2D gas phase, 0%.

Tges — ke%(a; (3)

The equilibrium between Xe in the 2D solid islands and Xe
in the 2D gas effectively keeps the value of 68% constant during
the desorption process until, at low total Xe coverages, no 2D
solid islands remain. Then, Xe desorption exhibits first-order
behavior with respect to the total Xe coverage. Using zeroth-
order desorption kinetics, the Arrhenius desorption energy from
Cu(111) was estimated to be approximately AE; = 0.23 eV/
atom or 22 kJ/mol, based on a monolayer desorption peak
temperature of 81 K and a using pre-exponential factor of v &~
10" s7! determined previously for Xe desorption from
Ag(111).4

TPD of Xe from the Cu(221) surface immediately reveals
the impact of steps on the Xe desorption kinetics (Figure 5).
The Cu(221) surface has terraces formed by the (111) facet and
step edges formed by the (110) facet (Figure 1E). Xe desorption
kinetics on Cu(221) are clearly not zeroth-order with respect to
Xe coverage. Xe desorption is roughly first-order at low
coverage and then tends toward zeroth-order behavior at high
coverage. At the lowest coverages, the desorption peak tem-
perature on Cu(221) was approximately 80 K, which is slightly
higher than on Cu(111) (approximately 77 K). As shown by
STM in this study, at temperatures above 28 K, sufficient
thermal energy is available for Xe to detach from step edges
and diffuse onto the terrace, and equilibrium exists between Xe
adsorbed at step edge sites and Xe adsorbed on the terrace. At
28 K, kgT = 0.23 kJ/mol, which is roughly 1% of the AFEes
value determined for Xe on Cu(111). These factors indicate that
the energy difference between step and terrace adsorption sites

23K

25K

Figure 4. STM images of the temperature-dependent mobility of Xe islands on the Cu(111) surface. At T'< 20 K, Xe forms stable (+/3 x +/3)R30°
islands on the (111) terraces. As the temperature is increased, Xe atoms at the edges of the islands become mobile, and Ostwald ripening leads to
the annihilation of small islands and growth of larger ones. Image conditions: V;, = 0.3 V, I = 0.1 nA, Xe coverage = 0.04 ML. Scale bar is 8

nm.
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Figure 5. TPD spectra of Xe on Cu(111), Cu(221), and Cu(643) for
initial Xe coverages from 0.01 to 1 ML. Xe adsorption was performed
at T < 60 K. The temperature range over which Xe desorbs was found
to be very similar on all three surfaces. Desorption kinetics shift from
zeroth-order on Cu(111) to roughly first-order on Cu(643). Spectra for
the three surfaces are offset for clarity. The heating rate was 0.5 K/s.

is very small relative to AE. for Xe. During TPD experiments,
it is likely that Xe detaches from step and kink adsorption sites
prior to desorption. As such, the steps have little influence on
the desorption energetics, but have a significant impact on the
apparent order of desorption.

Desorption of Xe from the Cu(643) surface is clearly not
zeroth-order. It appears that the smaller terraces enhance the
first-order behavior of Xe desorption. The Xe desorption spectra
are indicative of a distribution of heterogeneous adsorption sites
that exhibit first-order desorption kinetics with respect to Xe
coverage. Although there are kink adsorption sites on the
Cu(643) surface, as shown in the STM image (Figure 1C), there
is no clear feature in the desorption spectra that would indicate
Xe desorbing from kink adsorption sites.

