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Abstract

We have performed two-dimensional photoelectron spectroscopy measurement on Cu
stepped surface. A two-dimensional photoelectron intensity angular distribution from
the Cu stepped surface was obtained using a display-type analyzer and the linearly
polarized synchrotron radiation (SR) with various polar angles of incidence. We have
successfully observed both the bulk Fermi surface and the stepped surface state. A
photoelectron intensity of the Cu stepped surface state increased with the incident
angle of photon both for the step direction parallel and perpendicular to the linear
polarization vector of SR light. Comparing with the simulated photoelectron intensities
for p orbital normal to the stepped surface, a slight deviation was observed for the
perpendicular geometry.



1. Introduction

Stepped surface of metals have regular arrays of atomic rows as step edges. These
steps must have significant influences on the surface electronic states on the stepped
surfaces. For example, one-dimensional electronic states have been found on the
stepped surfaces; Ni(755) [1], Au(788) [2], and so on. Utilizing the stepped surface as
substrate, nano-structures have also been fabricated, e.g., Co nanocluster on Cu(755)
[3]. Especially, the Cu stepped surfaces vicinal to the (111) plane have been
extensively studied because the Cu(11l) surface has a free-electron-like
two-dimensional electronic state [4]. The Cu stepped surface states have been
classified into two types; the step modulation state and the terrace confined state [5, 6].
It has been shown that the propagating two-dimensional superlattice state (the steps act
as superlattice) is realized when the terrace width is below ~ 20 A, above which the
stepped surface state is confined within the terrace, i.e., a quasi-one-dimensional
guantum-well state [6]. In order to explain this transition, explanations such as the
total energy and the interaction with bulk electronic states have been proposed but it
remains unclear. On the other hand, the theoretical calculation has predicted that the p
orbitals constituting the stepped surface states are tilted near the step edge and this tilt
angle depends on the terrace width [7]. Therefore, the atomic orbital character is
considered to have a relationship with the nature of the stepped surface states.
Photoelectron spectroscopy (PES) measurements excited with linearly polarized
photon are very useful to determine the symmetry of the atomic orbitals constituting
the electronic state. From a two-dimensional photoelectron intensity angular
distribution (PIAD) obtained by using a polarized synchrotron radiation (SR) and a
two-dimensional display-type spherical mirror analyzer (DIANA) [8], one can analyze
the component ratio among atomic orbitals [9]. For example, two-dimensional PES
(2D-PES) measurements on Cu with linearly polarized SR have revealed that the FS of
Cu is composed of mainly 4p orbitals with their axes pointing outward [10].
Furthermore, when the polar angle of the incident photon is varied, more precious
information could be obtained [9]. In this work, we have performed 2D-PES
measurements on Cu stepped surface taken at various polar angles of incidence using
linearly polarized SR in order to determine the atomic orbital character constituting the
Cu stepped surface state.

2. Experiment
The experiment was performed at the linearly polarized soft x-ray beamline BL-7 of
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Fig. 1 AES spectrum (a) and LEED pattern (b) of the Cu stepped surface.

SR center, Ritsumeikan University [11]. The electric vector of the linearly polarized
SR light was in the horizontal plane. The sample was cut from a (111)-oriented Cu
single-crystal rod and polished mechanically and electrochemically. The Cu stepped
surface was cleaned in situ by repeated cycles of Ar* bombardment and annealing to ~
500 °C in an ultrahigh-vacuum chamber. The surface quality was checked by low
energy electron diffraction (LEED) and Auger electron spectroscopy (AES)
measurements as shown in Fig. 1. The AES spectrum hardly shows the S, C, nor O
signals. The LEED pattern shows sharp 1 x 1 spots, some of which are split due to the
step periodicity. By analyzing the split width, the step periodicity (or terrace width)
was estimated to be d ~ 13 A and the tilt angle of ~10°. The 2D-PES measurements
were performed at room temperature under ultrahigh vacuum of ~1 x 10°® Pa using a
DIANA [8, 12] with SR light. 2D-PIAD and a stereo profile of the Fermi surface (FS)
are efficiently obtained by using DIANA. 2D-PIAD of this experiment was collected
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Fig. 2 2D-PES result of the Cu stepped surface taken with hv = 21 eV. The PIADs at E = 0.0 eV (a),
-0.2 eV (b), -0.4 eV (c), and -0.6 eV (d). The electric vector of the incident light is in the horizontal

direction.



by energy window of 100 meV. Typical acquisition time for one PIAD was 30 sec. The
total energy resolution was about 300 meV. The angular resolution was about 1°.

