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Different quantization behaviors of electrons confined in nanostructures at surfaces
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We show that two confinement modes exist for electronic states localized on a nanostructured surface. Image
potential states confined on Ar islands on Cu(100) and on vacancy islands on 1 ML Ar/Cu(100) surface are
studied. Whereas the Ar islands lead to the expected “particle-in-a-box™ quantization, the vacancy islands are
shown to exhibit a very different behavior, characterized by a much lower quantization energy. The two
situations correspond to the confinement of two-dimensional surface-localized states on repulsive or attractive
areas of the surface, and one should thus be as common as the other.
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Atom manipulation brought the possibility of designing
nanostructures at surfaces and of tailoring the electronic
properties of the surface, opening the way toward fascinating
physics and potential applications. The two-dimensional
(2D) states localized at and propagating along the surface
(e.g., the surface electronic states at the surface of noble
metals) can be guided, trapped, or focused by artificial struc-
tures. The basic underlying quantum mechanical phenomena
are the scattering and the confinement of the continuum elec-
tronic states. A continuum is associated with states delocal-
ized over the entire space, restricting the system to a finite
size brings confinement effects in, and a discrete set of quan-
tized states appears inside the finite size object. The quantum
corrals and quantum mirages represent spectacular examples
of the effect of confinement of the surface-localized elec-
tronic states inside an artificial structure.'"* Besides these,
surface science provides a whole series of examples of elec-
tron confinement in nanostructures as evidenced by scanning
tunneling microscopy (STM), photoemission experiments,
and theoretical studies. Electron confinement of 2D surface
state, image potential states, and quantum well continua has
been observed in adsorbate and adatom islands,>® in va-
cancy islands,” and in terraces bounded by steps.'®!3 Elec-
tron confinement in one-dimensional structures such as seg-
ments of atomic wires has also been reported.'*!>

A more or less general point of view has emerged from
these detailed studies about the dynamics (energy and life-
time) of electronic states confined by a nanostructure. First,
the translational invariance parallel to the surface is broken
and scattering at the edge of the nanostructure opens new
decay channels for the population of the confined states: an
electron can be scattered into substrate bulk states or into the
parent surface 2D continuum. Second, the energy of the con-
fined states studied so far exhibits a “particle-in-a-box” kind
of quantization, as if the nanostructure edges were replaced
by infinite hard walls. A very nice example is provided by
Ag(111) and Cu(111) surfaces with hexagonal adatom and
vacancy islands of variable size. STM and theoretical
results>*1%17 showed that the 2D surface state continuum is
quantized on the nanostructure. Island-localized states appear
with energies corresponding to what is expected for a 2D
electronic wave in an hexagon bounded by hard walls. These
states are higher in energy than the bottom of the 2D surface
state continuum on the infinite surface. The energy shift with
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respect to the bottom of the parent continuum, called the
“quantization energy” below, scales proportionally to 1/R?,
where R is the radius of the island.

We show in this paper that there are many cases where
confinement of a 2D electronic continuum on a surface nano-
structure does not lead to a particle-in-a-box behavior with
quantization energy diverging when the nanostructure size
goes to zero. In fact, there exist two classes of confining
nanostructures at surfaces: one can be represented by a
particle-in-a-box modeling, whereas the other does not and
leads to much smaller quantization energies. We illustrate
this effect by comparing the confinement of the image poten-
tial states on two different islands: (i) Ar islands on Cu(100)
and (ii) clean Cu(100) patches in a 1 ML (monolayer)
Ar/Cu(100) surface (called vacancy islands below). These
two systems are schematically presented in Fig. 1. Confine-
ment appears to be very different for the two types of islands,
and we show how this is related to the attractive or repulsive
character of the islands and to the 2D nature of the image
state continua.

