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Angle-resolved photoemission studies of a surface state on a stepped Cu(332) surface
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A surface state on a stepped Cu(332) surface is studied by angle-resolved photoemission. Based
on high-energy electron-diffraction patterns, the (332) sample consists of fairly regularly spaced
Cu(111) terraces, which have the form of a strip with a width of about 5-6 atomic rows (about 12
0
A). The measured dispersion of the surface state is significantly different from that of the corre-
sponding (111) surface state. Thus, the (332) surface state is delocalized within the surface plane,
and the lateral coherence length of the wave function is larger than the terrace width. The disper-
sion shows a maximum binding energy at the surface Brillouin-zone boundary.

I. INTRODUCTION

In this paper, we report an angle-resolved photoemis-
sion study of a surface state on a stepped surface,
Cu(332). A stepped surface is slightly tilted relative to a
surface with low Miller indices; in the present case,
Cu(332) makes an angle of 10.02' relative to Cu(111).
The (111) surface of a fcc crystal consists of atoms ar-
ranged in a planar hexagonal close-packed pattern, and is
a very stable surface due to the high areal atomic density.
A vicinal surface slightly tilted relative to the (111) sur-
face usually consists of (111) terraces and atomic steps.
For the Cu(332) surface, the terraces have the form of a
strip with a width on the average about 5—6 atomic rows
due to the 10' tilt.

The Cu(111) surface is known to have an occupied sur-
face state band around the surface Brillouin-zone
center. It is located within a bulk band gap at the L
point in the bulk Brillouin zone; therefore, this surface
state is commonly referred to as the L-gap surface state.
The question to be discussed here is what would happen
to the (111) surface state when atomic steps are intro-
duced on the (111)surface to form a (332) surface.

If the surface-state wave functions associated with
different (111) terraces on the (332) surface can be con-
sidered as independent, then each terrace should support
the same (111) surface state, possibly slightly broadened
due the finite size of the terraces. This could happen if
the step edges simply act as incoherent scattering centers.
On the other hand, if the terrace structure is regular
(periodic), the surface-state wave functions associated
with neighboring terraces can interact coherently to give
rise to interference effects. If this happens, the (332) sur-
face state will show a different energy-momentum rela-
tionship than the (111)surface state. The question about
the degree of independence depends on the lateral coher-
ence length of the surface state under consideration as
well as the degree of ordering of the terrace structure.
The latter factor would depend on the manner in which
the sample is prepared.

The present experiment measures the band dispersion
of this Cu(332) surface state, and finds that the dispersion

is distinctly different from the (111) case. The result
shows that the terrace structure on our (332) sample is
quite regular. Furthermore, the lateral coherence length
of the surface state is at least a few times of the terrace
width, 12 A. This is consistent with the value of 20—30 A
reported previously by Kevan, who determined it by
measuring the broadening of the (111)surface-state peak
in the photoemission spectra as a function of the photo-
electron emission angle.

II. EXPERIMENTAL DETAILS

The Cu(332) sample was aligned with Laue x-ray back-
scattering, The surface was then mechanically polished
in this orientation to a mirror finish and finally electro-
polished in a 59% phosphoric acid solution to expose a
mechanical damage-free surface. After introduction into
the photoemission chamber, with a base pressure of
1)& 10 ' Torr, the sample was cleaned with repeated cy-
cles of Ar-ion sputtering and annealing at 500'C. Auger
electron spectroscopy was periodically used to verify the
sample cleanliness. After a final sputter cycle, the sample
was found to remain clean for many hours. The surface
structure was inspected with high-energy electron
diffraction (HEED) with a 10-keV electron-beam energy.

