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Abstract

The surface of a Cu(311) crystal is formed by a regular distribution of narrow
(111) terraces, giving rise to a well-ordered step superlattice. Angle-resolved
photoemission experiments demonstrate the existence of a surface resonance
related to the L-gap noble-metal surface state. The surface resonance is
observed at the edge of the surface Brillouin zone, regularly repeated with the
superlattice periodicity, and its wavefunction is referred to the Cu(311) mean
surface. The intensity distribution of the surface state in reciprocal space has
been probed using different photon energies. The results can be well understood
on the basis of a simple model involving the bulk band properties.

(Some figures in this article are in colour only in the electronic version)

Stepped metal surfaces have deserved attention as model systems for the growth of one-
dimensional nanostructures [1-4]. The most important example of this kind are noble-metal
surfaces vicinal to the (111) orientation. By changing the lateral periodicity (miscut angle), the
periodicity of the step superlattice can be easily tuned. Obviously, not all the orientations are
stable [5], but in many cases a high-quality superlattice can be produced. The (111) surface
of noble metals is characterized by a prominent Shockley surface state, which originates at
the L-point bulk band gap [6]. This surface state behaves as a two-dimensional electron gas,
as it exhibits strong vertical confinement at the (111) surface. A step superlattice may induce
lateral confinement in the surface electrons [7, 8], and affects their dispersion properties. The
degree of confinement can be tuned by changing the miscut angle [9]. There are two different
regimes reported for surfaces vicinal to Cu(111). For miscut angles below ~7°, the surface state
propagates parallel to the (111) terraces [10]. Above this critical angle (which corresponds
to a critical terrace size of ~17 A), the surface state wavefunction is referred to the optical
surface. The switch from one regime to the other has been related with the closing of the
absolute surface band gap for miscut angles larger than ~7°, which modifies the degree of
vertical confinement of the surface state. Indeed, for miscut angles above the critical value,
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Figure 1. (a) Atomic-ball model representation of the Cu(311) surface, including the high-
symmetry directions. Left grey balls (blue) highlight the (311) unit cell, while right grey at the front
(green) and right grey at the rear (red) balls highlight the (111) and (100) unit cells, respectively.
(b) Reciprocal space representation along the I'LUX bulk plane, including the projection of bulk
points along [311], [111] and [100] directions. Notice that surface M-points are obtained by
projecting bulk L high-symmetry points.

the surface state should become a surface resonance. It is an open question to what extent the
surface state survives above this miscut angle, since it has been observed at least for miscut
angles close to 15° [11, 12], and what would be the nature of the wavefunction of this surface
resonance. Several other interesting effects have been reported. We may mention the change
of the binding energy (BE) at the bottom of the surface band, which diminishes as the miscut
angle increases [13, 14]; the observation of one-dimensional states [15]; the influence of the
step superlattice in the Fermi surface [15, 16]; and recently the opening of surface band gaps
related to the surface reconstruction of stepped Au(111) [17].

In this work, we analyse the surface electronic structure of a Cu(311) crystal using angle-
resolved photoemission spectroscopy (ARPES). Photoemission spectroscopy is a powerful
technique to probe the momentum dependence of electron energy bands. This analysis is
combined with the use of different photon energies to provide a map of its intensity distribution
in reciprocal space. We characterize first the bulk band structure of the crystal to conclude that,
besides the expected bulk bands, there is a surface resonance related to the L-point bulk band
gap. We demonstrate that, in spite of the small (111) terrace size in Cu(311) (only two atomic
rows), there is surface localization of charge. From an analysis of its dependence with photon
energy and its dispersion we conclude that this electronic state is of similar nature to the L-gap
surface state, and that its wavefunction is referred to the mean (311) optical surface.

The photoemission experiments were done in an ultra-high-vacuum chamber equipped to
perform ARPES and LEED measurements. It was mounted at the SU8 undulator beam line of
SuperAco storage ring at LURE (Orsay, France). Data were taken with 70° incidence angle
of the light. The Cu(311) crystal was electrochemically polished and cleaned in sifu by cycles
of Ar sputtering and annealing until a sharp LEED pattern was observed [18]. The Fermi
surface was measured at the COPHEE end-station of the Swiss Light Source using a standard
monochromatized He source [19].