Image potential states (ISs) appear when an excited elec-
tron is trapped in front of the metal surface by the interaction
with its self-induced polarization charge.'®!® Far from the
surface, this interaction converges to the classical image po-
tential. When electron penetration into the metal is prohib-
ited by the projected band gap, ISs are stationary within a
one-electron picture and decay by inelastic electron-electron
interactions inside the metal.2’ For surfaces such as Cu(100),
where the surface-projected band gap overlaps the vacuum
level, a whole Rydberg-like series of the ISs exists with en-
ergies given by E,=—1/32(n+a)>+ki/2m" (in a.u.). Here, E,
is the energy of the IS with respect to the vacuum level, n is
the principal quantum number, k; is the electron momentum
parallel to the surface, m” is the effective mass, and a is a
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FIG. 1. (Color online) Schematic picture of the Ar islands and
vacancy islands on a Cu(100) surface.
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quantum defect. Due to their location at the metal-vacuum
interface, ISs are strongly influenced by the surface condi-
tion. For example, the effect of a complete dielectric adsor-
bate layer on the surface is well documented both experi-
mentally and theoretically.?!~23 If the energy of the IS is
inside the dielectric band gap, its wave function is rejected
further in vacuum leading to a decrease of the IS binding
energy and of its decay rate [see, e.g., Ref. 23 for
Ar/Cu(100)]. In the case of an incomplete Ar coverage of
Cu(100) studied in the present work, confinement can occur
on an Ar island surrounded by clean Cu(100) or on a clean
Cu(100) island surrounded by a 1 ML thick Ar coverage (see
Fig. 1). A recent theoretical study?* showed that the energies
of the ISs confined on Ar islands behave according to the
“standard” particle-in-a-box model. However, we demon-
strate here that, in the case of a vacancy island inside a 1 ML
Ar coverage and situations alike, a very different physical
picture has to be adopted.

The present theoretical study is based on a joint model
potential and wave-packet propagation (WPP) approach
where the dynamics of the IS electron in a model potential is
studied in the time domain. A similar methodology has been
used in our earlier studies of ISs on Cu(100) covered with Ar
layers.>>? We consider islands (vacancy island in an Ar
monolayer or Ar islands on a clean surface) with an approxi-
mately circular shape (see Fig. 1), i.e., all the Ar atoms
within a given radius R from a central Ar atom are missing
(included) in the vacancy (Ar island). The atomic positions
are kept the same as in a full Ar monolayer. This approxima-
tion should not influence the main result of the present work
about different quantization behaviors. Briefly, the interac-
tion between an electron and the incomplete Ar layer is de-
scribed by summing individual model electron-Ar interaction
potentials, with all the mutual polarization and image inter-
actions taken into account (see Ref. 25 for details). The
electron-metal potential is adopted from Chulkov et al.?® The
latter is a model potential extracted from ab initio studies

and adjusted to the Cu(100) electronic structure at I'. Free
electron motion parallel to the surface is assumed. The
electron-Ar nanostructure and the electron-metal interaction
potentials are then summed to yield the total potential seen
by an electron moving in front of the nanostructured surface.
The time-dependent Schrodinger equation for the active elec-
tron in this potential is then solved by a three-dimensional
WPP scheme, and all the information about the quasistation-
ary states in the system is extracted: energies and decay rates
(see Refs. 23, 24, and 27 for details). In this one-electron
approach, the confined IS are quasistationary states that de-
cay by electron transmission through the island edge.
Figure 2 presents the quantization energy for the lowest
lying confined state deriving from the n=1 IS continuum on
Ar islands and on vacancy islands. Results are presented as a
function of 1/R?, where R is the island radius (the edge of
the circular island is located at a distance d/2 from the out-
ermost Ar, where d is the Ar-Ar distance). The quantization
energy in the Ar island case?® increases when the island ra-
dius decreases following a “particle-in-a-box’ quantization
which predicts a quantization energy proportional to 1/R?. In
contrast, the quantization energy for a vacancy island satu-
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FIG. 2. (Color online) Quantization energy of the image poten-
tial states confined on Ar islands and on vacancy islands on Cu(100)
as a function of 1/R?, where R is the island radius. The results
obtained by 3D wave-packet propagation are represented by sym-
bols joined by straight full lines: circles for the Ar islands and
diamonds for the vacancy islands. The dashed lines represent the
results of the 2D model (detailed in the text) for the Ar islands and
vacancy islands.

rates when the island radius decreases. This difference seems
a striking result, since these two finite objects have exactly
the same shape and they only differ by their edge: either a
step up or down of a 1 ML thick Ar layer.