The photoemission experiment was performed at the
Synchrotron Radiation Center of the University of
Wisconsin-Madison. Photons of energy 22 eV were used
(the reason for choosing this energy will be discussed
below). A hemispherical analyzer with a full acceptance
angle of 3' was used to collect and analyze the photoemit-
ted electrons. The photoemission geometry is shown in
Fig. 1. The sample normal direction, Cu[332], lies along
the z axis; the x and y axes are parallel to Cu[110] and
Cu[113], respectively. Thus, the Cu[111] direction is
tilted at a polar angle of 10' from the sample normal in
the direction of the y axis. The position of the analyzer
input was varied in order to determine the band disper-
sion curves. The angle of incidence of the photon beam is
60 within the xz plane (Ot ——60' and Pt ——180 ).
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FIG. I, Photoemission geometry.

shown in Fig. 1; therefore, the analyzer input is along
Cu[332] for 8=0' and along Cu[113] for 0=+90'.
Each spectrum shows the photoemission intensity as a
function of the binding energy measured relative to the
Fermi level EF. Intensities of the different spectra in the
set were arbitrarily scaled to produce the stack plot
shown. In all of these spectra, one peak is observed in
the energy range shown superimposed upon an edge at
the Fermi level; intense Cu d-band peaks are observed at
larger binding energies outside this range. Because there
are no known bulk-related peaks located within the range
shown, the observed peak must be derived from a sur-
face state. The peak shows significant dispersion as a
function of 8; it appears to have the largest intensity and
the largest binding energy in the spectra taken with
8=6'-8'. As the surface state disperses towards the Fer-
mi edge, the peak intensity decreases; due to overlapping
with the Fermi-edge emission, the peak position becomes
difficult to locate.

III. RESULTS

A. HEED and surface structure

Figure 2(a) shows the expected surface atomic
configuration for an ideal Cu(332) face. The shaded cir-
cles denote atoms at the step edges, which lie along lines
parallel to the [110]direction. The [113]direction also
lies in the (332} surface plane and points "up" the steps.
Each terrace face consists of a single layer of atoms in a
Cu(111) plane. A surface unit cell is indicated by the

dashed lines.
HEED patterns were taken from the clean Cu(332) sur-

faces in a glancing geometry. Schematic representations
of the observed HEED patterns are shown in Figs. 2(b)
and 2(c) for incident electrons approximately along the
[113] and [110] directions, respectively. Based upon
comparisons with HEED patterns taken from a Cu(111)
sample, the spacings between adjacent lines in the
Cu(332) HEED patterns can be shown to be consistent
with a Cu sample having the structure shown in Fig. 2(a).
The intensities of adjacent lines in the pattern in Fig. 2(b)
alternate between bright and dim as indicated with the
thick and thin lines, respectively, ' the center line is a dim
line. This effect is not, however, observed in HEED stud-
ies of the Cu(111) surface; therefore, the intensity modu-
lation is related to the (332) surface structure. The other
HEED pattern, in Fig. 2(c), consists of groups of finely
spaced lines which are a result of the broad steps. It can
be approximately described as the Cu(111) pattern with
additional satellite diffraction lines due to the periodic
terrace structure. Overall, the patterns were quite bright
with excellent contrast and a number of Kikuchi lines
were observed. The sharpness of the satellite lines indi-
cates that the terrace structure is fairly well ordered.

B. Photoemission

Figure 3 shows a set of angle-resolved photoemission
spectra for various polar angles 8 in the yz plane (())=90 }

(a)

FIG. 2. (a) Expected surface atomic configuration for an
ideal Cu(332) stepped surface. The shaded circles denote atoms
at the step edges, which lie along lines parallel to the [110]
direction. The [113]direction also lies in the (332) surface
plane and points "up" the steps. Each wide step face consists of
a single layer of atoms in a Cu(111) plane. A primitive surface
unit cell is indicated by the dashed lines. (b) Schematic repre-
sentation of the observed HEED pattern for incident electrons
approximately along the [1 1 3] direction. (c) Same as (b) except
that the electron beam is approximately along the [110]direc-
tion.
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Figure 4 shows a set of difference spectra which were
generated by subtracting the spectra in Fig. 3 by a spec-
trum taken with a large 0 where the surface-state contri-
bution is negligible. The purpose of the subtraction is to
minimize the Fermi-edge contribution, such that the
peak positions can be more easily located. The subtrac-
tion method is expected to be reasonably accurate for
spectra where the peak and Fermi edge do not overlap
signi6cantly; as the peak approaches the Fermi edge, the
accuracy decreases and larger uncertainty values have
been accordingly assigned to the measurements.

