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Theoretical study of electron confinement in Cu corrals on a Cu(111) surface
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We present a theoretical study of the energies, lifetimes, wave functions, and decay paths of the excited
electronic states in corral structures formed by Cu adatoms on the Cu(111) surface. Three different corrals with
35, 48, and 70 Cu adatoms have been studied within a joint approach including the density functional theory
and wave packet propagation. Confinement of the electronic surface state inside the corral structure leads to the
formation of well-defined resonances in the density of electronic states. Particular emphasis is given in the
present work to the role of excited electronic states localized on the ring of Cu adatoms forming the corral.
While never discussed in the past for corral structures, these states are equivalent to the one-dimensional sp
band of Cu atomic chains assembled on the Cu(111) surface that has been recently studied thoroughly. The
coupling between the confined surface state resonances and the sp state localized on the Cu ring have been
studied in detail. It is shown that the sp state localized on the corral wall appears as a strong perturbation in the

spectrum of confined states.
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I. INTRODUCTION

The development of scanning tunneling microscopy
(STM) offers a unique opportunity for the observation and
the manipulation of matter on the atomic scale.! The quan-
tum corrals represent spectacular and probably the most
studied artificial structure built atom by atom on a metal
surface.>® Starting from the very first observations of quan-
tum corrals, many experimental and theoretical works were
devoted to or have exploited the role of the quantum corrals
in the two-dimensional (2D) confinement of the surface state
electrons. Indeed, because of the presence of a projected
band gap, the electrons in the surface state at the close-
packed faces of noble metals are bound to the metal-vacuum
interface and move quasifreely parallel to the surface.” The
ring of adatoms forming the corral reflects the surface state
electrons, leading to their confinement inside the corral. It
has been shown that this confinement effect is responsible
for the quantization of the 2D-surface state continuum and
the appearance of the well-defined resonances in the elec-
tronic density of states.>”®3-1! The corresponding standing-
wave patterns of the electronic density inside the quantum
corral have been experimentally observed.”? The reflection
of the surface state electrons by the boundary of the artifi-
cially built structure has also been shown to lead to quantum
mirages, including the image of the Kondo resonance in the
case of elliptic corral.>1%:12-15

From the theoretical point of view, the description of the
surface state quantization phenomena in the corral structures
is analogous to that in the case of vacancy and adatom
islands.16-24 Namely, the states localized inside the nano-
structure are quasistationary (resonances) with their energies
well described within the particle-in-a-box picture. The con-
fined states decay via one-electron scattering at the bound-
aries. Possible decay channels comprise electron transfer into
the bulk states and into the surface state continuum outside
the structure. Many-body decay processes (electron-electron
and electron-phonon scattering) also contribute to the finite
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lifetime of the confined states.?22526 As follows from the

above discussion, the corral wall has been considered until
now only through its confining action on the surface state
electrons. To the best of our knowledge, the possibility of
specific electronic states localized on the chain of adatoms
forming the corral was not investigated.

The possibility of having electronic states localized on the
corral wall is strongly suggested by a series of recent STM
studies that revealed excited electronic states localized on
individual metal adatoms as well as on linear and kicked
adatom chains supported on metal surfaces.’’>* For ex-
ample, in the case of a Cu adatom on Cu(111), the Cu 4s and
4p atomic orbitals, which are at the origin of the sp conduc-
tion band in bulk Cu, hybridize on an adatom and lead to an
unoccupied resonance located a few eV above the Fermi
level.3! In the case of atomic chains on the surface, the sp
resonances located at neighboring adatoms are coupled. For
an infinite Cu chain, a one-dimensional (1D) sp band of ex-
cited electronic states appears. It corresponds to an electron
propagating along the chain and that is partially decoupled
from the bulk because of the projected band gap of Cu(111).
On a finite chain, confinement of the 1D sp band leads to
quantized 1D states delocalized over the chain. Comparison
between the STM data and ab initio calculations®’* fully
supports the above picture. Similarly, the appearance of a 1D
band of specific states localized on atomic chains has been
reported for Au and Pd atomic chains on the NiAl(110)
surface.?’-3" Ab initio density functional calculations of the
Au-chain/NiAl(110) system confirmed the sp character of the
1D band of excited electronic states and the role of the sur-
face projected band gap has been underlined.>® The partial
decoupling of the chain localized states from the metal bulk
continuum explains the success of the tight binding modeling
of the STM data by only considering the chain atoms.?!
This is a remarkable result since one would naturally expect
that sp states localized on an adsorbate would couple as
strongly with the substrate atoms as with the adatoms in the
chain and finally get integrated into the substrate sp conduc-
tion band.
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Recently, we have studied the energy, lifetime, and decay
paths of the 1D sp band localized on an infinite Cu wire on
Cu(111).37 The energies and widths of the 1D sp band states
are found to be in good agreement with the experimental
data of Folsch et al.>' The calculated lifetimes of the 1D sp
band states allowed us to specify the extent to which the 1D
sp band on the wire can be considered as independent of the
Cu substrate. Actually, an atomic Cu wire supported on a
Cu(111) surface can be considered as a short wire, along
which electrons can travel over up to 12 A before leaving the
wire.3’