Panel (a) of figure 1 shows an atomic-ball model of the Cu(311) surface. The (311)
surface can be described as the limiting case of a stepped (111) surface, or, alternatively, as
a border between (100)-like and (111)-like stepped surfaces. It is formed by narrow (two
atomic lines width) (111)-like terraces, separated by (100)-like steps. The distance between
steps is d = 4.23 A (terrace width: 3.68 A). The [311] bulk direction lies in the TLUX plane
(see figure 1), and it is coplanar with the [111] and the [100] directions, forming with them
angles of 29.50° and 25.24°, respectively. The surface Brillouin zone is obtained by projecting
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Figure 2. Fermi surface map from Cu(311) excited with He I-«, displayed on a grey scale (light
colour means higher intensity). Direct transition lines represent a cut through the bulk Fermi surface.
The projected theoretical cut of the Cu bulk sp band is shown as a light grey (yellow) line. The
projection of the [111] and [100] directions are indicated by grey (green) points. The quasi-circular
intensity close to the [111] projection lies at the surface Brillouin zone edge and it is due to the
L-gap surface state.

the bulk reciprocal space along the (311) direction. The edge of the surface Brillouin zone is
located at 0.740 A~ from T.

Figure 2 shows a map of the Fermi surface measured with He I-o photons (21.22 eV).
The high-intensity regions correspond to the crossings of the bulk Cu sp band [16]. For an
easier comparison, the calculated Fermi Surface contour using a parameterized tight-binding
model is over-imposed as light grey (yellow) lines®. The grey (green) points in the figure show
the location of the [111] direction (region with 120° symmetry), and of the [100] direction
(region with 90° symmetry), projected for the photon energy used. The experimental ‘bone’-
like shaped curves are well reproduced by the bulk Cu Fermi surface in figure 2 (note that no
fitting has been made to the calculated Fermi surface). However, the intensity detected around

0.740 A~ along the [233] direction with approximately circular shape is not reproduced by the
bulk Fermi surface contour. The band giving rise to this intensity shows a parabolic dispersion,
with a binding energy bottom exactly at the edge of the Cu(311) surface Brillouin zone (which
is the surface projection of a bulk L-point (see figure 1). These features agree well with the
observed behaviour for a surface state in a vicinal surface.

In order to further characterize the origin of this peak, figure 3 shows energy distribution
curves in the BE area closer to the Fermi energy, taken at different photon energies close to
70 eV and normalized to the photon flux. Angles are measured with respect to the [311]
direction and along the [233] direction, which corresponds to I'M and is perpendicular to the
steps. The main feature is a peak near the Fermi level that has the highest intensity at 70 eV of
photon energy. This peak exhibit a weak parabolic dispersion. The binding energy minimum
appears at different angles as the photon energy is changed. The angular scale can be converted
to parallel momentum kj, assuming momentum conservation parallel to the optical surface
and using k; = [(2me/h?) Exin]'/? sin 6, where Ey, is the electron kinetic energy and 6 is the

3 The Fermi surface contour is calculated using the freeware core Flanl.0 implemented by V Joco, which uses a
parameterized tight-binding bulk Fermi surface to calculate the Fermi contour measured with photoemission for a
particular photon energy.
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Figure 3. Energy distribution curves along the surface TM direction (perpendicular to steps) of
Cu(311) taken with three different photon energies. In each panel the spectrum corresponding to
second surface M-point (My) is highlighted. The surface state has maximum intensity at this high-
symmetry point.

emission angle. The BE minimum appears at a constant value of parallel momentum equal

to 2.225 Afl, which corresponds to the second surface M symmetry point (see also figure 4).
We may compare this value with the one obtained from figure 2. We find that the two k|

values where the surface state is observed are split in reciprocal space by Ak = 1.49 A_],

in agreement with the step lattice vector 2 /d = 1.485 A" of the Cu(311) surface. The
appearance of a second parabola at k; = 37 /d (as observed with higher photon energies) is
due to the interaction of the surface state electrons with the step superlattice, which produces
a new periodicity along the surface plane. These findings remind of similar effects observed
in high-quality stepped Cu and Au surfaces, for lower miscut angles [9, 20, 21], but this is,
to the best of our knowledge, the first observation of superlattice splitting in a stepped Cu
surface with such a large miscut. The surface state band minimum is located at ~0.15 meV.
This value agrees well with previous findings for other vicinal Cu(111) surfaces with 9° miscut
(0.3 eV [10]), 11.5° miscut (0.26 eV [20]) and 15.8° miscut (0.17 eV [16]).

