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Patterned metal surfaces can host electron quantum waves that display interference phenomena over
distances of a few nanometres, thus providing excellent information carriers for future atomic-scale
devices. Here we demonstrate that collimation and waveguiding of surface electrons can be realized in
silver-induced strain dislocation networks on Cu(111) surfaces, as a conceptual proof-of-principle of
surface-state nanoelectronics (SSNE). The Ag/Cu(111) system exhibits featured surface bands with
gaps at the Fermi energy, which are basic requirements for a potential SSNE material. We establish
a solid analogy between the behavior of surface-state electrons and surface plasmons in patterned metal
surfaces, thus facilitating the transfer of existing knowledge on plasmonic structures to the new scenario
presented by engineered electronic surface-state nanostructures, with the advantage of a 1000-fold

reduction in wavelength and geometrical parameters.

The search for information carriers that can be manipulated
increasingly faster over smaller length scales is rapidly evolving
from electrons and microelectronics towards photons and
nanophotonics.! In particular, optical excitations trapped in
metal-dielectric interfaces (surface plasmons) allow sub-
wavelength control of light-energy flow through structures con-
taining sub-micron elemental units, the design of which has
emerged as the field of plasmonics.>* Plasmons can be filtered
and guided in metallic stripes* and they can be manipulated
through periodic patterning of metallic surfaces.* Likewise,
electrons trapped in surface states of noble metals exhibit free-
particle motion parallel to the surface, and they can be scattered
by atomic defects (e.g., steps), thus becoming laterally confined
within quantum corrals and other truly nanometre-scale struc-
tures.’ Close to the Fermi level, electrons and holes in surface
states have wavelengths in the range of the nanometre and
maintain their coherence over significantly larger propagation
distances.® These features reveal surface electrons as excellent
information carriers for a new signal-processing technology.
Adsorbed atoms, lattice vacancies, and surface steps act as
repulsive scattering centers for surface electrons in noble
metals.>® Surface-state bands can thus be engineered using these
elements, arranged on atomic scales by STM manipulation”®
or by self-assembly® to, for example, achieve focusing via atom-
based mirrors® and buried interfaces.' In a related development,
graphene has been the subject of intense scrutiny in recent years
because of its ability to scatter and interfere surface states,!
leading to extraordinary effects such as negative refraction.'?
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However, self-assembly is particularly attractive to produce
massive, periodic nanopatterning with lattice constants in the
range of the electron Fermi wavelength (~1 nm). This is the case
of the triangular misfit dislocation network formed by coating
Cu(111) with one monolayer of silver,'®'* which we use here to
establish some relevant building blocks of surface-state nano-
electronics (SSNE).

Fig. 1 illustrates our vision of a SSNE device consisting of an
electron injected into a channel of missing triangles embedded in
a textured silver-covered Cu(111) surface. The electron energy is
chosen to lie in an absolute band gap of the triangle lattice, just
19 meV above the Fermi level. Similar to photons guided in
photonic crystals,® the electron is guided around a 60° corner
because it cannot propagate outside the channel. Both the flat
channel and the triangular structure are the low- and high-
temperature phases of the Ag/Cu(111) system (i.e., the Moiré and
the triangular strain dislocation network, respectively), which
have been shown to coexist at intermediate temperatures.'
Patterning of such a waveguide channel would be possible using
a local heating probe (e.g., a STM tip). Next, we discuss some
relevant details of the analysis leading to this concept.

Surface electrons and plasmons evolving on flat surfaces are
governed by the same wave equation

VP+iHp=0, (1

where k is the parallel wavevector and ¢ is the electron wave
function or the plasmon amplitude, respectively, which depend
on the 2D surface coordinates. Many-body effects, either in non-
linear plasmonics or in the interaction among electron surface
states (ESSs), involve different quantum statistics (plasmons and
surface electrons are bosons and fermions, respectively),
although these are just corrections to the analogy established
here between plasmons and electronic states. Features on
a patterned surface produce scattering of ¢, which can be effec-
tively described through a 2D potential 7 that supplements
eqn (1) to become
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Fig.1 Waveguiding and bending of electronic surface states (EESs). A missing row in a periodic array of triangular surface defects defines a waveguide
for surface electrons, injected from a metallic tip at the desired location, and confined to propagate along the bending guide by a bandgap in the periodic
structure. The image shows an array of triangular defects formed by depositing one monolayer of silver on a Cu(111) surface, alongside the density of an
electron wave launched from a point-like source (the tip) with an energy of 19 meV above the Fermi level.