From the peak positions, the two-dimensional band
dispersion of the surface state has been determined; the
results are displayed in Fig. 5. Each data point indicates
the binding energy of the peak as a function of the wave-
vector component parallel to the surface k~~. The polar
angle 8 describing the analyzer position is also indicated
along the upper edge of the figure. The error estimates
for both the binding energy and the polar angle are indi-
cated.

The observed dispersive behavior of the surface state
somewhat resembles that of the Cu(111} L-gap surface
state with the obvious exception that the maximum bind-

FIG. 3. Angle-resolved photoemission spectra taken with a
photon energy of 22 eV from Cu(332). The polar emission an-

gles 8 are indicated. The azimuthal angle is /=90' for all spec-
tra. Peak positions are marked with arrows. The binding ener-

gies are referred to the Fermi level EF.
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FIG. 4. Difference spectra obtained by subtracting the spec-
tra shown in Fig. 3 by a spectrum taken with a large polar emis-
sion angle where the surface state contribution is negligible.

FIG. 5. The two-dimensional band dispersion of the surface
state determined from the spectra in Fig. 4. Each data point
(solid circles) represents the binding energy of a peak as a func-
tion of kl~. All binding energies are referred to the Fermi level.
The polar emission angle 0 is indicated along the upper scale.
The solid curve is a numerical best fit of a parabola to the data.
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mg energy of the Cu(332) feature does not occur at the
two-dimensional surface zone center (8=0'). To deter-
mine the value of k~~ for which the maximum binding en-

ergy occurs, the data in Fig. 5 are fitted to a parabola,
which is shown by the solid curve. The fit falls within the
error range of all but one of the data points. The equa-
tion describing the fit is

E~ ———2.69(kll 0.25) +0.28, (1)
0

where k~~ is measured in units of A ' and Ea is measured
in units of eV. On the basis of the fit, the maximum bind-
ing energy of the Cu(332} feature is Es =0.28 eV and it
occurs near a value of k~~

——0.25 A ' (or about 8=7'). It
should be noted that the dispersion curve may not be de-
scribed accurately by a parabolic function; in other
words, higher-order terms may be important. ' There-
fore, the significance of the coefficient of the quadratic
term in Eq. (1) should not be emphasized. But just for
the purpose of locating the point of maximum binding
energy, this procedure should give a fairly accurate re-
sult.

IV. DISCUSSION

The Cu(332) surface feature has two potential origins:
the numerous (111) terraces acting independently or the
(332) surface as a whole. If the (111) terraces indepen-
dently support Cu(111) surface states, the contributions
from the different terraces will add incoherently. In this
case, the observed surface state should be expected to
show dispersion curves the same as those of the Cu(111)
surface state (with extra broadening due to the finite ter-
race sizes). In particular, the maximum binding energy
should occur along the [111]direction. Figure 5 shows
that the maximum binding energy occurs at 8=7', which
is different from the [111] direction at 8=10'. The
difference is larger than the overall angular uncertainty
estimated to be about 1'. Furthermore, the maximum
binding energy and the dispersion of this peak are
significantly different from those for the Cu(111) case.
Evidently, the terraces do not act independently.

The Cu(332) peak is thus a surface state associated
with the (332) surface as a whole. However, since it ex-
ists in the bulk L gap, it must have the same origin as the
L-gap surface state in the Cu(111) surface. The recipro-
cal surface net of Cu(332) is a rectangular lattice with lat-
tice parameters equal to 2.46 and 0.524 A ' along the
[110]and [1 13) directions, respectively (see Fig. 2); the
corresponding primitive surface reciprocal-lattice vectors
are just the projection of the bulk reciprocal-lattice vec-
tors (4m/a)(1, 2, 1) and (2m/a)(1, 1, 1) onto the (332) sur-
face. The Cu(332) surface state has a maximum binding
energy at about k~~

——0.25 A as noted above. Within
experimental accuracy, this value agrees with the dis-
tance from the surface zone center to the zone boundary
along the [1 1 3] direction, 0.26 A '. In other words, the
maximum binding energy occurs at the surface zone
boundary. This behavior confirms the assignment of the
origin of the surface state since the L-gap surface state is
expected to have the rnaximurn binding energy at a k~~

value equal to the surface projection of the bulk wave
vector (m/a)(1, 1, 1) connecting the I and L points in the
bulk Brillouin zone. For comparison, the surface projec-
tion of this wave vector is zero for the (111)surface, and
the maximum binding energy occurs right at the surface
zone center for this surface.