Examination of the TPD spectra for very low coverages of
Xe can be used to estimate the desorption energetics under
conditions of first-order desorption at which 2D island formation
and Xe—Xe interactions are absent. The desorption spectra for
0.02—0.03 ML coverages of Xe on the three surfaces are shown
in Figure 6. At these low coverages, Xe desorption kinetics are
first-order, as expected, because solid 2D islands of Xe do not
form on the surfaces. There are small differences in the low-
coverage desorption peak temperatures: 78 K on Cu(111), 80
K on Cu(221), and 82.5 K on Cu(643). These small shifts in
peak temperature at low coverage indicate, once again, that the
adsorption energies of Xe at kink, step, and terraces sites differ
by ~1 kJ/mol.
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Figure 6. TPD spectra of Xe on Cu(111), Cu(221), and Cu(643) for
initial Xe coverages of 0.02—0.03 ML. Xe was adsorbed at 7' < 60 K.
At low coverage, Xe desorption kinetics are first-order on all three
surfaces. The desorption peak temperatures of 78 K on Cu(111), 80 K
on Cu(221), and 82.5 K on Cu(643) indicate that there are small
differences in adsorption energies on terrace, step, and kink adsorption
sites. The heating rate was 0.5 K/s.

3.3. Photoemission of Adsorbed Xe. PAX was used to gain
insight into the adsorption site distribution of Xe on the Cu(111),
Cu(221), and Cu(643) surfaces. PAX was performed for Xe
adsorbed at coverages ranging from O to 1 ML and at
temperatures in the range of ~55 K. PAX spectra focusing on
the Xe 5pi, and 5p;, emission features for all three surfaces
and over the full range of coverages are shown in Figure 7.
Spectra were obtained with the photon incident at an angle of
~45° from the surface normal and emission angles of 10—15°
from normal. The sample manipulator has a limited range of
motion and angular orientation. As such, the spectra for each
surface were acquired at different emission angles with respect
to the crystallographic axes of the substrate. This limits the direct
comparisons that can be made between the spectra for the three
surfaces because electron binding energies of valence states in
substrates and adsorbates can be emission-angle-dependent due
to dispersion of the valence states within the Brillouin zone.
Thus, caution is required when comparing the absolute values
of the electron binding energies of Xe, EE, between surfaces.
However, spectral components within the three sets of spectra
and the relative intensities of components are valuable.

On Cu(111), one dominant Xe 5p;, component is observed
at ER(5p1») = 7.28 eV. This peak is attributed to photoemission
from solid 2D islands of Xe adsorbed on (111) terraces. In
addition, a small shoulder is observed at E§(5p;,) = 7.53 eV.
The shoulder is attributed to Xe adsorbed at defect sites, such
as step edges on the surface. From analysis of the PAX spectra,
the ratio of the terrace to step Xe peak areas shifts from
approximately 0.5 at a coverage of Ox. = 0.04 ML to 6 at Ox.
= 1 ML. This is consistent with STM observations indicating
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Figure 7. PAX spectra of Cu(111), Cu(221), and Cu(643) surfaces
with Xe coverages in the range from <0.1 to 1 ML. Xe adsorbed at the
step and kinks sites on Cu(221) and Cu(643) yields the high-binding-
energy features on the 5p;, and 5p;, peaks that do not appear in the
PAX spectra from the Cu(111) surface. PAX spectra were obtained at
T = ~55K.

that Xe preferentially adsorbs at step edge sites, even when
sufficient thermal energy is available for Xe detachment from
the step. It is important to note that neither the step nor terrace
peaks saturate in intensity until Ox. ~ 1 ML, indicating that
there is a rapid equilibrium between Xe atoms adsorbed at step
edges and on terrace sites at 50 K.

On Cu(221), two distinct Xe 5py., states are observed. The
dominant component at EE(5py;) = 7.28 eV is due to photo-
emission from Xe adsorbed on (111) terrace sites. The broad
feature at E§(5py») = 7.60 eV arises from Xe adsorbed at the
step edges and kinks. In contrast with the Cu(111) surface,
analysis of the PAX spectra from Cu(221) shows that the ratio
of terrace to step peak area is roughly 0.5 and does not change
significantly with increasing 6Oxe.