(V2 + K = 2meV)p = 0, 2

where mg is the effective electron mass [0.42 for Cu(111) surface
electrons]. The validity of a model based upon an effective
potential evolving along the surface directions was demonstrated
in its well-defined reconstruction from angle-resolved photo-
emission data for surface states confined within terraces defined
by straight step edges.’® The analogy between photons and
electrons is clearly illustrated by the fact that this Schrodinger
equation describes not only surface electrons but also light
propagating in structures with translational invariance along the
direction of the electric field. Indeed, Maxwell’s equations reduce
to eqn (2) in that case, with the connection between the dielectric
function for light and the potential for electrons given by

e=1-— 2meffV/k2 ,

so that attractive potentials (7 < 0) find their counterpart in
light-attracting dielectrics (¢ > 1), whereas positive potentials
repel electrons in the same way as metals exclude light.

Plasmons display wavelengths in the range of the micron in
practical applications,>* whereas electron surface states (ESSs)
near the Fermi level have a wavelength of 3.7 nm in Cu(111) and
similar values in other noble metal surfaces. Consequently, the
ability of surface plasmons to encode and process information
can be imitated by ESSs, only on a much shorter length scale and
with slightly faster response times. For example, a plasmon of
1.5 pm wavelength takes ~5 fs to travel across one wavelength,
which has to be compared with ~2 fs for an ESS to move along
the Fermi-wavelength distance.

The STM picture in Fig. 2(a) shows a hexagonal superlattice of
triangular dislocations (2.43 nm lattice constant) within a long

Ag layer nanostripe grown on Cu(111). Such a monolayer-thick
nanostripe is an important element to achieve surface electron
focusing, as we show in Fig. 3. Ag nanostripes are spontaneously
formed after low-temperature evaporation and mild annealing of
Agon Cu(111)."*'" The inset sketches the atomic arrangement of
a single triangular defect. It consists of a dislocation loop in the
topmost atomic layer of the Cu substrate plane, arising after
removal of five Cu atoms and displacement of another 10 Cu
atoms to hep positions.”® On top, Ag atoms form a defect-free
close-packed layer.

The Ag evaporation and the formation of the triangle lattice
leads to a profound transformation of the surface band struc-
ture.!®'*1819 Fig  2(b) shows the measured band structure
(symbols) compared to the calculated free-electron-like bands of
both the Cu(111) surface (blue curves) and the low-temperature
Ag/Cu(111) Moiré phase (dashed curves), as well as the strongly
featured bands of the Ag/Cu(111) triangular dislocation lattice
(red curves), formed by annealing the Moiré phase at 300 K. The
latter is calculated by modeling the corrugated (triangle lattice)
Ag/Cu(111) nanostripe through eqn (2), assuming the origin of
at the bottom of an uncorrugated (Moiré¢) Ag/Cu(111) surface
band,'*'® and defining open triangular regions coinciding with
the dislocation loops, in which the potential is 650 meV higher.
This is the only adjustable parameter in the model, describing
a barrier strength similar to monatomic step edges.'” We have
solved eqn (2) using plane-wave expansions for an infinitely-
extended triangular lattice. The excellent agreement between
experiment (symbols) and theory clearly indicates the validity of
the level of description provided by eqn (2). We observe that
superlattice bands in the Ag nanostripe [red lines in Fig. 2(b)]
deviate notably from free electrons in both the Ag/Cu(111) Moiré
(dashed curves) and the Cu(111) (blue curves), in particular
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Fig. 2 Surface band transformation of Cu(111) by Ag-induced dislo-
cation networks and potassium doping. (a) Ag nanostripe attached to
a Cu(111) surface step, featuring a characteristic array of triangular misfit
dislocations. The dislocations involve removal of five topmost copper
atoms (blue circles in the inset) and shifting of ten copper atoms inside the
triangle (green circles), avoiding on-top positions of silver atoms (open
red circles). (b) Surface bands for clean Cu(111) (blue), the Ag monolayer
without triangular dislocations (low-temperature Moiré, dotted), and
with triangles (300 K, red). For the latter, the band structure is obtained
from a simple model calculation (curves) that fits photoemission data at
300 K (symbols). (c) Surface bands measured with angle-resolved
photoemission in the Ag/Cu(111) monolayer (top) and after adding
0.1 monolayers of potassium (bottom). The latter changes the surface
chemical potential (i.e., the Fermi level position). (d) Measured Fermi-
level shift as a function of potassium coverage.