In the light of the results described above, let us consider
that an atom adsorbed on a metal induces a resonance in the
density of unoccupied electronic states above the Fermi
level. This resonance corresponds to the transient trapping of
an excited electron at the adsorbate. If a ring of such atoms is
built into a corral, the states localized on the individual ada-
toms will interact together forming electronic states delocal-
ized along the corral wall. Another way of coming to the
same conclusion is to look at the corral wall as a Cu atomic
chain bent into a circle. Obviously, the 1D sp band of excited
states localized on the chain will be transformed into a band
of circular electronic states. Therefore, for such a corral, one
can expect to observe two different kinds of quasistationary
states: (i) confined surface states localized inside the corral
(thoroughly discussed in the literature on quantum corrals)
and (ii) resonances localized on the metal adatoms forming
the corral.

The present paper is devoted to a theoretical study of the
electronic properties of Cu corrals on a Cu(111) surface.
Three different corral sizes were considered (wall made of
35, 48, and 70 adatoms). The electronic states in this system
are investigated with a joint wave packet propagation (WPP)
and density functional theory (DFT) approach. The energy,
lifetime, decay paths, and wave functions of the corral spe-
cific electronic states were obtained. We show that, within a
certain energy range, the quasistationary states resulting from
the confinement of the surface state electron inside the corral
strongly interact with the circular sp states localized on the
corral wall. Basically, the presence of the sp state strongly
perturbs the spectrum of the confined surface states. The pa-
per is organized in the following manner. Section II intro-
duces the theoretical methods employed. We present and dis-
cuss the results obtained in Sec. III. We end with some
conclusions in Sec. I'V.

II. THEORETICAL METHODS

The system under study is schematically presented in
Fig. 1. The corral is made of Cu adatoms placed along a
large radius circle on a Cu(111) surface. It corresponds to a
supported Cu wire that has been bent into a perfect circle: the
distance between the Cu adatoms along the circle is equal to
the bulk Cu-Cu distance and the adsorption height of the
circle is the same as that of an infinite Cu wire on Cu(111).

The radius R of the corral is equal to R= 1\2]—: where N, is the
number of adatoms forming the corral and ¢ is the period of
the atomic wire, i.e., the bulk distance between two Cu at-
oms: £=a/\2 (a=3.59 A, lattice constant of Cu). Following
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FIG. 1. (Color online) Schematic representation of the system
under study: a Cu corral supported on a Cu(111) surface. The cy-
lindrical coordinate system r=(p, ¢,z) is such that the origin of
coordinates is placed at the geometrical center of the atomic ring
forming the corral and the z axis is normal to the surface.

the system symmetry, we used a cylindrical set of coordi-
nates for the active electron r=(p, ¢,z), with the z axis nor-
mal to the surface and going through the corral center (see
Fig. 1). This is an idealized structure since the constitutive
adatoms are not at the proper adsorption sites. Such a choice
greatly simplifies the theoretical study and we think that a
more realistic enclosure, which is made, e.g., of short
straight atomic chains, would exhibit the same physical ef-
fects as discussed here. Similarly, the present qualitative re-
sults should also hold for a larger interatomic distance be-
tween the adatoms forming the corral wall, as was used in
the earlier corral studies. In both cases, only the actual en-
ergy position of the quasistationary states would change.

Our approach is a joint DFT-WPP approach similar to that
used earlier for the study of Cu adatoms on Cu(111).38-40 It
consists in (i) modeling the interaction potential of the active
electron with the system (surface+corral) using data from an
earlier DFT study of supported Cu wires and (ii) WPP study
of the time evolution of the active electron in this interaction
potential that yields the characteristics of the quasistationary
states in the system.

The interaction potential between the active electron and
the entire system is obtained as the sum of the electron in-
teraction potential with the clean Cu(111) surface V,(z) and
the potential induced by the Cu adatoms of the corral wall
AV¢. The model electron-clean surface interaction potential
has been taken in the form proposed by Chulkov et al.*! on
the basis of their ab initio studies. This is a one-dimensional
analytic potential that very accurately reproduces the elec-

tronic structure of Cu(111) at the I' point. The potential only
depends on the electron-surface distance z and a free electron
motion parallel to the surface is assumed.

The corral-induced potential AV has not been directly
computed but modeled from a bending transformation (see
below) of the DFT results of our earlier study on supported
Cu wires on Cu(111).37 The DFT calculations used a
plane-wave pseudopotential method as implemented in the
VASP code*? in a supercell geometry (four Cu layers and
four “vacuum layers”). The Kleinman-Bylander-type
pseudopotentials®® Vpp were used to describe electron-Cu
core interactions (see details in Refs. 37 and 40). The wire-
induced exchange-correlation potential AVY,. and the wire-
induced electron density An" were obtained from the differ-
ence between the corresponding quantities in the calculation
of the clean Cu(111) case and of the supported wire case.
The supercell was large enough so that AVYy,. and An" are
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well localized inside the cell for both the direction perpen-
dicular to the surface and the direction parallel to the surface
and perpendicular to the wire. Then, the corral-induced elec-
tron density An¢ is calculated by considering the transforma-
tion in which a finite length atomic wire is bent into a full
circle and by assuming that the electron density is trans-
formed accordingly keeping the density constant in an infini-
tesimal volume, ie., An(p,d,z)=An"(x",y',z )- where
(x",y",z") are the electron Cartesian coordlnates in the
atomic wire case (x’ is along the wire, z’ is perpendicular to
the surface, and the origin is centered on one of the wire
atoms). The coordinate correspondence is such that z=z’, p
=R+y’, and d):%. The induced density for the corral An® is
periodic in ¢, in the same way as the induced density An" is