Photon-energy dependent photoemission experiments enable a three-dimensional
wavevector analysis of the surface state wavefunction [9, 20, 21]. The bottom of the surface
band 6,, and the measured Ey;, are converted into k and k| (perpendicular momentum) values
via k| = [(2me/h*) Exin]"?sin6,, and k; = [(2me/h*)(Exin + Vo) — kﬁ]l/2 [10, 20, 21].
k., represents the wavevector perpendicular to the surface inside the crystal. It can be
approximately obtained assuming a free-electron-like final state band in a constant inner
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Figure 4. Reciprocal-space representation of the bottom of the surface resonance taken at 21.21 eV
(red square) and at photon energies centred at 70 eV (green circles). The size of the circles is
proportional to the intensity of the surface state, in logarithmic scale. Panel (a) shows a wavevector
plot of the surface band bottom as a function of k) and k; while in panel (b) the same data are
represented in the 'LUX bulk plane (see text for details).

potential Vo = —13.5 eV [10]. Figure 4 shows the k; and k, values for the data of
figure 3, and also for several other photon energies. By covering a broad photon energy
range, the distribution in k of the surface state intensity is probed. Data points in figure 4
line up at 7w /d and 37 /d along the (311) direction, as expected for p.-like surface states of
Cu(111) vicinals [21] with a miscut angle larger than 7°, because in this case the surface state
wavefunction propagates along the average surface.

The size of the green circle data points in figure 4 is proportional (in logarithmic scale)
to the photoemission intensity normalized to the photon flux*. The photoemission intensity is
maximum for transitions close to the L-point of the bulk band structure. The spectral map in
figure 4 qualitatively reflects the Fourier distribution of the surface state wavefunction in the
vicinal surface. In the direction parallel to the surface and perpendicular to the steps, the surface
state is a Bloch wave of the step lattice with ky = G/2 = 7 /d. In the direction perpendicular
to the surface, the k, broadening corresponds to an evanescent wave with the fundamental
frequency k, = k. The relative intensity of the surface state depends on the spectral weight of
the component of the wavevector perpendicular to the surface. Thus, the intensity distribution
observed in figure 3 can be understood in view of figure 4. As in LEED [22], the intensity peaks
for in-phase interference, but at variance with LEED, the maxima in photoemission appear at
the projection of L bulk points.

While kj is a good quantum number for the description of the surface state bands in
a vicinal surface, k, is strongly broadened due to the electron confinement at the surface
region. The distribution of experimental points in figure 4 directly describes a surface-state
wavefunction delocalized along the mean Cu surface and modulated by the step superlattice

4 Note that the surface state intensity measured with the He I line cannot be easily related with the intensities measured
with synchrotron light, due to the different polarizations of the light.
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periodicity. The state should be described more properly as a surface resonance, because it
appears outside the bulk band gap. Interestingly, in spite of the high density of steps and the
large distance to the [111] direction, spectral intensity with surface resonance features is still
detected for the (311) surface.

In summary, the surface electronic states of a Cu(311) crystal have been probed using
photoemission spectroscopy. The L-gap Cu surface state found reproduces the step-induced
superlattice periodicity. When probed along the surface normal, the photoemission intensity
is maximum in the vicinity of bulk L-points. The periodicity and intensities observed
are rationalized in a simple model involving the step superlattice properties and bulk band
parameters.

This work was supported in part by MEC (Spain) under grants FIS2005-00747 and MAT2003-
08627-C0201. AM thanks the Program ‘Ramén y Cajal’. We thank V Joco for the use of Flan
1.0 software.