3. Results

Figure 2 shows the series of PIAD from the Cu stepped surface taken with hv = 21 eV.
The photoelectron intensity is displayed on a gray scale. The linearly polarized SR (E/,
Il ky) is incident from +ky direction with the angle of 40° from k, axis (step surface
normal). As in the case of previous angle-resolved photoelectron spectroscopy
(ARPES) results of Cu(111) surface (the terrace plane of this Cu stepped surface) taken
with He | source (hv = 21.2 eV) [4], the FS of the Cu bulk band around (ky, ky) ~ (1, 1)
[A ] was successfully observed at E = 0 eV. The PIADs change with decreasing the
energy, reflecting the Cu bulk band dispersion. Around (ky, ky) ~ (0, -0.24[= -=/d]) Al
(the surface M point), the Cu stepped surface state was also successfully observed. The
stepped surface state appeared at the surface M point, which is consistent with the
previous work on the Cu stepped surface [13]. With decreasing the energy, the Cu
stepped surface state disappears below ~ -0.4 eV. This observation is also consistent
with the fact that the Cu(111) Shockley surface state has a parabolic band dispersion
with the band bottom energy of ~ -0.4 eV [4], since the terrace of this Cu step surface
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Fig. 3 PIADs of FS from the Cu stepped surface state taken at various polar angles of incidence. (a)

Oin = -40°. (b) iy = -30°. (c) Bin = -20°. (d) 6in = -10°. (e) i, = 0°. (f) B, = 30°. (g) Oin = 40°. (h) 6in

= 50°. The step direction and the surface parallel component of the electric vector of the incident

photon are in the horizontal direction.



is composed of the (111) plane. It should be noted that the energy of the band bottom
increases on the stepped surface [3, 13] compared with that on the Cu(111) surface,
which may make the circular shape of FS smeared to be closed circle as shown in Fig.
2.

In order to see the atomic orbital character, we have performed the incident angle
dependent 2D-PES measurements. The surface parallel component of the electric
vector was set to either parallel (Fig. 3) or perpendicular (Fig. 4) to the step direction.
In both the parallel and perpendicular geometries, the stepped surface state appears

with increasing the incident angle, |0iy].
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Fig. 4 PIADs of FS from the Cu stepped surface state taken at various polar angles of incidence.
(a) 6in = -50°. (b) 6;, = -40°. (c) 6;, = -30°. (d) 6;, = 0°. (&) 6;, = 10°. (f) 8;, = 20°. (g) i = 30°.
(h) 6;, = 40°. The step direction is the vertical direction, while the surface parallel component of

the electric vector of the incident photon is in the horizontal direction.

4. Discussion

The analysis of two-dimensional PIAD from a tight-binding approximated valence
band and a Bloch-wave final state showed that the photoelectron intensity (6, ¢x) in
the direction of polar angle 6x and azimuth angle ¢« can be expressed as[10, 14]:

10k, d1) ~ D (ki) [Zv Al

where D'(k;) is the one-dimensional density of states [15] and A, is the “angular
distribution from the v—th atomic orbital” [16]. Assuming that the Cu stepped surface
state has a circular FS with the radius of 0.2 A at the surface M point [13] and the
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Fig. 5 Simulated PIADs of FS from the Cu stepped surface state taken at various polar angles of
incidence. (a) 0;, = -50°. (b) 6;, = -40°. (c) 6;, = -30°. (d) 6;, = -20°. (e) 6;, = -10°. (f) 6;, = 0°. (Q) Oin
= 10°. (h) i, = 20°. (h) 0, = 30°. (h) 6;, = 40°. (h) 6;, = 50°. The step direction and the surface
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parallel component of the electric vector of the incident photon are in the horizontal direction.

work function is 4.7 eV [10], the PIADs taken with hv = 21 eV for p, atomic orbitals
were simulated. Here, we set the step surface normal to z axis and set the surface
parallel component of the electric vector of the incident photon to x axis, and the step
direction was set to either parallel (Fig. 5) or perpendicular (Fig. 6) to it. The
simulated PIADs qualitatively reproduced the experimental PIADs taken at various
polar angles of incidence (Figs. 3 and 4), that is, the photoelectron intensity of the Cu
stepped surface state increased with the incident angle, |6in| in both parallel and
perpendicular geometries. In order to compare the experimental data with simulated
data more quantitatively, the total photoelectron intensity of the Cu stepped surface
state was estimated and rescaled (Fig. 7). For the parallel geometry, the incident angle
dependence of the experimental intensity is well reproduced by the simulation for p,
atomic orbital as shown in Fig. 7(a). For the perpendicular geometry, however, there
seems to be a slight deviation around 6;, ~ 20°. This behavior would be explained if the



Fig. 6 Simulated PIADs of FS from the Cu stepped surface state taken at various polar angles of
incidence. (a) 0;, = -50°. (b) 0;, = -40°. (c) 6;, = -30°. (d) 6;, = -20°. (e) 0;, = -10°. (f) 6;, = 0°. (Q)
0in = 10°. (h) 6;, = 20°. (h) 6;, = 30°. (h) 0;, = 40°. (h) 6;, = 50°. The step direction is the vertical
direction, while the surface parallel component of the electric vector of the incident photon is in the

horizontal direction.
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Fig. 7 Photoelectron intensity of the Cu stepped surface state excited at various incident angles.
The step direction is parallel (a) or perpendicular (b) to the surface parallel component of the

electric vector of the incident photon.



px orbital contributed to the stepped surface state, that is, the p orbital tilted
perpendicular to the step direction. Further study is needed to elucidate the atomic
orbital character more precisely.

5. Conclusions

We have performed two-dimensional photoelectron spectroscopy measurements on
Cu stepped surface. Incident angle dependent photoelectron intensity of the Cu stepped
surface state showed a similar behavior even when the step direction was set to parallel
or perpendicular to the linear polarization vector of SR light. Comparing with the
simulation for p orbital normal to the stepped surface, a slight deviation was observed
for the perpendicular geometry.
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