periodic along the atomic wire. The period is Ad):— The

corral-induced Hartree potential AVj, is then obtained from
An‘(p, ¢,z) by solving Poisson’s equation. Such a procedure
is justified by the large corral radii we are considering (R
=26.72a,, 36.65a,, and 53.44qa, for 35, 48, and 70 atoms,
respectively), much larger than the spread of the electron
density around the Cu atomic wire. The corral-induced
exchange-correlation part of the potential AV§ . was obtained
from its equivalent for the atomic wire via AVy(p,,z)
=AVy(x',y".z"). The ion cores in the corral were repre-
sented by the Kleinman-Bylander pseudopotential identical
to the one used in the DFT study Vo, =2 Vpp(r—r;), where
the summation runs over all the Cu adatoms forming the
corral. As a result, the total corral-induced potential AV¢ was
calculated from AV =AV§ +AV}+ V. The interaction po-
tential between the active electron and the entire system
(surface+corral) is

V=V(2) + AVy(p,.2) + AVye(p, .2) + Vigu(p, $,2). (1)

This total interaction potential is then used in a WPP cal-
culation that studies the one-electron dynamics in the system
to get the characteristics of the quasistationary states. Only a
brief outline of this method is given below; further details on
the WPP approach can be found in Refs. 25 and 44. The
WPP approach basically consists of solving the time-
dependent Schrodinger equation on a grid of points in the
cylindrical coordinates defined above. Because of the period-
icity of the problem in the ¢ coordinate, the wave function of
the active electron W(r,7) is taken as a Bloch function
W(r,)=e™?Y"(r 1), where m is the magnetic quantum
number and ¢" is periodic in ¢ with the period A¢. Here, m
varies within the 0<m <N,/2 range, *|m| states being de-
generate. The time evolution of ¢/" is given by

rw/"(r )

o S H ), 2)

with the initial condition " (r,t=0)= /]
tonian in cylindrical coordinates reads

1# 19 4 1{(9 ]2

" (r). The Hamil-

init

H" =~ ——p—— 5| — +im

2 dar 2p &pp&p 2p°| I
+V(p,$.2) + Vol(p.2), 3)
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where V(p,,z) is the electron potential given in Eq. (1).
Vopi(p,2) is an absorbing potential® introduced to impose
outgoing wave boundary conditions (in the p and z coordi-
nates) and thus to avoid artificial reflections of the wave
packet at the boundaries of the calculation box.

In practice, the time-dependent wave packet, /" (r,?), is
represented on a finite size mesh in cylindrical coordinates
comprising (Np: 1000, N¢:24, N_=768) points in p, ¢, and
z coordinates, respectively. The N, points of the mesh span a
period of the structure A¢ (one corral Cu adatom per pe-
riod). The numerical solution of Eq. (2) is obtained via short
time propagation, involving the split operator approxima-
tion.** The propagation step was typically set to dt
=0.05 a.u. The Fourier-grid pseudospectral method*’ was
used for the calculation of the z and ¢ spatial derivatives in
the propagator, whereas a Cayley transform*® associated with
a finite difference scheme and coordinate mapping was used
for the p part.*

From the time-dependent electron wave function, /"(r,1),
and the corresponding survival amplitude A(z),

A1) = (Y0 [/ (1)), (4)

the projected density of (electronic) states (PDOS) onto the
initial state is obtained via time-to-energy transform,

n(w) = ! Re f“’ e'A(f)dt | . (5)

w 0

The various resonances in the system can be recognized in
the PDOS to the extent that they have a significant overlap
with the initial state ¢/, so that a clever choice of the initial
state simplifies the convergent extraction of the energies E,
widths I', and wave functions of the quasistationary (decay-
ing) states of the system. In the present work, E and I" are
obtained from a fit of the survival amplitude A(f) to a sum of
complex exponential functions (see Ref. 14). The resonance
wave function at the energy w can be extracted from the
time-dependent wave packet as follows:

lﬂ(ﬁ(r)=f ety (x, 1)dt . (6)
0

Since the WPP calculation is monoelectronic, the width I' of
the resonances obtained in the above calculation is equal to
their decay rate by one-electron energy-conserving transfer
into the bulk and surface electronic states of Cu(111) sub-
strate. Multielectron transitions can also contribute to the
quasistationary state decay; this point is further discussed
below.