around the Fermi energy, where an absolute gap opens up
(25 meV wide at K).

Efficient information carriers must maintain coherence over
large distances. In surface electrons, this is only achieved near the
Fermi energy (E ~ EF), where the hole or electron mean free path
diverges as (E — Eg) 22 However, surface nanoelectronics
phenomena are associated to specific energies in the superlattice
band structure, and hence large (nominally infinite) coherence
lengths require Ef positioning (for example, at gap energies in
waveguiding). Strictly speaking, since the Fermi energy in metals
is fixed by bulk states, the tunable parameter is the chemical

potential of the surface. Changing the crystal temperature allows
a controllable 50 meV upwards shift of Er in noble metals,'*
which is enough to reach the K gap in the Ag/Cu(111) system,
thereby enabling waveguiding with a nominally infinite electron
coherence length. Doping with potassium results in even larger
shifts of Er in noble metal surfaces.?* Fig. 2(c) and 2(d) prove
that in fact the K-induced rigid surface band shift also occurs in
the Ag/Cu(111) dislocation network. In Fig. 2(c) we display the
photoemission intensity map along the I'M/ direction for 1 ML
Ag/Cu(111), before and after K evaporation. The angle-resolved
photoemission experiments (25 meV and 0.15° energy and
angular resolutions, respectively) were carried out using 67 eV
photons at the PGM beam line of the Synchrotron Radiation
Center (SRC) in Stoughton (Wisconsin). After adding 0.1 ML
of K, the gap near the M point of the first Brillouin zone, which
straddles Er in the undoped system [Fig. 2(b)], is entirely brought
below the Fermi energy, without affecting the band topology. As
shown in Fig. 2(d), such a downwards band shift is proportional
to K coverage, with an ~ 0.1 ML:0.1 eV ratio, as also observed in
bare Cu(111) surfaces.* Therefore, doping can allow us to situate
the desired portion of electron or hole bands near the Fermi
energy, in which they can propagate long distances with
minimum inelastic attenuation.?

By analogy to plasmonics, we anticipate that collimation,
focusing, waveguiding, and energy-filtering of ESSs can provide
the basic building blocks of future SSNE devices. As examples,
we discuss waveguiding in a Ag channel with missing triangles
(Fig. 1) and collimation through a Ag nanostripe (Fig. 3). Both
missing triangles and nanostripes can indeed be found in the
Ag/Cu(111) system.'® Since translational invariance is broken in
these systems, we apply real-space discretization for their simu-
lation. Figs. 1 and 3 present surface-state wave functions
obtained by solving eqn (2) with a boundary element method
approach (BEM), which is very reliable for large, finite struc-
tures, by analogy to similar methods employed in the solution of
Maxwell’s equations.?*?* Tt applies to situations in which the
potential V' takes uniform values inside each homogeneous
region of a set that tessellates the surface plane, with the
boundaries between different regions considered to be abrupt.
We can then express the wave function inside region j of potential
V;in terms of auxiliary boundary sources o; as

d’(R) = ¢6Xt(R) + %;ds Gj(R - R.Y)Uj(R-Y)v (3)

where ¢ represents an external electron source, the integral is
extended over points R, along the boundary L; and G; is
the Green function of the free-electron equation in region j,
defined by

