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Abstract

Vicinal surfaces of the (111) plane of noble metals are characterized by free-
electron-like surface states that scatter at one-dimensional step edges, making
them ideal model systems to test the electronic properties of periodic lateral
nanostructures. Here we use high-resolution, angle-resolved photoemission
to analyse the evolution of the surface state on a variety of vicinal surface
structures where both the step potential barrier and the superlattice periodicity
can vary. A transition in the electron dimensionality is found as we vary
the terrace size in single-phase step arrays. In double-phase, periodic faceted
surfaces, we observe surface states that characterize each of the phases.

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

1. Introduction

Vicinal surfaces can be ideal templates to grow self-assembled arrays of nanostructures [1-6].
Their step lattice patterns a one-dimensional mesh, inducing the growth of stripes, wires and
dots with a long-range, single-domain order. For this purpose, it is crucial to control both the
stability of well ordered step lattices and further growth of nanostructures. A careful analysis
of the role of the surface electronic structure on these processes is also necessary. Indeed,
certain vicinal structures can be stabilized by the electronic step—step interaction [7, 8], or by
minimizing the electronic energy by opening a band-gap at the Fermi level [9]. On the other
hand, surface state mediated adsorbate interactions can play an important role in the growth of
clusters [10, 11] and induce self-assembly in some cases [12].

4 Present address: Lawrence Berkeley National Laboratory, University of California, 1 Cyclotron Road, Berkeley,
CA 94720, USA.
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Vicinal surfaces can also be considered themselves as simple one-dimensional (1D)
nanostructures. In particular, noble metal surfaces vicinal to the (111) plane contain a surface
state which propagates along the surface, interacting strongly with the step lattice. The
interesting point is that superlattice parameters such as the step periodicity and the stripe
width in faceted surfaces can be tuned in order to carefully study the transition from arrays of
non-interacting nano-objects (terraces), where electron states are confined, to lateral coupling
between terraces, which leads to superlattice states. This property makes them ideal model
systems to study the electronic properties of ordered nanostructures.

In this review we report a study of surface states in Cu(l11) and Au(l11) vicinal
surfaces representing a complete set of structures. The most simple step structures are
single-phase vicinals, i.e., 1D arrays of steps with a single step-lattice constant d. Such
surfaces have been studied by a number of groups in the past. Both surface and image states
have been measured with photoemission techniques such as angle-resolved photoemission
spectroscopy (ARPES) [9, 13-27], angle-resolved two-photon photoemission spectroscopy
(AR2PPE) [28-33] or scanning tunnelling microscopy (STM) [14, 34, 35]. The most
remarkable observation is the changing dimensionality of the surface state as one varies d.
The results obtained in our study are compared to those reported by other groups. We discuss
the different physical phenomena that can explain the transition from 1D to 2D surface states
around a critical d value, such as surface and bulk state mixing, surface state depopulation,
lattice disorder and band-gap opening at the Fermi level. We pay special attention to the role
of parameters that prevent a proper determination of surface state dimensionality and critical
terrace size, such as finite size distribution and experimental resolution. This is also necessary
to draw conclusions for future studies of more complex nanostructures. Finally, double-phase
vicinals are studied, where two phases with different step lattice constants form a periodic stripe
array. These surfaces exhibit more complex electronic structures with distinct surface states that
characterize each of the phases. We also observe two different regimes, where surface states
propagate or get confined within surface phases, leading to phase-size effects.

2. Experimental details

In this study we use vicinal surfaces that have already been characterized by STM by other
groups. Vicinal Cu and Au surfaces [v-Cu(111), v-Au(111)] were analysed by the group of
S Speller at the University of Osnabriick [36] and by the group of S Rousset at the University
of Paris VI [37], respectively. The terrace width distributions (TWDs) obtained in their analyses
were used in this work.

The electronic structure was analysed by ARPES, at various sites and under different
experimental conditions. Au(223) was measured at the SU8 beam line in the synchrotron LURE
in Paris, using a VWS electron analyser with energy and angular resolution of 50 meV and 1°
respectively, and at 300 K. Au(23 23 21), Au(9 9 11), Cu(335) and Ag/Cu(335) were measured
at the PGM beam line in the Synchrotron Radiation Center of the University of Wisconsin-
Madison, using a Scienta SES200 analyser with energy and angular resolution of 30 meV and
0.4° respectively, and at 120 K. The experiments with Au(887) were performed at 7 = 150 K
at the University of Technology Dresden using a Gammadata VUV 5000 high-intensity He
discharge lamp and a Scienta SES200 analyser with energy and angular resolutions of 30 meV
and 0.3°, respectively.

All the surfaces were prepared in situ in ultra-high vacuum (UHV) by repeated cycles of
sputtering with Ar" ions at 1 kV and further annealing to 800 K. The quality of the surface
and the step lattice were checked in situ by analysing the spot profile and their splitting in
low-energy electron diffraction (LEED) patterns.
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Figure 1. (a) Schematic side view of a single vicinal surface indicating the relevant parameters.
(b) Top and side views of (111) planes showing {100} and {111} step types.

3. Single-phase vicinal surfaces

Vicinal surfaces are characterized by a small miscut angle with respect to a high symmetry
plane. If the azimuthal orientation is chosen to be another high symmetry direction, the clean
vicinal surface usually displays flat terraces of the high symmetry plane separated by straight
steps. Due to the repulsive step—step interaction [38, 39] the steps generally appear regularly
spaced with a single periodicity that can be continuously varied. Thus, we shall call them
single-phase vicinals. The high symmetry plane is the (111) and the azimuthal orientation
is the [110], which can lead to two different step types, {100} and {111}, as shown in the
schematic description of figure 1(b). The resulting Miller indices are (m,m,m + 2) and
(m+1,m+1,m—1) for {100} and {111} step type, respectively, where m +2/3 and m +1/3
are the numbers of atomic rows on each terrace. For the small miscut angles studied in this
work, the step periodicity d and the terrace size L are very similar, so d will be used to refer to
both of them throughout the text.