Let us examine the differences between the two situations
in more detail. In the case of a full Ar monolayer on
Cu(100), the energy of the n=1 IS is higher than on the clean
Cu(100) surface, because the image state wave function is
repelled into vacuum where the image potential is weaker. At

I, this energy shift amounts to 0.102 eV (Ref. 23) for n=1.
As a consequence, the n=1 IS confined on an Ar island can
decay by electron scattering at the island edge into the n=1
IS continuum of the clean Cu surface. This decay channel is
always open and it is very efficient.?* Figure 3 presents the
decay rate of the n=1 IS state confined on an Ar island as a
function of 1/R? (results taken from Ref. 24). In contrast, in
the case of a vacancy island, the situation is reversed and the
energy of the n=1 IS confined on a vacancy island is below
the bottom of the n=1 IS on 1 ML Ar/Cu(100). Therefore,
the only one-electron decay process is electron scattering at
the island edge into the 3D propagating Cu bulk states. This
process is much less efficient than the inter-IS scattering pro-
cess, and the one-electron decay rates of ISs confined on
vacancy islands are found to be at least 2 orders of magni-
tude smaller than those in the Ar island case (see Fig. 3). In
both the Ar and the vacancy island cases, the one-electron
decay rate of the confined IS is seen to decrease rapidly
when the size of the islands increases, consistent with the
fact that scattering at the island edges becomes less and less
important when the size of the island increases. The decay
rate shown in Fig. 3 only concerns one-electron transitions,
while the confined IS can also decay by inelastic electron-
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FIG. 3. (Color online) One-electron decay rate of the n=1 im-
age potential states confined on Ar islands and on Ar vacancies on
Cu(100). Green circles: Ar islands. Black diamonds: vacancy is-
lands. The decay corresponds to the scattering of the image poten-
tial state at the edge of the confinement area. The decay rate (in eV)
is presented as a function of 1/R% where R is the radius of the
confining structure.

electron interactions with the bulk electrons. The correspond-
ing multielectron decay rate for the IS confined on a vacancy
island should be close to the clean Cu(100) value around
16 meV.2%28-30 In the vacancy island case, this multielectron
rate is much larger that the one-electron decay rate and con-
sequently, in that case, the confined ISs decay with a lifetime
almost equal to that of the IS on a clean Cu(100) surface.
This situation is thus quite different from the Ar island case,
where for not very large islands, the confined ISs decay by
scattering at the island edge (see discussion in Ref. 24).
The main difference between the Ar island and vacancy
island systems comes from their attractive or repulsive char-
acter for an IS electron. In both cases, one can consider the
system as an island surrounded by a homogeneous surface
[either a clean Cu(100) or a 1 ML Ar/Cu(100) surface] and
look at the island as a perturbation in the 2D IS continuum of
the homogeneous surface. An Ar island appears as a repul-
sive area in the otherwise homogeneous surface, since on the
island, the electron is repelled into a region where the image
potential is weaker. In an opposite way, a vacancy island
appears as an attractive area in the otherwise homogeneous
surface, since in the vacancy, the electron can come closer to
the metal where the image potential is stronger. Simon?! has
shown that in two dimensions, an attractive potential always
bears a bound state. Even if the present system is not strictly
speaking 2D (it is rather a 2D system imbedded in 3D), one
can expect a vacancy island to always accommodate a bound
state associated with the IS continuum, or more precisely, a
quasistationary state decaying into the 3D bulk states. This is
exactly what is observed in Fig. 2: the lowest lying confined
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FIG. 4. (Color online) Contour plot of the electron density (ar-
bitrary units) in the lowest lying confined state on a vacancy island.
The density is shown in the (x,z) plane normal to the Cu surface
that contains the center of the island. x is the coordinate parallel to
the surface, and z is the coordinate perpendicular to the surface. The
central missing atom of the vacancy is at the origin of the coordi-
nates. Three different island diameters are presented: two, four, and
eight times the Ar-Ar distance (from top to bottom). The color code
is explained in the inset.

IS on the vacancy island always has a quantization energy
lower than 0.102 eV, i.e., this state is always below the bot-
tom of the IS continuum of 1 ML Ar/Cu(100). Thus, this 2D
specific property accounts for the saturation of the quantiza-
tion energy when the vacancy island size decreases. This
phenomenon is analogous to the localization of the 1333
and surface state continua by an attractive adsorbate.3*3 In
the present case, one can consider that the confined states on
the vacancy islands correspond to the localization by the
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attractive vacancy island of the 2D IS continuum on the full
1 ML Ar layer.