The main objective of this work is to search for two dif-
ferent types of quasistationary states associated with the
quantum corral structure: (i) the sp state localized on the Cu
adatoms forming the corral wall and equivalent to the 1D sp
band observed on Cu wires and (ii) the states coming from
the surface state confinement inside the corral. The WPP
procedure yields the density of states projected on the initial
wave function, and so, for locating a particular kind of states,
it is advisable to start with a well-chosen initial condition
that can be thought to have a significant overlap with the
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states to be studied. Thus, to locate the sp state, we have
performed WPP calculations with an initial wave packet of
the type

Winid¥) = 1, (p..2) = ze=, (7)

where s is the distance between the electron and the corral
atom, which is inside the calculation box. Thus, /. (r) is a
p.-type orbital centered on the atoms of the corral. We took
b=12.5a} in Eq. (7), known to be a good estimate of the sp
state extent from our earlier study on Cu wires.>” The con-
fined surface states within a given m-symmetry subspace
have been searched using #,,(r)=,, (p, ¢,z) initial wave
functions, where

0, p>R,
Jm(kaP)X(Z)’ P <R,

where J,, is the mth order Bessel function, k,, ;=Z,, ;/R, R is
the radius of the corral, and Z,, ; is the jth zero of J,,. The
dependence of ¢, ; on the z coordinate perpendicular to the
surface is given by the wave function x(z) of the surface
state for the clean Cu(111). A wave function given by Eq. (8)
is a simple estimate corresponding to the surface state quan-
tized inside the corral with a perfectly reflecting circular
boundary.

l/lm,j(p’ ¢’Z) = { (8)

III. RESULTS
A. Projected density of states and wave functions

A first set of WPP calculations was performed using ini-
tial wave functions given by Eq. (8). For each given initial
state ¥, (p, ¢,z), the corresponding PDOS (not shown here)
is dominated by a very small number of peaks. These peaks
correspond to quasistationary states (resonances) with a finite
lifetime. We label the various resonances appearing in this
set of calculations as (m,p) states: m is according to their
symmetry and p is an index following the increasing energy
order of the various states. For the lowest j initial functions,
only one resonance is present in the PDOS, so that it can be
directly assigned to a confined surface state and there is one
to one correspondence: p=j. For the higher j initial func-
tions, several peaks are present in the PDOS. A one to one
correspondence cannot be made between the (m,p) reso-
nances in the system and the various i, ; initial states. Nev-
ertheless, we can stress that all the (m,p) resonances in this
system can be generated using i, ; initial functions. It is
noteworthy that for a given m, there also exist states with a
larger number of angular nodes. These states are much
higher in energy and have not been studied here.

We now turn to the detailed discussion of the results ob-
tained with an initial wave function of the sp type [Eq. (7)].
Figure 2 shows the corresponding PDOS for the m=0 sym-
metry for the three systems studied (35, 48, and 70 atoms).
Vertical lines labeled (m,p) in Fig. 2 represent the WPP
results for the energies of the various resonances of the sys-
tem obtained with ¢, (p, ¢,z) initial wave functions. A de-
tailed discussion of the energy spectrum of the (m,p) states
is presented later in the text.
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FIG. 2. (Color online) Projected density of states (PDOS) ob-
tained in the m=0 symmetry using the initial wave function of sp
type [Eq. (7), see text for details] for the corrals with (a) 35 atoms
(R=26.72a,), (b) 48 atoms (R=36.65q;), and (c) 70 atoms (R
=53.44q,). Results are shown as functions of the electron energy
measured with respect to the vacuum level. The vertical red lines
show the energies of the various resonances in the system, labeled

by (m,p).

-6

In Fig. 2, the PDOS does not contain any new peak com-
pared to the resonance spectrum that we obtained with the
zﬁm,j(p,qb,z) initial wave functions. Indeed, there is not a
single peak that we could directly assign to the sp state,
although the initial state is a priori perfectly adapted to lo-
cate a sp resonance localized on the corral wall. Actually, for
each corral, the PDOS exhibits a series of peaks located at
the energies of certain resonances, but not at all of them.
Furthermore, analysis of the time dependence of the wave
packet survival with an sp initial wave function yields ener-
gies and widths of the resonances that perfectly match those
obtained using quantized surface states as initial states for
the time propagation. No other resonance appears. This is
quite different from the equivalent calculations performed
for a single Cu adatom®® or for an infinite supported Cu
wire’” where specific peaks attributed to the sp state appear
in the PDOS. The sp resonance of the single Cu adatom has
a width around 0.5 eV and it is located at an energy of
-2.25 eV (with respect to vacuum).® For a supported Cu
wire, the energy of the 1D sp band at the band bottom is at
—4.07 eV with respect to vacuum and the corresponding
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FIG. 3. (Color online) Contour plot of the logarithm of the electron density (arbitrary units) for different resonances in the case of the
corral with 48 atoms. The density is shown in the (x,z) plane perpendicular to the Cu surface that contains the center of the corral and that
goes through the center of two Cu atoms on opposite sides of the corral. x is the coordinate parallel to the surface and z is the coordinate
perpendicular to the surface. z is positive in vacuum and z=0 corresponds to the center of the corral atoms. x and z are in a.u. The six
different panels of the figure correspond to (a) (m=0, p=1), (b) (0,2), (c) (0,3), (d) (0,4), (e) (0,5), and (f) (0,6) corral states. The color code

is explained in the inset.

width is 0.32 eV.? Since the corral is obtained via bending
of a Cu wire, one would expect the m=0 sp state in the
corral to have an energy close to that of the 1D sp band
bottom of the supported wire. Although no specific peak ap-
pears in this region, for the three corrals that were studied,
the strongest peaks in the PDOS correspond to the energy
region where the sp state is expected.