In table 1 we summarize the structural properties of the different surfaces studied in this
work, as well as others measured elsewhere [15, 16, 21-25, 27, 40]. Two representative STM
images are displayed in figure 2. As can be read in table 1, the normalized TWD ¢ = Ad/d is
larger for v-Cu(111) than for v-Au(111). This is mainly due to particularly stable terrace sizes
found in certain v-Au(111) due to the interaction between the surface herringbone reconstruc-
tion and the step lattice [37]. In the case of v-Cu(111) a narrower TWD has been observed for
surfaces with {100} step type compare to the ones with {111} step type, due to a weaker step—
step interaction in the latter [36]. Altogether, the terrace sizes studied range from 7 to 56 A.

The interaction between the surface electron and the step array can be treated within the
framework of a 1D Kronig—Penney (KP) model [41, 42], which consists basically of an infinite
array of 1D potential barriers. It has been shown that for any shape of the potential barrier one
can always replace it by a suitably chosen §-function V (x) = X,UpbS(x — nd) [43] (for a
square barrier, Uy corresponds to the height and b to the width of the barrier). In this case the
energy dispersion can be expressed as

2

— Bt L eos P
E(kX)_E0+2m*d2[COS (1T coskxd) — ¢] D
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(a) Au (887)

Figure 2. STM images of two single-phase vicinal (111) surfaces showing straight, regularly spaced
steps. (a) Au(887), with terrace size d = 39 A. Image size: 80 x 80 nm?. (b) Cu(335), with terrace
size d = 8 A. Image size: 30 x 30 nm?.

Table 1.  Structural parameter list for the single-phase vicinal Cu(111) and Au(111) surfaces
studied in this work (in bold), as well as others studied in the indicated references. The terrace size
and miscut angle correspond to their nominal values. m stands for the number of atom rows per
terrace. The normalized terrace width distribution & has been obtained from STM image analysis.

Vicinal index Step-type  m dA) « (deg) o
Cu(10 10 11) [27] {100} 20 459 2.6 0.25
Cu(778) [40] {100} 14 326 3.7 —
Cu(556) [15, 16, 25] {100} 10 23.7 5.1 —
Cu(779) [16] {100} 7 169 7.0 —
Cu(557) [15, 16, 25] {100} 5 126 9.4 0.185
Cu(223) [23, 24] {100} 4 103 11.4 —
Cu(335) [27] {100} 3 8.1 14.3 —
Cu(443) [16] {111} 7 163 7.3 —
Cu(332) [16] {111} 5 118 10.0 0.26
Au(223) [21,25] {100} 4 116 11.4 0.15
Au(23 23 21) [22,25,27] {111} 22 564 2.4 0.11
Au(887) [17, 21,25, 27] {111} 15 390 34 0.10

where Ej is the energy at the band bottom when d — o0, i.e., for a flat surface. |7'| and ¢
denote the modulus and the phase of the complex transmission coefficient. Both are energy
dependent and can be expressed as

TP — @)
1+ (qo/q)?
and
¢ = — tan"'(go/q) 3)

where ¢y = (m*/h*) - Upb and q = \/(Zm*/hz)(E — Ey). The effect of the potential barrier
on the dispersion of the band can be visualized in figure 3(a). For a finite Uyb the free-electron-
like parabola (solid line) splits into superlattice bands (dotted lines) separated by gaps and
folded by superlattice wavevector 27 /d (vertical dotted lines). In addition, the band bottom
is shifted in energy with respect to the free parabola. As we increase the potential barrier the
band bottom shifts to higher energy and the bands become narrower, separated by a larger gap.
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Figure 3. (a) Kronig—Penney bands for different potential barriers: Upb = 0 (solid line), Upb
finite (dotted lines) and Uyb infinite (dashed lines). (b) Energy shift (solid line) and transmission
probability (dashed line) at the band bottom as a function of potential barrier for d = 39 A. (c)
Energy shift (solid line) and transmission probability (dashed line) at the band bottom as a function
of superlattice periodicity d, for Uph = 2 eV A.

For the limiting case of infinite barriers the superlattice bands transform into non-dispersing
quantum well (QW) levels, with their intensity distribution along k, centred at the crossing
points with the free-electron parabola except for the N = 1 level, which is centred at k, = 0
(dashed line). In figure 3(b) the energy shift AEy, = Epp — Eqt’~" and the transmission
probability | Typ| of the band bottom are represented for d = 39 A as a function of the potential
barrier. Both A Ey, and |Ty| vary rapidly with Uyb within the first few eV A, asymptotically
reaching AEy, = Ej, the energy of the first QW level, and |Ti,| = 0 as Uph —> oo. It is
interesting to note that even for a fixed barrier, increasing the superlattice periodicity results in a
downwards energy shift of the whole band, and thus a decrease of |T;|, as shown in figure 3(c)
for Upb = 2 eV A. Therefore, both the potential barrier and the superlattice periodicity have to
be taken into account in order to study the electron coupling through the steps.

The results obtained with the set of single-phase vicinal surfaces can be summarized with
the three representative cases shown in figure 4. The peaks at each energy distribution curve
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Figure 4. Photoemission spectra for (a) Au(223),d = 12 A, (b) Au(887), d = 39 A, and (c) Au(23
23 21), d = 56 A. Photoemission intensity plots are shown below. For Au(887) and Au(23 23 21)
the second derivative in energy is used to enhance peak features.

(EDC) shown on top represent the energy of the surface state relative to the Fermi level for
different momentum perpendicular to the steps, i.e., the dispersion of the surface state in this
direction. A clear evolution in the dispersion is observed as we vary the terrace size. For small
terraces (d = 12 A) we observe two dispersing bands, shifted in energy with respect to the flat
surface parabola, and separated by 27 /d, all of them signatures of a 2D superlattice character.
The largest terraces (d = 56 A) show a completely different behaviour. The superlattice
bands are replaced by non-dispersing energy levels typical of 1D QW states, which can be best
seen in the second derivative image plot shown below®. The energy levels and their intensity
distribution follow the infinite QW behaviour described in the KP model. The broadening of the
energy levels can be explained by taking into account the TWD found by STM, as will be shown
later. Even if we consider that this broadening contains minibands related to a finite coupling,
the minimum value that can be obtained is Uph = 10 eV A, which results in [Tip]? = 0.026.
Thus, we can conclude that these states are uncoupled QW states. In the intermediate regime

5 The second derivative plots are used to enhance the peak features in the spectra.
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(d = 39 A), the spectra shows several narrow superlattice bands separated by energy gaps,
suggesting a weak but finite transmission through the steps. A similar behaviour has been
observed for all other surfaces listed in table 1, their dimensionality depending only on the
superlattice periodicity.