In the PAX spectra obtained from the Cu(643) surfaces, it is
difficult to clearly distinguish Xe 5p;, states that arise from
terrace, step, and kink adsorption sites. With a high density of
kinks on the surface, it is likely that there is a distribution of
kink and step adsorption site types, with slightly varying local
work functions. For instance, thermal roughening leads to the
formation of kinks at the intersections of long (100) and (110)
step edges. This being the case, analysis of the spectra and
decomposition into component peaks is, perhaps, somewhat
more arbitrary for Cu(643) than for Cu(111) and Cu(221).
Nonetheless, visual inspection of the PAX spectra from Cu(643)
suggests that, at low values of ., there is a preference for Xe
binding at the kinked step edges, with subsequent population
of the terrace sites. As observed for Cu(111) and Cu(221), the
different component peaks on Cu(643) do not saturate until 6y,
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= 1 ML. In other words, population of the kinked step edges
and the terraces sites is not purely sequential; they are populated
concurrently as Oy is increased but with a coverage-dependent
probability.

4. Discussion

One of the primary goals of the work presented here, and of
similar work using Xe adsorption, has been to titrate the
distribution of adsorption sites on surfaces with poorly defined
or undetermined structures. Even single-crystalline metal sur-
faces have imperfectly defined structures, in the sense that
thermal roughening and other imperfections lead to nonideal
structures (Figure 1B,C). This work has used STM, Xe TPD
and PAX as probes of surface structure on three Cu surfaces of
increasingly complex surface structure: Cu(111), Cu(221), and
Cu(643). Although the data clearly reveal sensitivity to surface
structure, the question is: What level of quantification is possible,
and which of these methods are most informative? In principle,
STM provides real-space images that can be analyzed to
determine terrace, step, and kink site densities; however,
obtaining such images and subsequently analyzing them is
nontrivial. Prior attempts to do this have shown that, on the
Cu(643)R surface, the kink density is 1.8 £ 0.1 nm™2, slightly
lower than the density of 2.03 nm™ expected on the ideal
surface.?? Spectroscopic tools that could be more readily applied
would be valuable, if of quantitative accuracy.

4.1. Thermal Distribution of Xe Adsorption Sites. It is
clear from the Xe TPD spectra shown in Figure 5 that terrace,
step, and kink adsorption sites cannot be titrated by Xe TPD.
The only obvious impact of surface structure on the TPD spectra
from the three Cu surfaces is the effect on the apparent order
of the Xe desorption kinetics. The presence of steps on the high-
Miller-index surfaces disrupts the formation of 2D islands of
Xe and the resulting zeroth-order desorption kinetics observed
on the Cu(111) surface. The differences between Xe adsorption
energies on terrace, step, and kink adsorption sites are too small
relative to the absolute Xe desorption energy to be readily
observed by TPD. The low-coverage TPD spectra, shown in
Figure 6, indicate that the differences in the Xe desorption
energies from terrace, step, and kink sites are <5% of the
desorption energy of AEgs = 22 kJ/mol. The STM images of
Figure 3 indicate that there is a significant degree of Xe
detachment from the step edges at ~28 K. Thus, at the
desorption temperature of ~80 K, Xe must be equilibrated
predominantly on terrace sites, and one cannot observe resolv-
able TPD peaks for Xe desorption from the different sites. The
distribution of Xe among sites at temperatures above 30 K is
also revealed by the PAX spectra. The PAX spectra obtained
from the Cu(221) surface at 50 K clearly show simultaneous
population of the step and terrace sites as the coverage of Xe is
increased from O to 1 ML. If the binding energy difference for
Xe between step and terrace sites was sufficient, then at 50 K
the Xe would sequentially populate the step sites at low coverage
and then the terrace sites at higher coverages. At the temper-
atures at which the TPD and PAX data were obtained, all sites
are populated simultaneously, with a thermal distribution of Xe
among adsorption sites.