The above discussion also yields a qualitative recipe
about where to look for the two different quantization re-
gimes (“localization” or “particle-in-a-box’’). Let us con-
sider the case of a surface A and the case of the surface A
with an overlayer B on it. A priori, IS on A and that on B/A
are not at the same energy. If IS on A is lower in energy, then
localization will occur on the vacancy islands, and if IS on
B/A is lower, then it will occur on adsorbate islands. In both
cases, the other situation will correspond to a ‘““particle-in-a-
box” quantization. One can also stress that in the localization
case, scattering at the island edge should be weakly efficient,
so that the confined levels would be narrow and long lived,
at least as compared to the confined states in a ‘““particle-in-
a-box” regime. To our knowledge, cases where one would
expect the localization type of quantization regime to appear
have not been investigated experimentally up to now and
only the “particle-in-a-box” quantization regime has been
observed.

The above analysis can be further strengthened by consid-
ering a simple model of the IS localization on a vacancy
island. We consider a 2D system with cylindrical symmetry
to represent the IS electron moving parallel to the surface.
The potential V(p, @) is equal to -V, inside the vacancy
island (p=<R) and zero outside (p and ¢ are the cylindrical
coordinates). V is taken equal to the energy difference be-
tween the IS continuum on Cu(100) and on 1 ML
Ar/Cu(100), i.e., 0.102 eV. The problem is invariant by ro-
tation around the ¢ axis. The radial part of the wave function
for m=0 symmetry (m is the projection of the angular mo-
mentum on the symmetry axis) is obtained as a regular J,
Bessel function inside the island and a K modified Bessel
function outside. Matching J, and K, on the island boundary
yields the quantization energy. The result for a continuous
variation of the island radius is shown in Fig. 2 as the dashed
line “MODELy,cancies- It 1S seen to accurately reproduce the
full 3D WPP results. In particular, the saturation of the quan-
tization energy is well reproduced in this 2D model. In con-
trast, quantization by a hard wall on the island boundary
consists in imposing a zero of the J, Bessel function on the
island boundary. This leads to a quantization energy propor-
tional to 1/R? that is shown as “MODEL,, iguna” in Fig. 2; it
is seen to account for the quantization energy on the Ar is-
land very well.
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When the radius of the vacancy island decreases, the en-
ergy of the confined IS comes closer to the bottom of the IS
continuum on 1 ML Ar/Cu(100) while remaining lower.
This corresponds to a decrease of the binding energy of the
confined IS with respect to the IS 2D continuum and thus to
the lateral spreading of the confined state wave function.
This point is illustrated in Fig. 4, which shows the electron
density of the lowest lying confined IS state on vacancy is-
lands of three different sizes (the diameter of the vacancy
island corresponds to two, four, and eight Ar-Ar distances).
The electron density is shown in the (z,x) plane, where z is
the coordinate perpendicular to the surface and x is one of
the coordinates parallel to the surface. The origin of coordi-
nates is at the center of the vacancy. The IS electron appears
to be nearly perfectly confined inside the largest vacancy
island. In contrast, for the smallest vacancy island, the con-
fined state significantly spreads outside the vacancy, in
marked difference with a ‘“‘particle-in-a-box model””. One
can also notice that for radii larger than the vacancy radius,
the wave function does not penetrate into the Ar layer, and it
is effectively repelled into vacuum as expected from the di-
electric character of the layer. The wave functions in the Ar
island case have been shown in Ref. 24; in that case, as
expected for a “particle-in-a-box” quantization, the IS ap-
pears to be well localized on the islands for all radii.

In summary, we have shown how different finite size ob-
jects (Ar islands or vacancy islands) lead to different quan-
tization behaviors of the image state on Cu(100). Due to the
2D nature of the image state continuum, quantization on a
vacancy island on Ar/Cu(100) does not follow a ““particle-
in-a-box” behavior, and the quantization energy is seen to
saturate as the island size decreases. This phenomenon can
be seen as the localization of the 2D continuum by the va-
cancy island. This situation should be common on metal sur-
faces exhibiting a 2D continuum (surface state or image
state). Indeed, in the case of an incomplete coverage by an
adsorbate, one of the two objects, adsorbate islands or va-
cancy islands, should lead to this localization phenomenon,
depending on the attractive or repulsive character of the ad-
sorbate.
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