The potential barrier Uyb can be generally obtained by fitting the experimental bands to the
energy dispersion E (k,) of equation (1). It is also possible to make a straightforward estimation
of Uyb from the (experimental) value of A Eyp, and assuming E{,{fb:o from the flat surface [14].
Such a determination of AEy, cannot be done for v-Au(111) surfaces, where terraces
reconstruct with different (miscut-dependent) patterns [37], an hence there exists a large
uncertainty in the reference energy Eﬁ;’bzo. In any case, the transmission at the band bottom
| Ty is calculated using Upb and the energy shift A Ey,. Figure 5 shows the results obtained
from the fitting as a function of the superlattice periodicity. For small terraces, Uyb appears to
be quite independent on the terrace size, lying between 1 and 2 eV A. Uyb starts to increase for
d > 30 A, exponentially reaching infinity at d = 56 A. In contrast to the sharp evolution of
the barrier, the transmission follows a continuous decrease for increasing d. This is due to the
double dependency of Ty, on Upb and A Ey, mentioned before (see equation (2)). As an effect,
even if the potential barriers for d = 12 A and 39 A are similar, the degree of confinement at
the surface band bottom is considerably higher for electrons in the larger terraces.

The regime of small d (d < 30 A) has been studied by several groups for surface
states [13, 14, 19, 29] and even for image states [28, 29, 32], finding in all cases similar
values of Upb between 1 and 2 eV A. The results obtained for surface states are included
in figure 5 (white dots). For the intermediate regime (30 A < d < 40 A) only two values
have reported for Uyb, both being higher than the ones reported here. Shiraki er al obtained a
barrier Upb = 20 eV A for Au(887) (d = 39 A) [44], similar to the value found previously
by some authors of the present article [17, 25], and higher than the 2.2 eV A reported here.
The discrepancies have been attributed to a lower angular and energy resolution in the former
case, which prevents a more careful analysis of the slightly dispersing bands [27]. Notice
that Upb is very sensitive to small differences in AEyy,, as can be seen in figure 3(b), and
hence the latter is not a meaningful number in v-Au(111), where E{,{J‘)bzo is unknown. For this
reason, Upb for Au(788) has been determined only from the energy gap between the lowest
two minibands, which is not sharply defined, and therefore subject to more uncertainties. On
the other hand, another group has reported QW states confined by infinite barriers for Cu(665)
(d = 25 A) [26]. The strong confinement observed is attributed to localization induced by
disorder of the step superlattice. In fact, the broad TWD found in this surface (¢ = 0.36)
turns the QW spectra into a parabolic feature. In this case a lower electronic coupling through
steps induced by lattice disorder could lead to a transition to 1D QW states at smaller d than
the one observed in the present work. However, the data in [26] fit only with a 1D QW
using a reference energy Etl,]g’bzo = —0.50 eV, which is remarkably lower than the —0.39 eV
measured for the surface band bottom in Cu(111). The authors attributed such difference to
a finite transmission of electrons through the steps. Instead, by using their reported band
bottom position E(0) = —0.35 eV, and Eé{;’bzo = —0.39 eV we obtain Uph = 1.67 eV A
and Ty, = 0.35, which follows the general trend shown in figure 5. In any case, there is a
considerable scattering in the whole set of Upb data in this intermediate regime, suggesting a
rather complex 1D-2D transition, where both 1D and 2D states could be coexisting. Indeed, a
recent scanning tunnelling spectroscopy (STS) study on v-Cu(111) revealed a mixed 1D and 2D
local density of states in this regime [35]. Finally, it is interesting to note that STS experiments
on single, isolated terraces [45, 46] demonstrate 1D QW confinement with significant inelastic
coupling to bulk states at the steps, but no transmission. As we prove in this work, such terrace
confinement can also be observed in step arrays, but with sufficiently large lattice constant.
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Figure 5. (a) Potential barrier Upb and (b) transmission probability |7;p| at the band bottom as
a function of superlattice periodicity obtained from the fitting of the photoemission spectra with
equation (1) (black dots). Values obtained by other groups for d < 30 A are included (white dots).
The shadowed area corresponds to the closing of the bulk band gap, and the vertical dotted lines
indicate the critical terrace sizes for QW state depopulation in v-Cu(111) and v-Au(111) (see text).

The previous discussion points out the problems of energy resolution and size distribution
in averaging techniques such as ARPES in order to achieve a detailed description of quantum
size effects in nanostructure arrays. In the case of QW levels, the fact that the intensity
distribution tracks the free-electron parabola makes the size distribution problem even more
critical. Figure 6 shows a simulation of the photoemission spectra for a surface with d = 56 A
and different TWDs assuming that only QW states are present at the surface. The simulation is
similar to that of [26]. Image plots for both EDCs along k, and Fermi surfaces (k,, k, plane)
are displayed, together with the experimental data. A constant background has been added to
account for the inelastic electron contribution, and the EDC curves have been later multiplied
by the Fermi Dirac function. A linewidth I' = 0.125 eV, obtained experimentally for the N = 1
peak, has been used to include lifetime and thermal contributions. The experimental data have
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Figure 6. Simulated photoemission spectra and Fermi surfaces from QW states with d = 56 A
including a finite TWD. A constant background has been added to account for the inelastic electron
contribution, and the EDC curves have been later multiplied by the Fermi Dirac function. A
linewidth of 125 meV includes lifetime and resolution. (a) & = 0.04 (Ad = 2 A) (b) & = 0.11
(Ad =6 A) (c) 5 = 0.14 (Ad = 8 A). (d) Experimental data for Au(23 23 21), with d = 56 A.

been shifted along k, by 27t /d, in order to bring them inside the first superlattice Brillouin zone.
For & = 0.04 (Ad = 2 A), the QW levels are easily distinguishable. In the Fermi surface, they
form lines along k, modulated in intensity. For & = 0.11 (Ad = 6 A), the STM experimentally
measured value, the QW levels get broader, and for ¢ = 0.14 (Ad = 8 A) the spectra look
more a dispersing parabola rather than a set of non-dispersing levels. In the Fermi surface
(FS), the lines have been transformed into a single 2D ring. Our experimental data seem to
lie between the last two examples, suggesting a slightly larger TWD than the one measured by
STM. The broadening of the energy levels originated from the TWD can account for the broad
features observed in the spectra of figure 4(c) for d = 56 A. This analysis demonstrates how
critical a sharp TWD can be to appropriately study electronic states in more complex lateral
nanostructures by averaging, spectroscopic techniques.

