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Optical Recognition of Atomic Steps on Surfaces
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Visible and UV light spectra display striking differences in optical reflectivity for the two types of
monatomic steps on copper (111) surfaces. Electronic structure calculations trace these differences to
the specific contributions of p and p, local densities of states, parallel and perpendicular to the steps,
of the distinctly coordinated corner atoms. The local origin of the spectral reflectance anisotropy is
further corroborated by experiments on Cu(111) surfaces with varying step densities. Site specificity of
the electronic structure of atoms in low coordinated sites on Cu(111) vicinals is thus revealed by
reflectance anisotropy spectroscopy which can thereby detect step atom densities down to

103 atoms/cm?.

DOI: 10.1103/PhysRevLett.90.177402

Steps break the symmetry of surfaces which leads to a
number of unique functionalities. The low coordinated
atoms at steps are key players in heterogeneous catalysis
[1-3], tribology [4], epitaxial growth [5], and the for-
mation of molecular nanostructures [6]. The complex ge-
ometry of a stepped surface offers local environments of
varying atomic coordination. Take, for example, steps on
an otherwise flat hexagonal surface. Atoms on the flat
surface have a coordination (number of nearest neighbors)
of 9, while creation of a monoatomic step on this surface
will produce atoms with coordination ranging from 7
to 11, depending on the orientation of the stepface. As
illustrated in Fig. 1, this stepface can have either a (100)
or a (111) nanofacet: the so-called A and B types of steps,
respectively. The differential role of these two step types
has been the subject of much discussion and debate in
recent considerations of homoepitaxial growth and island
shapes [7,8]. On a more general level, the question of
the site selectivity for adsorption and chemical reac-
tions has been raised [2,3]. Very recent theoretical studies
[9-12] have pointed to the importance of the low coor-
dinated sites on stepped surfaces to processes like adsorp-
tion and dissociation. What exactly makes the A type of
stepped Cu(111) surface different from the B type? If
local coordination plays a role, the candidate is the corner
atom which has coordination of 10 on the A type and 11
on the B type.

There are a number of complementary methods for the
detection of monoatomic steps on surfaces [13].
Characterization and identification of step types is, how-
ever, nontrivial. It requires the knowledge of the orienta-
tion of the underlying atomic lattice and the stacking
sequence of the two top layers. Since the step atom density
is orders of magnitudes lower than that of the surface (or
bulk) atoms, it is, e.g., a formidable task to monitor step
densities with video rates under conditions of high tem-
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peratures or pressures as found in gas or liquid environ-
ments. For such a task optical methods are outstanding
candidates —if they are proven to recognize atomic
steps. Results of experiments with visible and near UV
light and related electronic structure calculations pre-
sented here respond to these challenges. They demon-
strate the detection and differentiation of step atom
densities down to the 103 atoms/cm? range. This is ac-
complished with measurements of the difference in opti-
cal reflectivity for two orthogonal linear polarization
components [14]. Though the diffraction limit does not
allow one to produce an image of individual steps, the
reflectivity spectra are shown to discriminate between
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FIG. 1. Top and side view of fcc(111), the vicinal (112)
(A-type) and (221) (B-type) surfaces. The two step types have
either (001) or (111) nanofacets, in which the pivotal difference
is the coordination number of the corner atoms of 10 and 11,
respectively.
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the two different step types (A and B) on vicinal hexago-
nally close-packed metal surfaces. Accompanying theo-
retical calculations trace this difference in the A- and
B-type steps to the anisotropy of the partial local density
of states (LDOS) of the corner atoms on the two surfaces.

Reflectance anisotropy spectroscopy (RAS) is a non-
destructive, noninvasive method that has been developed
by Aspnes et al. [14] and was put forward by the fact that
the linear optical response of a cubic crystal is isotropic
in the bulk, and any deviation from zero in the signal
can be interpreted as a signature of the electronic struc-
ture of the surface [14]. So far RAS has been applied to
semiconductors [15,16] and to metallic fcc surfaces [17—
20]. This Letter reports the application of RAS to a
number of vicinal surfaces of copper which, together
with related ab initio electronic structure calculations,
enables an unambiguous optical discrimination between
A- and B-type steps.