Even though the Cu(332) surface-state dispersion is
different from that of the (111) surface state, the photo-
emission intensity of the (332) surface state follows rather
closely the behavior of the (111) surface state. Thus, the
polar angle of about 7' at which the maximum intensity
of the (332) surface state occurs is only 3' away from the
[111]direction at which the (111}surface state on a (111)
crystal attains its maximum intensity. We searched for
the (332) surface state in the second surface Brillouin
zones by moving the polar angle of the analyzer to 8& 16'
and 8 ~ —6, but did not find significant emission intensi-
ty. Thus, considering the regular atomic steps on the
(332) surface as a perturbation to the (111}surface, the
steps do not cause a significant redistribution in photo-
emission intensity through urnklapp transitions. This is
perhaps not surprising because there is only one step for
every 5—6 atomic rows.

The peaks seen in Figs. 3 and 4 are rather wide. From
an analysis of the Fermi-edge emission at large polar an-
gles 8 for which the surface-state contribution is negligi-
ble, the total instrumental resolution is about 0.25 eV.
Taking into account the finite angular resolution, the
peak width is still significantly larger than what is expect-
ed. We suspect that the wide width is a result of imper-
fections in the sample terrace structure. The imperfec-
tions may include a small overall misalignment of the
sample and slight waviness of the surface after electropol-
ishing, which would cause a finite distribution of terrace
width and the formation of kinks. Even for a perfectly
aligned planar surface, the presence of imperfections in
the terrace structure is not unexpected after the sample is
sputtered and annealed. The imperfections can cause an
effective broadening of the parallel components of the
wave vector, which in turn leads to an energy broaden-
ing.

Spectra for other photon energies as well as other
geometries, including a scan within a plane containing
the Cu[110] direction, have been taken. These data do
not provide any additional important information con-
cerning the surface state, and hence are not included for
presentation here. However, the measured angular
dependence does provide an additional independent
verification of the angular accuracy of this experiment.
We now explain why the photon energy of 22 eV was
chosen for the set of data presented here. The effect of
the finite angular acceptance angle on the momentum
broadening can be minimized by using lower photon en-
ergies. The surface-state cross section also increases rap-
idly for decreasing photon energies. In addition, the
grating monochromator used in this experiment will have
a much better energy resolution at lower energies. There-
fore, for higher signal intensity and overall resolution, it
would seem to be desirable to use photon energies lower
than 22 eV. However, there is a tradeoff. As the photon
energy is reduced, the polar emission angle for reaching
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the surface zone boundary increases, and can become
very close to the angle of 10' between [332] and [111].
For example, with a photon energy of 11.8 eV (Ar reso-
nance line), the polar angle 0 would be about 11 for
reaching the surface zone boundary where the surface
state attains its maximum binding energy. Since the
difference between this polar angle and the angle between
the [111]and [332] directions is the main indication of
whether the surface state is (332) or (111) in nature, it is
necessary to use a suSciently high photon energy to pro-
vide an unambiguous differentiation. The 22-eV photon
energy provides a 3' difference, and is a good comprom-
ise.

V. SUMMARY

To summarize, HEED and angle-resolved photoemis-
sion were used to examine a stepped surface, Cu(332).
The HEED studies indicated that the surface is com-
posed of fairly regularly spaced steps. A feature with the
expected characteristics of an L-gap surface state was ob-
served just below the Fermi edge in the photoemission
spectra. The two-dimensional dispersion of this surface
state was determined, which is significantly different from
the corresponding dispersion curve for the Cu(111) L-gap
surface state. Thus, the surface state is delocalized in the
surface plane, and its lateral coherence length is larger

than the terrace width such that neighboring terraces on
the (332) surface cannot be considered as independent.
As expected, the maximum binding energy of the (332)
surface state occurs at a point on the surface zone bound-
ary, which is defined by the surface projection of the bulk
wave vector connecting the I and L points in the bulk
Brillouin zone.
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