Wavefunction properties of surface electrons can be further analysed with photon energy-
dependent photoemission. In 1D QW states, the photoemission intensity has been shown to be
proportional to the probability density in reciprocal space, such that phase-recovery techniques
can be applied to obtain the real space wavefunction [25]. In all 1D and 2D states one can
determine the symmetry of the wavefunction in the k.—k, plane by varying the photon energy
and hence sampling the broad momentum distribution (see the rod in figure 9) in the direction
perpendicular to the surface [25]. Such analysis is shown in figures 7 and 8. The evolution
of the spectra with varying photon energy can be best followed by plotting the 2D ES in the
surface plane (ky, ky). Figure 7 displays the FS for representative cases in the two regimes,
Cu(335) with d = 9 A and Au(23 23 21) with d = 56 A. In both cases we observe a pair of
rings separated by 27 /d umklapp vectors, and modulated in intensity as we vary the photon
energy. For the 2D superlattice state, the FS has a ring shape, with slight k,—k,, distortion due to
the different effective mass of the electron perpendicular and parallel to the steps. As explained
before, the ring-like shape of the FS for Au(23 23 21) is an effect of the finite TWD, which
makes the set of 1D QW straight lines merge into a circle.



S36 A Mugarza et al

(a) Cu(335)
22eV 27 eV 34 eV 42 eV 60 eV

1.2

0.8 1

K (A

0.6 4

0.4

0.2

0.0 +

T

T T T T

T T T T T T T T T T T T
-0.2 0.0 02 -0.2 0.0 02 -0.2 0.0 02 .02 0.0 0.2 -0.2 0.0 0.2

Ky (A™)

(b) Au(23 23 21)

23eV 29eV
ST N

__/ L VR -
OO O

44eV 50eV 60eV

0.4
!

k, (A"
0.2

0.0

ad 1 1 If=1 1 1 IES] 1 1 IES] 1 1 B3] 1 1 1 1] 1 1

=] 1 |
".02-0.1 00 0.1 02-02-0.1 0.0 0.1 02-02-0.1 0.0 0.1 0.2-02-0.1 0.0 0.1 0.2-02-0.1 0.0 0.1 0.2:02-0.1 0.0 0.1 02
k(A"

Figure 7. Fermi surfaces of (a) Cu(335), d = 9 A and (b) Au(23 23 21), d = 56 A for different
photon energies.

Since the surface state in Au(23 23 21) is confined within terraces, the umklapp bands
observed in figure 7(b) can only be explained by photoemission final state effects, i.e., it
would be originated by step lattice diffraction of the outcoming photoelectron beam, similar
to LEED. For 2D superlattice bands, both initial (surface) state superlattice folding and final
state diffraction effects might contribute. Since there is no shift in the k, direction, we can
analyse the data by drawing the centre of these rings in the (k,, k,) plot shown in figure 8.
k. is obtained from the photoelectron kinetic energy, assuming free-electron-like final states
with inner potentials Vo = 13.5 and V; = 15.2 eV for Cu and Au, respectively [25]. The
data for Cu(335) line up perpendicular to the average surface, defined macroscopically by the
vicinal surface. The rod formed by the data represents the broad spectrum in the direction of
the decay into the bulk, indicating that the 2D superlattice state propagates along the average
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Figure 8. (k,, k) plots for the centre of the Fermi surfaces of (a) Cu(335),d = 9 A and (b) Au(23
23 21), d = 56 A for different photon energies. A schematic description of the wavefunctions
derived from this analysis is shown below.

surface. Instead, the data for Au(23 23 21) show a decay into the bulk perpendicular to the (111)
terraces, indicating that in this case the symmetry plane is rather defined by the (111) plane, as
expected for QWs confined within the terrace. A schematic description of the wavefunction in
each case is shown in figure 8.

In summary, the behaviour of the potential barrier as a function of the step superlattice
periodicity distinguishes two completely different regimes: for small terraces the 2D
superlattice state interacts with a rather weak potential barrier and propagates along the average
surface, while for large terraces decoupled 1D QW states are found confined within the terraces.
The two regimes are connected by a continuous, smooth transition. The origin of this transition
has been extensively discussed in previous works [16, 25-27, 34]. As mentioned before, QW
states were found by Baumberger ef al on a v-Cu(111) with a lattice parameter d = 25 A.
The d-dependent transition from 2D states to 1D states was attributed to localization induced
by step lattice disorder, which inhibits coherent coupling of electrons through adjacent steps.
They related the higher disorder at 25 A to the proximity of this vicinal surface to more stable
terrace sizes around d = Ap/2 = 15 A, where the total electron energy is lowered by opening
a gap at the Fermi level [26]. Morgenstern et al observed a depopulation of the QW states at
d = Ap/2 by STS, where Ar is the Fermi wavelength [34]°. At this terrace size the lowest QW

6 Band-gap opening at the Fermi level and QW state depopulation are not related phenomena, even if the critical
terrace sizes appear to be the same.
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Figure 9. Schematic projection of bulk bands at the energy of the band bottom of the surface state
for vicinal surfaces with increasing miscut angles o. The " gap of the flat surface in (a) shrinks in
(b) and has already vanished in (c). The reducing size of the gap give rise to a progressive surface—
bulk band overlap along the I" L line, where surface states of the band bottom are located. The light
grey, cigar-shaped rods represent the broad momentum distribution due to surface confinement.