The experiments were performed under ultrahigh
vacuum conditions where the crystals were prepared
and characterized with standard procedures that show
clean surfaces with monoatomic steps [21]. Near normal
RAS measurements were taken with a mobile spec-
trometer [22] through a low strain quartz window in
the spectral range between 0.8 and 6.5 eV. The reflec-
tance anisotropy (RA) is defined as the real part of the
difference in the Fresnel reflectance amplitudes for two
orthogonal directions of the light polarization, parallel
and perpendicular to the steps, normalized with the mean
reflectance RA = 2Re[(ry — r)/(r + rp)].

Figure 1 depicts two of the investigated vicinal fcc(111)
surfaces. The steps run along the close-packed [110]
direction and their density is controlled by the miscut
angle relative to the [111] direction. A-type Cu(112) has
one (100) nanofacet and one terrace atom per unit cell
while B-type Cu(221) has one (111) facet and two ter-
race atoms.

Experimental reflectance anisotropy spectra for
Cu(112) and Cu(221) are shown in Fig. 2. Above 2 eV
anisotropic interband transitions that determine the color
of copper set in, and at 4.3 eV, both types of vicinals show
a well resolved, shoulder free peak which is a maximum
in the spectrum for the A type and a minimum for the B
type. Thus the reflectivity along the steps at 4.3 eV is
enhanced (reduced) for the A (B) type. This signature
clearly discriminates the two types of surfaces.

On Cu(110) a similar RA minimum at 4.3 eV was
reported [18,23,24]. This resemblance between the
B-type vicinals and the (110) surface is appealing since
the top layer and the second layer atoms on fcc(110) have
a coordination of 7 and 11, just as the step and corner
atoms on the B-type vicinals. This is to be contrasted with
the distinct atomic structure and coordination of the A
type: the step nanofacet presents an open (100) geometry
with the step atoms still having a coordination of 7, but
the corner atoms have a coordination of 10.
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FIG. 2. Near normal reflectance anisotropy for Cu(112) and
Cu(221), as a function of photon energy.

We have calculated the electronic structure of A-type
Cu(112) and B-type Cu(331) with one terrace atom per
unit cell using density functional theory in the local
density approximation and multiple scattering theory in
the framework of the local self-consistent multiple scat-
tering method [25]. This is a local approach performed in
the real space and hence it provides detailed information
about the local electronic states at atomic sites with dif-
ferent environment. Analysis of the s, p, and d LDOS of
the surface atoms reveals that the p states are most likely
to be at the origin of the anisotropies of the A- and B-type
vicinals observed in the spectra. Moreover, the different
signs of the anisotropy at 4.3 eV can be explained by
interband transitions involving the corner atom.

Optical anisotropy implies optical transitions and a
difference in the corresponding partial LDOS of the ini-
tial and/or final states. In Fig. 3(a) the difference in the
local density of p states parallel and perpendicular to the
steps p — py is shown for the A- and B-type vicinals. It
gives the sources of possible anisotropies in either the
initial or final states of the transitions. However, not all
positions in this spectrum contribute to optical transi-
tions. In order to obtain the optical anisotropy this partial
LDOS difference has to be weighted with the optical
transition probability. For bulk copper a strong optical
excitation at 4.3 eV is assigned to p — s interband tran-
sitions where the p derived states are located just above
the d band, at a binding energy of = 1 eV [26] [see the
inset in Fig. 3(a)]. The calculated difference in the par-
tial local density of states p; — p; for Cu(112) and
Cu(331) at 1 €V indeed reflects this anisotropy in the
region below the Fermi level. More strikingly, we find
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FIG. 3. (a) Total anisotropy of the partial local density of
states (p — p ) for the top ten layers of Cu(112) and Cu(331).
The inset zooms into the spectrum where the p — s (4.3 V)
and the d— p (2 eV) interband transitions occur [26].
(b) Layer resolved anisotropy of the p LDOS at a binding
energy of 1 eV. The layers are numbered along the vicinal
planes, starting from the outermost step atom (n = 1).
Layer 3 corresponds to the corner atoms.

an opposite anisotropy for the A- and B-type vicinals, just
as in the experimental reflectivity curves at 4.3 eV photon
energy, shown in Fig. 2 and the sign of p; — p, agrees
with the experimental reflectance anisotropy.