References

[1] Himpsel FJ, Ortega J E, Mankey G J and Willis R F 1998 Adv. Phys. 47 511
[2] Williams E D and Bartelt N C 1991 Science 251 393
[3] Notzel R, Niu Z, Ramsteimer M, Schonherr H P, Trampert A, Diaweritz L and Ploog K H 1998 Nature 392 56
[4] Mugarza A, Schiller F, Kuntze J, Cordén J, Ruiz-Osés M and Ortega J E 2006 J. Phys.: Condens. Matter 18 S27
[5] Desjonqueres M, Spanjaard D, Barreteau C and Raouafi F 2002 Phys. Rev. Lett. 88 056104
[6] Reinert F, Nicolay G, Schmidt S, Ehm D and Hiifner S 2001 Phys. Rev. B 63 115415
[7]1 Avouris Ph and Lyo I-W 1994 Science 264 942
[8] Biirgi L, Jeandupeux O, Hirstein A, Brune H and Kern K 1998 Phys. Rev. Lett. 81 5370
[9] Mugarza A, Mascaraque A, Pérez-Dieste V, Repain V, Rousset S, Garcia de Abajo F J and Ortega J E 2001 Phys.
Rev. Lett. 87 107601
[10] Ortega J E, Speller S, Bachmann A R, Mascaraque A, Michel E G, Narmann A, Mugarza A, Rubio A and
Himpsel F J 2000 Phys. Rev. Lett. 84 6110
Ortega J E, Mugarza A, Ndarmann A, Rubio A, Speller S, Bachmann A R, Lobo J, Michel E G and
Himpsel F J 2001 Surf. Sci. 482—485 764
[11] Baumberger F, Hengsberger M, Muntwiler M, Shi M, Krempasky J, Patthey L, Osterwalder J and Greber T 2004
Phys. Rev. Lett. 92 196805
[12] Ortega J E, Ruiz-Osés M, Cordén J, Mugarza A, Kuntze J and Schiller F 2005 New J. Phys. 7 101
[13] Williams R S, Wehner P S, Kevan S D, Davis R F and Shirley D A 1978 Phys. Rev. Lett. 41 323
[14] Shapiro A P, Miller T and Chiang T-C 1988 Phys. Rev. B 38 1779
[15] Baumberger F, Greber T and Osterwalder J 2001 Phys. Rev. B 62 15431
[16] Baumberger F, Greber T and Osterwalder J 2001 Phys. Rev. B 64 195411
[17] Didiot C, Fagot-Revurat Y, Pons S, Kierren B, Chatelain C and Malterre D 2006 at press
[18] Folsch S, Choi B Ch and Rieder K H 1996 Phys. Rev. B 54 10855
[19] Hoesch M, Greber T, Petrov V N, Muntwiler M, Hengsberger M, Auwirter W and Osterwalder J 2002 J. Electron
Spectrosc. Relat. Phenom. 124 26
[20] Lobo J, Michel E G, Bachmann A R, Speller S, Roca L, Kuntze J and Ortega J E 2003 J. Vac. Sci. Technol. A
211194
[21] OrtegaJ E, Mugarza A, Pérez-Dieste V, Repain V, Rousset S and Mascaraque A 2002 Phys. Rev. B 65 165413
[22] Henzler M 1976 Appl. Phys. A9 11


http://dx.doi.org/10.1080/000187398243519
http://dx.doi.org/10.1038/32127
http://dx.doi.org/10.1088/0953-8984/18/13/S03
http://dx.doi.org/10.1103/PhysRevLett.88.056104
http://dx.doi.org/10.1103/PhysRevB.63.115415
http://dx.doi.org/10.1103/PhysRevLett.81.5370
http://dx.doi.org/10.1103/PhysRevLett.87.107601
http://dx.doi.org/10.1103/PhysRevLett.84.6110
http://dx.doi.org/10.1016/S0039-6028(00)01065-7
http://dx.doi.org/10.1103/PhysRevLett.92.196805
http://dx.doi.org/10.1088/1367-2630/7/1/101
http://dx.doi.org/10.1103/PhysRevLett.41.323
http://dx.doi.org/10.1103/PhysRevB.38.1779
http://dx.doi.org/10.1103/PhysRevB.62.15431
http://dx.doi.org/10.1103/PhysRevB.64.195411
http://dx.doi.org/10.1103/PhysRevB.54.10855
http://dx.doi.org/10.1016/S0368-2048(02)00058-0
http://dx.doi.org/10.1116/1.1560717
http://dx.doi.org/10.1103/PhysRevB.65.165413

	References