4.2. Xe Adsorption Site Distributions. Quantitative deter-
mination of the Xe adsorption site distributions requires fitting
of the PAX spectra at each value of fx. and on each Cu surface
to determine the coverages of Xe adsorbed at terrace, step, and
kink sites. The data set collected in this work is probably as
comprehensive as those in any other reported study in terms of
varying surface orientation and Xe coverage. In total, a set of
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TABLE 1: PAX Fitting Parameters (eV)

site E5p1/2 Wi
terrace 7.28 0.174
step 7.39 0.343
kink 7.65 0.332

22 PAX spectra have been fit simultaneously using the same
peak shapes and positions on all three surfaces and at all
coverages. The spectra were background-subtracted using the
spectra from the three clean Cu surfaces. The spectral fitting
was applied to only the 5p;,, peaks in the 7—8 eV binding energy
range. Attempts to include the 5ps, peaks in the fitting process
proved fruitless. Although the 5ps/, spectra are clearly sensitive
to the different site distributions on the three surfaces, their
analysis is complicated by coverage-dependent peak shifts
unrelated to adsorption site distributions.*® The 5p;,, peaks were
fit on the three surfaces and at all coverages using a set of three
Lorentzian peaks defined by three peak positions and three peak
widths. The optimal values of these six parameters are listed in
Table 1. The Xe 5py,, binding energy of 7.28 eV on the Cu(111)
terraces is close to those of 7.1 and 7.2 eV reported elsewhere.***
The widths of the Lorentzian functions used to fit the steps and
kinks are clearly greater than that used for the terraces. This
might reflect some inhomogeneity associated with the different
types of step and kink sites that result from thermal roughening.
The areas of the three peaks were then used to infer Xe
population of different sites on the three Cu surfaces over the

Cu(111)

Cu(221)

Xe 5p(1,2) Photoemission Intensity (a.u.)

Binding Energy (eV)

Figure 8. Fits of the PAX spectra on Cu(111), Cu(221), and Cu(643)
using the six peak parameters in Table 1. The symbols are raw data
points, and the solid lines are the spectral fits.

J. Phys. Chem. C, Vol. 114, No. 43, 2010 18573
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Xe 5p, , Photoemission Intensity (a.u)

74 72 70 68

Binding Energy (eV)
Figure 9. Fits of the PAX spectra at saturation Xe coverage on
Cu(111), Cu(221), and Cu(643) using the six peak parameters in Table
1. The symbols are raw data points, and the solid lines are the spectral

fits. The terrace, step, and kink components of each fit are shown in
dashed lines.

Xe coverage range of 0—1 ML. In this case, the monolayer is
defined by the coverage at which the first signs of Xe adsorption
in the second layer are observed or, in other words, saturation
of the monolayer. On the Cu(111) surface, saturation of the
monolayer occurs at a coverage corresponding at 1:3 ratio of
Xe atoms to Cu atoms in the top layer of the Cu(111) surface.

Comparison of the raw data and the spectral fits reveals that
the three Lorentzian peaks are adequate for fitting the Xe 5p;.
spectra in the energy range of 7—8 eV. Figure 8 compares the
fits for all coverages and on all three surfaces, showing the raw
data as points and the fits as solid lines. Figure 9 illustrates the
decomposition of the PAX spectra at the monolayer saturation
coverage on all three surfaces into the three component peaks
arising from Xe adsorbed on the terraces, steps, and kinks.
Finally, Figure 10 illustrates the distribution of Xe among
adsorption sites as functions of 6. on all three Cu surfaces.
The solid symbols denote fractional coverages determined using
the six-parameter fit described above and illustrated in Figures
8 and 9. As expected, the Cu(111) surface is dominated by
terrace sites. The fit suggests that ~15% of the adsorbed Xe
sits at step and kink sites. Given the relatively large size of Xe
and the fact that it tends to pack in a (\/ 3 x 3)R30° structure
at saturation coverage on the Cu(111) surface,*® this suggests
that the step spacing on the Cu(111) surface is ~12 unit-cell
widths. This is a fairly high level of step defects and is certainly
higher than that observed in the STM experiments or in our
prior studies using (R)-3-methylcyclohexanone to titrate terrace,
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Figure 10. Xe coverages on terrace, step, and kink sites versus total
Ox. determined from analysis of the PAX spectra obtained from the
Cu(111), Cu(221), and Cu(643) surfaces at T = ~55 K. The solid
symbols (M, step; A, kink; @, terrace) are coverages obtained from the
six-parameter fit using the parameter values listed in Table 1. The open
symbols (O, step; A, kink; O, terrace) were obtained from an
18-parameter fit in which the three peak energies and three peak widths
were allowed to differ among the three surfaces.