level crosses the Fermi energy. For d < Ar/2 one-dimensional QW states were replaced by 2D
superlattice states, therefore the QW state depopulation was related to such a transition. These
effects might contribute to the transition, but they cannot explain the decrease in the potential
barrier observed for decreasing d. By contrast, the progressive mixing of surface and bulk states
occurring in vicinal surfaces with increasing miscut (decreasing d) can qualitatively explain the
reduction in the step potential [16, 27, 25]. Indeed, a significant mixing with bulk states around
step edges has recently been found for surface states at vicinal surfaces [47]. This mixing
would result in a larger penetration of the surface state and therefore a weaker interaction with
the step potential, leading to a smaller effective potential Uyb. A similar behaviour was found
for image states at v-Cu(111) and v-Cu(100) surfaces, which display an increasing sensitivity
to the step potential barrier as they get physically closer to the surface [31, 29]. With the aim of
estimating the different penetration length of the surface state wavefunction inside the bulk for
1D and 2D states in v-Cu(111), a comparative photon energy-dependent intensity analysis has
been made for Cu(111) and v-Cu(111) [26, 23]. Such intensity peaks around hv = 67 eV,
where one probes the L point of the bulk band structure. Ideally, the width of this cross
section peak is inversely proportional to the penetration length, but no significant differences
have been found between flat and vicinal surfaces. This can be explained by the fact that the
67 eV resonance is dominated by final-state wave vector broadening contributions, and also
shaped by final state band structure effects, thereby limiting the accuracy of such a comparative
analysis [21, 48].

The progressive surface-bulk mixing as the superlattice periodicity decreases is
qualitatively explained using the bulk projection diagram shown in figure 9. The bone-shape
features (thick lines) represent (k., k) cuts of constant energy for the bulk bands at the energy
of the band bottom of the surface state, similar to the bulk Fermi surface at the Fermi level. Bulk
states project on the surface plane, which is represented by the nearly horizontal line that rotates
with the miscut angle. Along this plane, regions of the surface Brillouin zone (SBZ) where the
bulk bands are projected from both sides of the constant energy contour are shadowed in black,
whereas regions that are projected only from one side are shadowed in light grey. The gap left
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Table 2. Values for the critical lengths for QW state depopulation (Ag/2), complete closing of the
gap for the band bottom (dcr Ly, and closing of the gap for the band bottom at the L point (dCL).

rp/2 At @A) db(A)

Cu 15 17 33
Au 18 18 35
Ag 37 21 42

around T is represented by a thick line. The L point projection marks the edge of the SBZ at
+m/d. As mentioned before, the 2D character of the surface states results in a broad spectrum
along 'L with the intensity centred at L, represented by cigar-shaped rods. The key point
is the overlap between the surface state Fourier components along the I' L line and projected
bulk states at the same energy. On the flat surface of figure 9(a) the bulk projection leaves a
gap at T, where the entire surface state Fourier spectrum is found. By changing the miscut
angle, the surface plane rotates and hence the band projection along the SBZ. For small miscut
angles, the projected bands do still not overlap with the surface state Fourier spectrum, and
hence the surface state, highly localized on the surface, will interact with a large effective step
barrier, similar to that of isolated steps in the flat surface. This is the case for Au(23 23 21),
as shown in figure 9(b). For larger miscut angles, as the projected band gap shrinks, there is
an increasing overlap of projected bulk states with surface state Fourier components from L to
I'. At a certain miscut, the gap vanishes and the overlap is complete; hence the surface state
becomes a resonance, as shown in figure 9(c) for Au(223). Since the spectral distribution of
the surface state is centred around the L point, the surface—bulk overlap at this point will be
the most important in order to determine the critical terrace size for the transition. The critical
terrace sizes d* for surface-bulk mixing at the L point are given in table 2 for the band bottom.
Interestingly, these values are close for the three noble metals, indicating a similar transition
regime. The 1D to 2D transition observed agrees well with dCL, as can be seen in table 2 and
in figure 5(a), where the shadowed region indicates the surface—bulk mixing regime. Note that
d. shifts to larger values for energies above the band bottom, explaining why we already see
a decrease in the barrier for d = 45 and 39 A. The d-dependent, progressive surface-bulk
mixing, and the corresponding change in the transmission coefficient, suggests a smooth 1D-
2D transition.

The reason why the QW state depopulation has only been observed in Ag(111) can also
be explained with the surface—bulk mixing model. The values for Ar/2 for the three noble
metals are included in table 2. For Cu(111) and Au(111), Agr/2 lies below dCL, but for Ag(111),
Ap/2 is very close to d. This means that in Ag, the depopulation of QW states occurs just
when the mixing with bulk states starts to be important, and therefore can still be observed. On
the other hand, in Cu and Au the transition to 2D occurs before reaching the critical terrace
size for surface state depopulation, and hence the QW state is effectively suppressed before
depopulation occurs.

So far we have seen how the effective potential barrier at steps can be modified by varying
the miscut angle of a vicinal surface. But the barrier can also be modified by changing the
chemical nature of the steps, for example, by step decoration with different elements. The step
decoration might lead to both increase or reduction of the step barrier [40, 32, 44], or can even
induce a sign inversion [20], where repulsive barriers become attractive. Thus, tailoring the
step barrier by step decoration appears a simple way to tune the electronic structure in the step
array, i.e., a handy way of creating nanostructures with different electronic properties without
changing the building-block nano-object.
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(@) Au (99 11) (b) Au (334)

Figure 10. STM images of two faceted vicinal surfaces. (a) Au(99 11), size: 50 x 50 nm? (courtesy
of V Repain). (b) Au(334), size: 200 x 200 nm?2. The schematic surfaces above indicate the relevant
parameters.