To get further insight into the character of the various
(m,p) resonances in this system, we computed the corre-
sponding wave functions. Figure 3 presents the electron den-
sity for the (m=0, p=1-6) states for the corral made of 48
atoms. The electron density is shown in the (x,z) plane,
where z is the coordinate perpendicular to the surface (posi-
tive in vacuum) and x is one of the coordinates parallel to the
surface (see Fig. 1). The origin of coordinates is at the center
of the corral. The x axis goes through the center of the two

opposite atoms of the corral which are located at p=R
=36.6a,, i.e., they appear in the figure at z=0 and x
==X 36.6610.

As a first feature, all states exhibit a very large electron
density inside the corral. This inner electron density shows
the z dependence characteristic of the surface state localized
on the clean Cu(111) surface: exponentially decaying oscil-
lations into the metal and an exponential tail in the vacuum
side. The radial dependence of the electron density exhibits a
well marked nodal structure that varies from one state to the
other. Thus, the overall appearance of the wave functions of
the resonances corresponds well to what is expected for
quantized states formed by confinement of the surface state.
As for an sp component in the resonant wave functions, one
can recall that in the case of a single adatom or in the case of
Cu wires on Cu(111),3137-38 the sp state is associated with an
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electron density located in vacuum slightly above the Cu
adatom or wire. This shape is a direct consequence of the
sp hybrization; similar situations have been encountered and
illustrated in many atom-metal surface interacting
systems.?®%-33 In Fig. 3, the (0,3) and (0,4) states exhibit a
significant electron density in this region above the Cu ada-
tom (the Cu adatom center is in the z=0 plane), whereas the
other (m,p) states exhibit a weaker sp component. This is
perfectly consistent with the PDOS in Fig. 2(b), which re-
veals a significant sp component concentrated in the (0,3)
and (0,4) states.

Let us look at the wave functions one by one in more
detail. The radial structure of the electron density of the (0,1)
resonance corresponds well to the trial particle-in-a-box
function in Eq. (8) with a radial part given by a Bessel func-
tion Jo(ko 1p) vanishing at the corral wall. Similarly, the (0,2)
state appears as the second quantized state coming from the
confinement of the surface state, with a node on the corral
wall and another node at a finite radius. At first glance, the
case of the (0,5) and (0,6) states is similar. However, careful
examination of their radial nodal structures shows that they
correspond to the fourth and fifth quantized levels, respec-
tively, although they are the fifth and sixth resonances fol-
lowing the increasing energy order. So the lowest lying and
highest resonances do qualitatively correspond to confined
surface states; however, there is a jump of one unit in their
labeling, i.e., compared to a simple confined surface state
case, an extra state is present in the resonance spectrum.

Obviously, this extra state has to be the sp state. However,
it is not easy in the present system to clearly assign one of
the resonances to the sp state. As seen in Fig. 2, the sp
character is spread over several (m,p) states. Qualitatively, if
we consider the sp state and quantized surface states defined
independently, the sp state is located around —4 eV and
couples very efficiently with the confined surface states in
this energy range. As a result, a group of levels with a mixed
character appear in the —4 eV energy range [these are pre-
cisely the (0,3) and (0,4) states in the corral with 48 atoms].
The confined states far below [the (0,1) and (0,2) states] or
far above [the (0,5) and (0,6) states] from the sp state are
only weakly perturbed. Observe also that the spread of the sp
character over the (m,p) states varies with the corral radius
(see Fig. 2). Indeed, as the corral radius increases, the density
of the quantized surface states increases, leading to a larger
number of confined states strongly mixed with the sp state.

Besides the information on the wave functions of the qua-
sistationary electronic states formed by the Cu corral on
Cu(111), Fig. 3 reveals additional information about the reso-
nance decay channels. Indeed, because of the scattering at
the Cu adatoms forming the corral, the corral localized states
can decay by energy-conserving one-electron transitions into
substrate states. Thus, in Fig. 3, the decay appears as an
outgoing flux of electrons originating from the corral wall.
The electron escapes both in the surface state continuum
(parallel to the surface with a maximum at slightly negative
z values) and into three-dimensional (3D)-bulk states. The
(0,1) state is low in energy and has a very small width (see
below), so that the outgoing flux appears very weak in Fig. 3.
Note that the decay into the 3D-bulk states starts at a finite
angle from the surface normal, as a consequence of the
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FIG. 4. (Color online) PDOS obtained using the initial wave
function of sp type [Eq. (7), see text for details] for a corral with 48
atoms. Results are shown as a function of electron energy measured
with respect to the vacuum level. The vertical lines show the ener-
gies of the resonances in the system labeled by (m,p). Panels (a),
(b), and (c) correspond to m=0, 1, and 2 symmetries, respectively.