In order to identify the corner atoms as the main con-
tribution to the 4.3 eV anisotropy difference, we plot in
Fig. 3(b) the py — p; LDOS, at a binding energy of
=~ | eV for the different layers (atoms) n on the two
vicinals. Indeed, the difference in the anisotropy has its
largest contribution from the corner atoms of the A- and
B-type steps (n = 3). Figure 3(b) is also indicative of the
degree of localization of the anisotropy. It decays expo-
nentially away from the corner atoms and the screening
length is of the order of the Fermi wavelength (4.6 A for
copper).

The assignment to a local origin (corner atoms) of the
4.3 eV reflectance anisotropy is further corroborated by
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the analysis of Cu(332) and Cu(443), i.e., two more
B-type surfaces with different step densities. Figure 4
shows that the anisotropy of the peak at 4.3 eV is roughly
proportional to the step density 1/€, where € is the step
separation length. The proportionality factor « is about
—7.5*+0.8 X 1073¢,, where €3 is the atomic volume.
With a penetration depth of 80€, for 4.3 eV photons into
copper we see that the observed anisotropy may have a
local origin, i.e., have its source in single atomic objects
on the surface. The proportionality factor « for the mea-
sured A type has opposite sign, though the same order of
magnitude. The sensitivity for the reflection anisotropy in
the current setup is estimated to = 0.5 X 1073 [27] and
translates for a given orientation on vicinal copper into a
step density 1/€ of = 10° steps/cm or a step atom density
1/€€, of =5 X 10'3 step atoms/cm?.

Besides the previously discussed 4.3 eV feature, the
reflectance anisotropy spectra contain a signature at
=~ 2 eV which does not change sign between A- and
B-type vicinals but is in intensity proportional to the
step density, too. In contrast to Cu(110) where at this
energy a resonance of the highly anisotropic Shockley
surface state with an unoccupied surface state occurs [18],
no influence of the Shockley surface state was found.
Experiments where the surfaces were exposed to oxygen
and ambient air showed the reflectance anisotropy spectra
to be susceptible to oxidation, though in the whole ob-
served photon energy range no spectral feature could be
assigned to the disappearance of the Shockley surface
state. However, distinct signatures from the A and B types
that reconstruct differently under oxygen exposure
[28,29] persist and give further evidence for the useful-
ness of RAS. If, however, the above theoretical analysis is
performed for optical excitations at = 2 eV, i.e., the
d — p transitions, we find in this case the step atoms
(n = 1) to contribute the main anisotropy in the relevant
unoccupied p states above the Fermi level [26]. The
anisotropies have the same sign and magnitude for A
and B types and are in line with the same coordination
for A- and B-type step atoms [30].

From the trace back of the optical anisotropies to
differently coordinated atoms we conjecture that such
step signatures should be generally found on stepped
surfaces. On a given vicinal fcc(111) surface the two
different anisotropies from the corner and the step atoms
provide the unique opportunity to determine the nature,
orientation, and concentration of steps by recording
reflectance anisotropy spectra for different azimuthal
angles of the polarization planes of the incoming light.

In summary it is shown that RAS provides informa-
tion from which it is possible to recognize very low
densities of differently coordinated atoms on surfaces.
Furthermore, ab initio electronic structure calculations
are able to identify the local characteristics that dis-
tinguish the atoms in low coordinated sites on stepped
surfaces. These results open the way for detailed
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FIG. 4. Reflectance anisotropy at 4.3 eV for Cu(112) (square),
Cu(111) (circle), and Cu(443), Cu(332), and Cu(221) (triangles)
as a function of the step density 1/€, where ¢ is the step-step
separation.

investigations of site selectivity in various physical and
chemical processes on heterogeneous surfaces. The find-
ings also provide the opportunity for the exploitation of
this effect in optical microscopes with spectral discrimi-
nation. Applications, such as the online control of the
microscopic roughness in epitaxy or its correlation with
catalytic activity can be realized.
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