step, and kink sites.'> The open symbols in Figure 10 show the
results of a spectral fit using 18 degrees of freedom that allows
the terrace, step, and kink peak binding energies and peak widths
to differ among the three surfaces but remain independent of
coverage. This reduces the fraction of Xe at the steps and kinks
to 9%, suggesting a step spacing of ~20 unit cells, still higher
than observed using other probes. Examination of Figure 9
shows that the step and kink peaks generate intensity on the
high-binding-energy side of the Xe S5p;» peak. The peak is
slightly asymmetric. This intensity could arise from the presence
of such sites on the Cu(111) surface but would also be very
sensitive to the details of background subtraction. Thus, the
general features of the analysis of the Xe 5py, PAX spectra
from the Cu(111) surface are reasonable, but the high-binding-
energy asymmetry of the peak seems to overpredict the density
of step and kink sites.

The ideal Cu(221) and the Cu(643) surfaces have steps that
are spaced by ~2.5 times the close-packed row spacing of the
Cu(111) terrace. On the Cu(111) terrace, Xe adsorbs in a (\/3
x +/3)R30° structure with a Xe row spacing that is 1.8 times
the Cu row spacing. Given the need for spacing between the
Xe and the step edge, this provides insufficient space for two
close-packed rows of Xe atoms on the (111) terraces of the
Cu(221) structure, except when the steps are nonideally spaced.
The data for the Cu(221) surface in Figure 10 suggest that, at
low coverage of Xe, the steps are filled at a slightly higher rate
than the terrace sites. At saturation coverage, 27% of the Xe is
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adsorbed in terrace sites. This could be imagined if some fraction
of the steps on the Cu(221) surface were wider than those of
the ideal surface structure. What is surprising and seemingly
unlikely in the fits of the PAX spectra from the Cu(221) surface
is the density of kink sites, which rises to 31% at saturation of
the Xe layer. Note that the results of the fitting process using
18 fitting parameters (open symbols) are not significantly
different from those obtained with six fitting parameters (solid
symbols). STM images of the Cu(533) surface, which has
roughly the same step spacing as Cu(221), indicate that the steps
are fairly straight.’! The steps on Cu(533) are also close-packed
but are (100) rather than (110) steps. The images taken at room
temperature do indicate some thermal mobility of Cu atoms at
room temperature, but the image of Cu(643) shown in Figure
1C and taken at 78 K shows that atomic motion has slowed
significantly. It is questionable whether PAX 1is able to
quantitatively resolve features from kinks versus straight step
edges.

The step edges on the ideal Cu(643) surface have (110) kinks
spaced by two unit-cell lengths of (100) step edge. The site
distributions obtained from the PAX spectra reveal occupation
of all three but suggest that the kink sites are occupied
preferentially at low coverages. The terrace widths on Cu(643)
are similar to those on Cu(221) and provide little room for
adsorption of Xe on the (111) terraces. As measured at saturation
Xe coverage using the six-parameter fit, the density of the step
edge site is apparently slightly higher than that of the kink sites;
however, the order switches when the 18-parameter fit is used.
This again suggests that the PAX spectra cannot be used to
quantitatively resolve the densities of step and kink sites.

5. Conclusions

STM, PAX, and TPD have been used to probe the adsorption
site distributions of Xe on Cu(111), Cu(221), and Cu(643)
surfaces. Whereas STM provides direct real-space images that
can be used to quantify terrace, step, and kink site distributions,
PAX and TPD methods are spectroscopic. The very small
differences between the adsorption energies of Xe at the terrace,
step, and kink sites on Cu preclude any use of the TPD spectra
for quantification of site distributions. PAX provides a semi-
quantitative tool for the determination of site distributions on
the Cu surfaces. The PAX spectra are clearly sensitive to the
surface structure and the presence of steps. However, PAX does
not allow quantitative resolution of kink and step edge site
densities.
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