-6

Cu(111) surface projected band gap that forbids an outgoing
flux normal to the surface [see a discussion of a similar case
for alkali/Cu(111) (Refs. 51-53)]. One can also note that the
decay into 3D-bulk states of the confined states only occurs
outward, whereas the states with a significant sp character
also exhibit an inward decay into the 3D-bulk states, as ex-
pected for an sp state located on the corral wall. This inward
decay flux interferes with the evanescent tail of the surface
state inside the bulk leading to a complex structure in the
electron density around z=-40q,. This interference is par-
ticularly visible in the (0,3) and (0,4) states, again pointing at
the strong sp character of these two states. In either situation,
the decay into the surface state continuum is the main decay
channel of the corral resonances as follows from the high
relative intensity of the corresponding flux. The same result
has been observed for the 1D sp band of the Cu wire on the
Cu(111) surface.’”

We have also carried out calculations for the corral of 48
atoms with different values of the magnetic quantum number
m=0, 1, and 2. The PDOS obtained in the case of an sp-type
initial wave function [Eq. (7)] is presented in Fig. 4 for the
m=0, 1, and 2 symmetries [panels (a), (b), and (c), respec-
tively]. The results are very similar to those found in the m
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FIG. 5. (Color online) Width of all the confined surface states
(m,p) that have been studied as a function of their energy with
respect to vacuum (see Figs. 2 and 4). Black circles: (0,p) states in
the corral with 35 atoms. Yellow squares: (0,p) states in the corral
with 70 atoms. Red triangles up: (0,p) states; green triangles down:
(1,p) states; and blue triangles left: (2,p) states in the corral with
48 atoms.

=0 symmetry. As expected, the energy of the (m,p) reso-
nances shifts upward with increasing angular momentum .
In contrast, the envelope of the spectrum (the part of sp
character in the resonances) does not shift much with m. This
is not surprising for an sp state which should exhibit a very
small energy shift at low m’s due to the large corral radius.
As a result, the index p of the quantized surface state located
at the maximum of the sp character shifts from 4 to 3 when
m is increased.

B. Lifetime of the resonances

The analysis of the width (I") of the (m,p) resonances
reveals interesting information on the system dynamics. In
particular, the width (inverse of the one-electron lifetime
7=1/T) reflects the strong perturbation of the confined sur-
face states which are close in energy to the sp state of the Cu
adatoms on the corral wall. Figure 5 shows the width of all
the (m,p) states that we studied as a function of their energy
with respect to vacuum. It appears that the results roughly
fall on a single curve, i.e., that the energy of the resonance is
the main parameter governing its lifetime (see also Refs. 20
and 54). Consistently, with previous studies on confined
structures at surfaces,>8-11.2022.2454% \when the energy of the
(m,p) state approaches the surface state band bottom [E,
=-5.33 eV for clean Cu(111)], the corresponding width be-
comes smaller (larger lifetime). At larger energies, the width
tends to ~0.5 eV. This general trend of variation of the level
width can be understood as follows: an electron in the con-
fined state can be seen as moving freely inside the corral and,
from time to time, hitting the wall where it has a finite prob-
ability of escaping from the corral. The confined state decay
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rate can then be approximated by the product of an attempt
frequency by a transition probability at the corral wall, the
latter dominating the energy dependence. One can expect the
corral wall transparency to increase when the electron energy
parallel to the surface increases, enhancing the state decay.
However, the most interesting feature of the variation of the
width is the oscillation appearing for energies close to
—4 eV. The (m,p) states in this energy range correspond to a
mixture of a confined surface state and the sp resonance
localized on the Cu atom ring. Then, the decay of the (m,p)
states depends on the interference between the decay of their
two components, leading to the Fano profile® structure seen
in Fig. 5.

At this stage, one can stress that the decay rate of the
quantized states obtained from WPP calculations and shown
in Fig. 5 corresponds to one-electron energy-conserving tran-
sitions into the surface state continuum and the 3D-bulk
states. However, an excited electron can also decay via
many-body inelastic interactions with the bulk electrons and
phonons.?>?® We did not attempt to evaluate this contribu-
tion. However, its order of magnitude can be discussed based
on similar systems. For example, the many-body inelastic
contribution to the excited state decay for the sp state in
alkali/Cu(111) systems was computed to be in the 20 meV
range.’® For a Cu adatom, the many-body contribution can
be expected to be smaller since the sp state is closer to the
Fermi level than for the alkalis. These estimates are much
smaller than the typical one-electron width obtained for the
sp state of a single adatom®® or of a Cu wire,>” which is in
the few hundred meV range. For the quantized surface states,
the many-body decay rate can be estimated from that of
the surface state on a clean Cu(111) surface. At the bottom
of the Cu(111) surface state continuum, the width due to
electron-electron and electron-phonon interactions is in the
20 meV range both from experimental and theoretical
studies.’’™° At higher energies, the surface state lifetime on
Cu(111) is mainly attributed to inelastic electron-electron in-
teractions and it has been measured from the analysis of
interference patterns.60 Around 1 eV above the Fermi level,
an important region in the present discussion, the surface
state width is around 40 meV and it goes up with energy
roughly like (E—Ef)~? [see also Ref. 25]. This is significant
compared to the present one-electron width of the (m,p)
states (see Fig. 5); however, this should not alter the present
discussion about the evidence for the perturbation induced
by the sp state in the quantized surface state levels.