4. Periodically faceted Au(111) surfaces

The Au(111) surface presents a 22 x /3 superstructure induced by a herringbone-like
reconstruction that alternate fcc and hcp areas. On vicinal surfaces the steps influence the
reconstruction by changing its periodicity and direction [37]. Moreover, this reconstruction
appears to be the reason for the high stability of the step array in single-phase Au(111) vicinals,
which indeed display much sharper step lattices than Cu(111) vicinals. For miscut angles
beyond ~4° and below ~10°, the fcc/hep reconstruction triggers periodic faceting with two
stable phases, i.e., two different terrace sizes [37]. Figure 10 show STM images of two faceted
v-Au(111) surfaces together with their schematic side view description, indicating the relevant
parameters. The values for the step and the stripe periodicities are listed in table 3. Interestingly,
the terrace size in each of the phases is the same for the two vicinals. Both exhibit a single large
terrace of ds ~ 41 A (phase A) and step bunches with relatively small terraces dg = 14 A in
between (phase B). The only difference between Au(9 9 11) and Au(433) is the number of
dp = 14 A wide terraces, i.e., the stripe width of phase B. Au(9 9 11) has two terraces in
phase B, whereas Au(334) has five. Consequently, the total periodicity D = wa + wg and the
relative weight of the phases will also be different for each surface. On the other hand note that
dy ~ 41 Aanddy = 14 A represent characteristic terrace size values for both the 1D QW
state regime and the 2D superlattice regime, which are then expected to interact in the faceted
surfaces of figure 10.

Figure 11(a) shows the characteristic EDC photoemission spectra for Au(9 9 11), measured
with Av = 17 eV. We may distinguish two different kinds of feature: a sharp non-dispersing
peak at —0.41 eV and two broader bands dispersing across the Fermi energy, with a clear en-
ergy gap between both. As deduced from the photon-energy-dependent photoemission intensity
analysis of figures 11(b) and 12, such distinct features are connected to the local modulation of
the surface wavefunction on each of the phases. The analysis is compatible with the wavefunc-
tion model sketched in figure 13, which assumes two different states, one for each phase.

In figure 11(b) we show the photoemission intensity plots taken at different photon
energies, where we distinguish both the very intense non-dispersing peak of figure 11(a), as
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Figure 11. (a) Photoemission spectra for Au(9 9 11) at 17 eV, where a non-dispersing level is
followed with a horizontal solid line. (b) Image plots of the photoemission intensity at different
photon energies. The different dispersing branches have been grouped with distinct umklapp
parabolas (dotted lines). The lateral shift of the non-dispersing level is followed with a solid line.
The vertical lines are guide lines that mark the intensity maxima in the dispersing features.

Table 3. Structural parameter list for the faceted vicinal surfaces Au(9 9 11) and Au(334). The
values are obtained from an STM image analysis [37]. da corresponds to the terrace width for the
large terrace phase (phase A), and dp for the small terrace phase (phase B). The number of terraces
in each stripe is indicated in parentheses. D is the total periodicity of the faceted structure, and o
the miscut angle.

Vicinal index ~ Step-type  da (A) (no. terraces)  dp (A) (no. terraces) D (A) o (deg)

Au(9911) {100} 42.0 (x1) 14 (x2) 70 5.6
Au(334) {100} 40.0 (x1) 14 (x5) 110 8.1

well as the dispersing features, the latter exhibiting umklapp with 27t /D superlattice vectors.
Leftward and rightward dispersing branches in figure 11(b) have been grouped with a set of
umklapped, free-electron-like parabolic envelopes, shown with dotted lines. These parabolas
can be viewed as 2mr/D diffraction cones that contain the most intense (closest to the cone)
superlattice minibands, in the same way as the diffraction cone in figure 3(a) (thick parabola)
marks the step lattice minibands which are observed in single-phase vicinals (plotted with
thicker dotted lines in figure 3(a)). The intensity distribution reflects a complex Fourier
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Figure 12. (a) (k;, k.) plot for the band bottom of the dispersing features (filled dots) and
for the centre of the non-dispersing line (open dots) observed in figure 11(a). The data for the
dispersing features, separated by the superlattice wave vector 27t/ D, line up perpendicular to the
average surface. The data for the non-dispersing feature follow a —47/D umklapp line of the
(111) direction. (b) Photoemission intensity of the 1D QW level as a function of the momentum
perpendicular to the steps in phase A. The data are fitted with the Fourier transform of the QW state
of an infinite well of size d = 42 A [22].

Figure 13. Surface state wavefunction description for Au(9 9 11). Two non-overlapping states
characterize each of the phases, namely a quasi-1D state in large terraces, and a 2D extended state
highly localized in step bunches.

composition of the surface state wavefunction, which is rationalized in the (k,, k) plot of
figure 12(a). In this figure, filled dots correspond to the bottom of the parabolic envelopes
for different photon energies. In the same way as the 2D states in figure 8, the different sets
of points, separated by 2w /D vectors, line up in the direction perpendicular to the surface,
proving that the dispersing band in figure 11(a) belongs to a surface state that propagates across
the average (9 9 11) surface plane.

As a function of photon energy, one can observe in figure 11(b) an abrupt shift in the
intensity maximum for the dispersing features, from a leftward branch at ~—0.05 A toa

rightward branch at ~0.4 A (indicated by vertical thick lines). Such a jump corresponds
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to 2rr/dg = 14 A, i.e., the size of the small terraces of figure 10. Such behaviour can be
explained by considering that the wavefunction is highly localized in phase B stripes and
modulated by the local step lattice. The situation is analogous to the 2D confinement of
surface states in the direction perpendicular to the surface [49], or quantum well states in a
thin film [50]. The wavefunction is modulated by the atomic planes in the substrate, giving
rise to a spectral distribution along &, which, in the case of surface states periodically peaks
at k, = (2n + 1)z/d;, where d, is the spacing between the atomic planes. This momentum
distribution gives rise to the intensity modulation sampled by the photon-energy-dependent
analysis of figures 7 and 8. In the same way, a wavefunction laterally localized in stripes of
phase B and modulated by the step lattice with period dp gives rise to a momentum distribution
parallel to this step lattice peaking at (2n + 1)7/dg. In fact, if we plot in figure 12(a) the
momentum direction for the 7 /dg and 37 /dg parallel to the surface in phase B, we see that
the intensity maxima observed in figure 11(b) follow these lines. Thus, we conclude that the
dispersing features of figure 11 belong to 2D surface electrons with higher probability density
located in phase B, as sketched in figure 13. A similar analysis can be done for the non-
dispersing feature by plotting the centre of its intensity distribution along k., shown with open
dots in figure 12(a). In the analysis we omit the points for 31 and 36 eV photon energy, where
final state umklapping broadens the intensity distribution. Similar to the k,—k, plot of the 1D
QW in Au(23 23 21) shown in figure 8(b), data points for the non-dispersing peak in Au(9 9 11)
follow a —47r/ D umklapp line parallel to the [111] direction, reflecting the terrace confinement
and 1D QW-like character of this peak.