(V2 + k7 — 2me V) G(R) = —6(R) .
More precisely,
G(R) = (—imen/2)HY (K;R) ,

where k; = (/k? — 2m V; is the local electron wavevector and
HY’ is a Hankel function. By construction, eqn (3) satisfies
eqn (2) inside region j, but the boundary conditions at the
interfaces have to be taken care of. In BEM, the contour
integrals are discretized through a set of representative points
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Fig.3 Collimation of surface states by the triangular-lattice nanostripe of Fig. 2(a). (a) A point source (® symbol) similar to the tip of Fig. I injects an
electron (600 meV relative to the bare-copper surface-band bottom) that is collimated after transmission through a lattice stripe [similar to the one in
Fig. 2(a)]. (b) Ray picture sketch, showing that collimation in (a) is produced by coupling of the injected circular wave (red circle in parallel-momentum
space) to relatively flat bands of the surface-state superlattice. The surface bands of both the bare Cu(111) (red semicircle) and the Ag/Cu(111) crystal
(black curves) are shown at the energy of the injected electron. The background density plot (white-blue scale) represents the angle-resolved intensity of

photoemission from the corrugated surface.

(e.g., equally spaced points in the triangles), so that two
unknown variables are defined for each of them (the value of
o; on either side of the interface), which are determined upon
application of the continuity of both the wave function and its
derivative along the boundary normal. This results in a set of
linear equations that are solved by direct matrix inversion. We
have obtained converged results using ~50 points per triangle.
Finally, the electron is considered to originate in a point source at
Ry, simply given by ¢*(R) = G; (R — Ry) in the region j, where
Ry is placed (and zero elsewhere). In practical terms, the source
could be provided by a STM tip.

The waveguiding effect in Fig. 1 takes place because the elec-
tron energy lies in the absolute gap of the triangle lattice.
In contrast, the collimation in Fig. 3(a) requires a more sophis-
ticated use of the band structure, as illustrated in Fig. 3(b): (i) the
injected electron, propagating in flat Cu(111), corresponds to
a circle in parallel wavevector space; (ii) the component of
momentum along the direction parallel to the 2D triangle-lattice
stripe must be conserved, thus providing selective access to
specific regions of the crystal band structure [Fig. 3(b), thick solid
curves]; (iii) the new direction of propagation must be along the
group velocity in these bands (see arrows), which results in
collimation along the stripe normal in Fig. 3. Thus, the colli-
mation effect arises as a result of electron momentum conser-
vation parallel to the stripe direction, which places the electron
into flat bands with group velocity along the stripe normal.

Surface nanoelectronic devices, such as the waveguide and the
focusing nanostripe, involve interfaces that separate different
propagating media. For Fermi-energy electrons with nominally
infinite propagation length, interface scattering may become
a source of surface beam decoherence and damping. The latter is
generally high for atomic steps, but minimum in the case of Ag.>
The focusing effect in Fig. 3 involves surface state scattering at

a Ag-decorated Cu step and at a free Ag monolayer edge. Both
interfaces give rise to negligible inelastic scattering of surface
states.’” In the waveguide of Fig. 1, the wall of the conducting
channel is not a physical step, but a surface potential disconti-
nuity from the Ag Moiré (channel) to the triangular lattice
(gapped medium). This is similar to the case of lateral
NaCl/Cu(111) and vacuum/Cu(111) interfaces, in which surface
electron waves visibly undergo coherent reflection and refrac-
tion.?* Additionally, K doping enhances inelastic scattering in
propagating media. This effect may reduce beam transmission
across the focusing Ag nanostripe, although it would not affect
the surface state waveguide.?

Information processing via SSNE will require a suite of tools
that are capable of manipulating surface electrons at will. The
effective potential model discussed above provides a versatile,
reliable method for simulating possible useful structures, as
indicated by the reported agreement between measured and
modeled bands in the Ag/Cu(111) triangle lattice. In particular,
we have shown that waveguiding and collimation of surface
states is possible in such lattice. The analogy that we have
established between these states and plasmons facilitates the
extrapolation of studies such as reflection®” and negative refrac-
tion?® of plasmons towards similar goals using surface states.
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