C. Analysis of the energy spectrum of the resonances

The analysis of the energies of the corral states reveals
further information on the role of the sp resonance and on
how the presence of the “extra” state induces changes among
the quantized states coming from the confinement of the sur-
face state. To this end, let us compare the actual energies of
the corral states as obtained in the WPP calculation to those
predicted by a simple particle-in-a-box model. For a 2D cir-
cular corral with a perfectly reflecting boundary at radius
R, the quantization energies of the confined states, Ef,’éf;’d,
can be estimated from
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FIG. 6. (Color online) Difference between the energies of the
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particle-in-a-box model. The energy difference is expressed as a
function of the energy in the WPP calculation. Results for a corral

with 35 atoms (black circles), 48 atoms (red triangles), and 70 at-
oms (yellow squares) are shown.

2

Z
n B + <¢m,p|AVfoc|l//m,p>7 (9)

Emoa'el= E.+
T 2R ms

where E is the energy of the surface state continuum on the

clean Cu(111) surface at the I" point (Ey=-5.33 eV), Z,p is
the pth zero of the Bessel function of order m (different from
zero for [m|=1), and R, is the effective radius where con-
finement occurs. Similarly to other works,?>?* it has been
assumed that confinement occurs on the inner edge of the Cu
corral atoms and R, was taken equal to R—€/2, where R is
the corral radius defined above and ¢ the Cu-Cu distance
along the corral wall. m; is the electron effective mass in the
surface state continuum. In the present study, using the
model potential from Ref. 41, m; is equal to the free electron
mass. Since the corral-induced potential AV* is not exactly
zero inside the corral, the particle-in-a-box prediction has to
be corrected for this background potential. It has been evalu-
ated by simply shifting the energies of the confined states by
the mean value of the local part of the corral-induced poten-
tial, AV, (p, d.2)=AVy(p, d.2)+ AVi(p, ¢,2), over the ini-
tial state i, , given by Eq. (8). The latter corresponds to the
wave functions of the states confined on the flat surface in-
side the corral.

Figure 6 shows the difference (E,VXI;P —E’,’;f;del) between the
WPP results and the model prediction [Eq. (9)] for the ener-
gies of the m=0 states. Results are shown as a function of the
corral state energy obtained with WPP. The simple particle-
in-a-box model appears excellent for the lowest lying states.
However, the agreement rapidly worsens as the energy is
increased. The disagreement starts sharply around —4 eV.
This behavior is not surprising in view of the discussion of
the character of the states based on their wave functions as
was presented in Sec. III A of this paper. In the region
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around —4 eV, an extra state appears in the spectrum of con-
fined states leading to the breakdown of the particle-in-a-box
model. However, pure confined states do reappear in the up-
per part of the spectrum.

This aspect of the departure of the confined state energy
from the particle-in-a-box prediction has been analyzed
along the following lines, which is inspired from the analysis
of atomic and molecular spectra.®%> Indeed, in atomic and
molecular spectra, it often occurs that a Rydberg series of
states is perturbed by an extra state coming from, e.g., a
higher lying series. The perturbation of the Rydberg spec-
trum is then analyzed in terms of an extra phase or extra
quantum defect introduced by the so-called “interloper
state.”012 A similar analysis can be performed here. In the
case of a free 2D wave of m symmetry confined in a circular
box, the radial part of the confined wave is equal to a Bessel
function, J,,(kp), which vanishes on the edge of the confining
surface at p:Reff:R—6/2, ie.,

Z
kmodel _ m,p ( 1 0)

mr T R—2

From the WPP result EHVZ’;P for the energy of the (m,p)
corral state, one can obtain the corresponding effective mo-
mentum,

k,‘:VI,I;P: \/2(Envr5;P_E0 - <l//m,p|AV;‘oc|lpm,p>) (1 1)
[cf. Eq. (9)]. Note that the energy term due to AV¢, the non-
vanishing potential inside the corral, has been evaluated us-
ing confined wave functions, which is not appropriate for the
higher lying (m,p) states. This energy term, of the order of a
fraction of an eV, varies with the corral radius; however, it
only very weakly depends on the m and p indices, so that Eq.
(11) is a good approximation for the present analysis.

The difference in energy or in momentum of the corral
state as compared to the particle-in-a-box model can then be
reexpressed as an additional phase appearing because of the
scattering at the corral wall and equal to

8¢ = Reyr (k" = K. (12)

This phase shift expresses the difference between a perfectly
reflecting wall and an actual corral made of Cu adatoms.
Figure 7 presents the d¢ phase shift as a function of the
energy for all the (m,p) states that we studied. It is remark-
able that all the phase shifts extracted for different m sym-
metries and for different corral radii roughly fall on a single
curve. Oo¢ presents a sharp variation around ~—4 eV. The
phase shift is small at small energy consistently with the very
good agreement between the energies of the particle-in-a-box
states and those obtained in the present WPP calculation. In
the region of —4 eV, the phase shift sharply increases by a
little more than 2 rad at higher energies. This sharp increase
is attributed to the perturbation introduced by the sp state.
Usually in such a phase analysis, a sharp increase in the
phase shift by 7 radians indicates the presence of an inter-
loper state in the series of states that are analyzed. One can
notice that in the present system, where the confined wave
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FIG. 7. (Color online) Phase shift of the (m,p) corral states as a
function of their energy. Results for a corral with 35 atoms (black
circles), 48 atoms (m=0: red up triangles; m=1: green down tri-
angles; and m=2: blue left triangles), and 70 atoms (yellow
squares) are shown.