In figure 12(b) we analyse the photoemission intensity distribution of the non-dispersing
peak as a function of k, 11, the momentum perpendicular to the steps in the reference plane of
phase A, with hv = 60 eV. The k, scale has been shifted by 27 /D. At hv = 60 eV we find
a single umklapp parabolic envelope [25], such that the intensity plot shown in figure 12(b)
directly probes the lateral extension of the surface wavefunction for the 1D QW state [22]. In
fact, the photoemission intensity is proportional to the probability density of the wavefunction
in reciprocal space, which can be expressed as

1 — (=D cos(ky 111 - d)
Ny212 X
[kea11)? — (BY)?]

where d is the width of the QW and N the quantum number of the wavefunction. The solid
line in 12(b) represents the spectral intensity expected for the lowest N = 1 level in the infinite
QW of size d = 42 A, the size of the large terrace in Au(9 9 11). Thus, we conclude that the
probability density in the lowest, non-dispersing electronic state of figure 11 is mostly located
within the large terraces, as shown in the wavefunction model of figure 13. The higher lateral
localization found in these terraces in comparison to the 39 A wide terraces of Au(887) could
be due to the fact that in the faceted surface the large terraces are separated by stripes of phase
B, inhibiting a coherent coupling through terraces.

N? 4

Iow, (ke 111) o

5. Striped Ag/Cu heterostructures

Self-assembled heterogeneous striped structures can be created by depositing Ag on selected v-
Cu(111) [51-53]. The driving force for faceting in this case is the stress relief caused by lattice
matching of the Ag layer with a particular substrate orientation. By choosing a vicinal surface
with high step density we facilitate the formation of facets with better lattice matching in the
direction perpendicular to the steps. In particular, the Ag layer likes the (112) orientation,
which is vicinal to the [111] direction with a very high step density. If the original vicinal
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Figure 14. Schematic side view evolution of the striped pattern induced by Ag on Cu(335) with Ag
coverage (®).

substrate has a lower step density than the (112)-plane, Ag-induced faceting results in a one-
dimensional striped structure with (112)-oriented, Ag-covered facets and clean Cu stripes with
a reduced step density with respect to the substrate plane. Thus, increasing the Ag coverage
results in a continuous increase of the terrace size in the bare Cu phase. Here, like in faceted
vicinal Au(111), the elastic interaction between the phases induces periodic striped patterns of
Ag-covered and clean Cu domains.

The evolution of the striped pattern as a function of Ag coverage is schematically
represented in figure 14. STM images for three different thicknesses (®) are shown in figure 15.
The images are shown in the derivative mode in order to enhance the difference between the
phases. Dark areas represent Ag covered stripes whereas brighter areas are bare Cu stripes.
The insets show a closer view of both phases: the Ag stripes forming a Moiré pattern, and
the Cu stripes with monatomic steps. Close-packed Ag layers grow on (112) facets up to
©® = 0.64 ML, the point where Cu stripes become a single 36 A wide Cu terrace. Below the
critical coverage ® = 0.64 ML, the widths of Cu and Ag stripes can be varied smoothly in
the 30300 A range by simply tuning the Ag coverage. The decrease in the Cu stripe size is
accompanied by a continuous increase of the terrace size inside the stripe from 10 to 36 A. The
TWD measured at the Cu stripes is close to the ones measured at the corresponding single-
phase vicinals. Beyond ® = 0.64 ML, the Ag covered facets change gradually from (112)
to (335), although the Cu stripe width remains constant at 36 A. As the coverage increases,
contiguous stripes begin to coalesce, such that the total area of the 36 A wide Cu terraces
shrinks and eventually reduces to zero at 1 ML [54]. A mixture of (112) and (335) facets in
this transition regime can be seen in the inset of figure 14(c), where ® = 0.85 ML. A similar
stripe evolution has been observed for Ag deposited on Cu(223) [51, 53]. As can be noted,
the striped surface is an interesting 1D analogue to the 2D superlattice heterostructure, where
surface stripes would be viewed as ‘1D thin films’ forming an infinite superlattice.



Modelling nanostructures with vicinal surfaces S45

Figure 15. STM images (100 x 100 nm?) obtained at different Ag coverage (©) showing different
striped structures. The insets show a detailed view of the corresponding Moiré pattern in each
structure: (112) facets in (a) ® = 0.34 ML and (b) ® = 0.50 ML, and a mixture of (112) and (335)
facets in (¢) ® = 0.85 ML.

In figure 16 we show the photoemission spectra and Fermi surfaces for Ag-induced stripes
on Cu(335) as a function of coverage, measured at hv = 22 eV. The surface states split into
distinct Ag-like states (dashed lines), and Cu-like states (solid lines). The former is located
above Ef for (112)-covered facets and ® < 0.64 ML and cannot be observed. The Cu state
feature exhibits a clear transition from a 2D-like dispersing band to a 1D-like non-dispersing
peak as we increase the Ag coverage, i.e., as we decrease the terrace size d inside the Cu
nanostripe. Furthermore, for small d, umklapp superlattice bands with 277 /d wavevectors can
be observed for 2D states at higher photon energies [48]. Figure 16(b) shows the evolution
of the Fermi surface as a function of coverage with more detail. The 2D-like ring observed
for clean Cu(335) increases its diameter as we increase d, a signature of the downwards
energy shift in the surface band. In addition, as the coverage increases, the ring-like shape
continuously stretches along k., becoming a single straight line along k, for ® = 0.6 and
0.8 ML, characteristic of a single 1D QW level. At this coverage, we can observe a very
intense ring-like structure around k, = 0.3 A™". This remains as the unique feature in the
fully covered surface and, hence it can be associated to surface states in (335)-oriented Ag
covered stripes. Although the dispersing Ag state is marked in the EDC curves of figure 16(a)
for 0.8 ML, the band minimum cannot be accurately determined, since the peak is considerably
cut-off by the Fermi edge. On the other hand, the absence of any remarkable Ag state intensity
for (112)-oriented stripes at low coverage is expected from the higher density of steps of
the (112) plane, which shifts the surface band by about 100 meV with respect to the (335)
plane [40].