function is a Bessel function, the phase increase because of
the extra state should be equal to the difference between two
zeros of the J, function; however, apart from the first one,
the difference between Z,, ,’s is very close to 7 and thus this
should not influence the discussion. The analysis of the wave
functions of the various resonances performed in Sec. III A
clearly points at the presence of an extra state in the spec-
trum appearing in the vicinity of the sp state of the Cu wall.
However, the phase-shift increase obtained here is smaller
than 7 radians. This is attributed to the simplicity of the
model given by Egs. (10) and (11) which cannot perfectly
account for the full range of the detailed energy spectrum.

Thus, one can conclude that a phase analysis of the energy
spectrum of the corral states points at the existence of an
extra state in the system, which is induced by a perturbing
state located in the vicinity of —4 eV. Note that the d¢ in-
crease is spread over several (m,p) states confirming that no
single state can be assigned to the sp state. The maximum of
the slope of d¢ versus the energy occurs at —3.9 eV which is
then the estimated position of the perturbing interloper state
in the present system (the sp band localized on the corral
wall). As expected, it is very close to the bottom of the 1D sp
band in the case of an infinite Cu wire supported on Cu(111)
(E=—-4.07 eV).’” Small differences can be attributed to
changes from a straight atomic line to a bent one. In particu-
lar, the corral is a finite closed wire and so should correspond
to the case of a quantized 1D sp band. An estimate of the
latter effect yields an energy upshift around 10 meV. The
width of the perturbed region evaluated from the slope of d¢
versus the energy is equal to 0.7 eV. It must be stressed that
the width of the perturbed region is the result of both the
intrinsic width of the sp band (estimated to be in the 0.3 eV
range from our study on supported infinite Cu wires?’) and of
the strength of the coupling between the sp band and the
quantized surface states.
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IV. CONCLUSIONS

We have presented the results of a theoretical study of
the surface state confinement by circular corrals formed by
Cu adatoms on Cu(111). The energies, lifetimes, decay
paths, and wave functions of the system resonances have
been determined and analyzed for three different corral
sizes (35, 48, and 70 atoms). In line with previous works
on confined states in various systems, the properties of
the confined states with energies close to the bottom of
the surface state continuum are similar to those predicted
by a simple particle-in-a-box model. However, as a main
result of the present work, a strong perturbation in the
spectrum of the unoccupied confined surface states is re-
vealed at higher quantization energies: both the energy and
the lifetime of the resonances are affected. (i) The level
width as a function of the index or equivalently of the
energy of the confined states shows a clear Fano profile and
(ii) the energy of the confined states cannot be accurately
reproduced by a simple particle-in-a-box model, correspond-
ing to the confinement of the 2D-surface state continuum
inside the corral.

We have shown that the origin of the observed phenom-
enon is the strong coupling between the two types of quasi-
stationary states appearing in this system: the confined sur-
face states and the sp-resonant state localized on the Cu
adatoms of the corral wall. Actually, the sp state plays the
role of an interloper state inside the spectrum of the
quantized states arising from the confinement of the 2D-
surface state continuum inside the corral. The sp state mixes
with several confined states leading to a strong perturbation
of the spectrum of corral states. Indeed, the sp state does not
appear as a specific state in the spectrum but rather as a
perturbation in a finite energy range of the spectrum of con-
fined states. This is at variance with similar systems on
Cu(111) (single Cu adatom and Cu atomic chains) where a
specific sp-state peak could be observed in the density of
electronic states.3!3%37:38

Evidence for the existence of the sp resonance as well as
its properties could be extracted from the analysis of the
perturbation it introduces in the spectrum of confined surface
states. Both the width of the corral states and the phase
analysis of the energy spectrum of the corral states point at
the existence of a perturbing state inside the spectrum of
confined states around —3.9 eV. This is very close to the
energy where the sp state can be expected from its energy in
finite and infinite Cu chains.?'3>37 One can stress that both
the level width as a function of energy and the phase analysis
of the spectrum should be very efficient tools to extract evi-
dence for a resonance localized on a corral wall from experi-
mental results on the confined states.

The corral we considered here [a perfectly circular ar-
rangement of Cu adatoms on Cu(111)] is an idealized struc-
ture. However, we expect the phenomena found in the
present study to be very general. In particular, we expect
electronic states confined in a surface nanostructure made of
adatoms to strongly interact with atomic orbitals localized on
the edges of the structure. This interaction can lead to vari-
ous phenomena, depending on the relative value of the en-
ergy distance between the confined states and the perturba-
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tion range of the atomic orbital. The specificity of the present
case is due to the fact that the sp resonance can perturb the
spectrum over a significant energy range and mixes with sev-
eral confined states.
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