In any case, the interesting feature, undergoing a change in dimensionality, is the one
derived from Cu stripes with varying d. The finite size of the stripe is reflected in the small
shift of the surface state with respect to infinite vicinals with the same d, as shown in figure 17.
Here we represent the energy shift of the band bottom (or the N = 1 QW position) as a function
of terrace width. The total width of the Cu stripe wc, in each case has been included in the x
scale. For comparison, we have included the energy shifts obtained in single-phase vicinals
with varying d (solid line). As it can be observed, the data points follow the trend of the single-
phase surfaces for small terraces, but large wc,. As we increase d, the stripe width is decreased
and the data points start to deviate from their respective single-phase surfaces. On the other
hand, we see that the data in this range follow nicely the energy shift produced by an infinite
QW of size wcy, (dashed line). In fact, in this range the Cu stripes do not contain steps anymore,
so no contribution from the step lattice is expected. The schematic surface wavefunction arising
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Figure 16. (a) Photoemission spectra from Ag-induced stripes in Cu(335) for ® = 0.25 and
0.8 ML. The feature related to bare Cu stripes is indicated by a solid line, whereas dashed lines
follow the feature related to Ag covered stripes. (b) Fermi surfaces for the same system for
increasing Ag coverage.

from this analysis is depicted in figure 17 (right). Monatomic steps within the Cu stripe form
an array of weak potential barriers of 1-2 eV A, surrounded by infinite potential barriers at the
stripe boundaries. For Ag-induced stripes on Cu(223) a smooth 2D—1D transition is observed
at d = 30 A, where Cu stripes become single terraces [48]. Notice from figure 17 that the Cu
stripe width wc, for a terrace size of the order of the critical size dCL is very small, an hence the
transition observed for the step barrier with single-phase vicinals is obscured by the influence
of the new (infinite) potential barrier at stripe boundaries, which actually drives the 2D-1D
transition in Cu nanostripes.

The finite size of the stripe also reflects in momentum space as a broadening effect,
as expected from Heisenberg’s principle [55]. This can be observed in the FS shown in
figure 16(b). In the direction perpendicular to the steps (k,) the ring becomes broader as
we decrease the size of the Cu stripe by increasing the coverage. The increased broadening
is a signature of a smaller spatial distribution of the wavefunction, i.e., a smaller size of the
confining well. On the other hand, in the direction parallel to the steps (k) the evolving feature
becomes sharper for increasing coverage. The latter is a consequence of an enhanced lifetime
due to the decreasing step density in each stripe, i.e., a narrower peak in the EDC due to a
smaller lifetime broadening leads to a narrower line in the FS. Since both lifetime and TWD
broadening effects will contribute in a similar way in the FS along both k. and k, [55], the
asymmetry Ak,, = Ak, — Ak, will be directly related to quantum size effects along k.. In
figure 18 we plot Aky, as a function of Ag coverage and the corresponding stripe width wc,.
The broadening Ak, (Ak,) is measured at k, = 0 (k, = 0), as indicated by the dashed lines
in figure 16(b). Note that, for ® > 0.64 ML, wc, = 36 A is constant. As mentioned in
the previous section, the broadening along k, due to an infinite quantum well of width wc,
is proportional to the probability density of the wavefunction in reciprocal space, and follows
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Figure 17. Energy shift of the surface states as a function of terrace size and Cu stripe width
wcy. The energy shift for single-phase vicinals are plotted with dots and lines. The dashed line
corresponds to the energy shift for total confinement in the infinite quantum well of size wcy,. The
schematic drawing on the right represents the array of potential barriers on the Cu stripe and the
resulting N = 1 wavefunction.
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Figure 18. Asymmetry in the Fermi surface broadening Ak, — Ak, as a function of Ag coverage.
The corresponding stripe width wc, is indicated above. The broadening due to infinite quantum
well confinement within wc, stripes is represented with a solid line.

the expression of equation (4). This expression leads to the peaks in the momentum intensity
distribution observed for the QW states Au(23 23 21) in figure 4(c). Interestingly, the width of
the peaks for N > 1 is independent of N, and hence it only depends on wc,. Moreover, the
intensity along k, at k, = 0, used to calculate Ak,, is a contribution of QW with N > 1, as
can be observed in figure 6. Therefore, one can use the broadening (HWHM) obtained from
equation (4) for N > 1 as a measure of the broadening produced by the confinement on the
stripes. This is represented by a solid line in figure 18. The good agreement between the
data points and this curve indicates that confinement at the stripes accounts for the momentum
broadening observed in the data.

6. Summary

In this review the electronic structure of different type of vicinal surfaces has been extensively
studied. In the most simple case of single-phase surfaces, a detailed analysis leads to the
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observation of a smooth transition from 1D QW states to 2D superlattice states as the terrace
size is decreased. This transition is explained in terms of mixing with bulk projected states. The
relevance of good size distribution and experimental resolution for studying the dimensionality
of the electronic states with averaging techniques such as ARPES has been discussed.

For double-phase surfaces more complex electronic structures have been observed. In
Au(9 9 11) coexisting 2D and 1D states have been observed. While the 1D state is confined
in one phase, the 2D state seems to propagate along the whole surface. In the case of the
Ag-induced striped surfaces in v-Cu(111), strongly localized states have been found in each
phase. The electronic phase separation, together with the periodicity of the stripes makes this
system very attractive for further applications in selective adsorption, growth of nanostructures
or photonic devices.
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