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Nature of confining potentials in adatom-based quantum corrals and superlattices
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Quantum corrals represent an intriguing class of confining nanostructures engineered through tip manipu-
lation of individual adsorbed species at surfaces and have contributed significantly towards our fundamental
understanding of several quantum phenomena including quantum mirage and Kondo physics. Despite their
maturity and ongoing research interest, the nature of adatom scattering/confining potentials including the
question whether they represent potential barriers or wells remains elusive. Here we address this issue utilizing
the electron plane-wave expansion and boundary element methods for several adatom-based quantum corrals
and superlattices. We show that the experimentally reported modulation in the local density of states (LDOS) at
the corral center can be equally well reproduced irrespective of the sign of adatom potential. The knowledge of
the sign requires access to LDOS at/nearby adatoms, where bound states, so far undetected experimentally for
corrals, should show up solely for negative adatom potential. Next we show that by arranging the adatoms into
superlattices, the sign of the scattering potential can be undoubtedly identified without the quest for bound-state
measurements. Our results agree with the experimentally fabricated Ce superlattice showing a clear signature of
Ce adatoms acting as scattering potential wells. This unambiguous assignment of the potential sign is brought by
the distinct band structures developed on coupling which lead into sign-dependent LDOS features. These findings
are of fundamental and practical importance for the development of quantum designer artificial superlattices with

tailored electronic structures.
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I. INTRODUCTION

Shockley surface states [1] hosted at the (111)-terminated
coinage metal surfaces represent model two-dimensional
(2D) electronic systems with nearly free electron parabolic
dispersion and featureless spatial local density of states
(LDOS) [2-4]. They offer an ideal platform to explore sev-
eral quantum phenomena when interacting with adsorbates
[5-8], defects [9—14], predesigned nanostructures, and lateral
superlattices [14-20] of various degrees of chemical com-
position, structural shape, and complexity, whereby radical
transformation and modulation of the surface electronic struc-
ture and LDOS takes place. Surface-state electrons scattered
off individual adatoms or molecules feature standing wave
patterns experimentally accessible with scanning tunneling
microscopy/spectroscopy (STM/STS), which can be used to
probe the modulated surface electron dispersion [21] and to
access the nature of the potential induced by the scattering
centers.

While molecular scatterers are typically modeled as re-
pulsive potential barriers [22], i.e., of positive sign with
respect to the pristine metal surfaces, scattering at metal
adatoms has shown to induce surface-state localization and
the formation of bound states split off from the bottom of
the surface state [23-25], indicative of adatoms acting as
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potential wells [26]. Depending on the type of adatom,
additional quantum phenomena, such as Kondo effect and
magnetic exchange interactions can develop [27-30]. When
several organic molecules are utilized to build confining
and/or periodic nanostructures, the emerging modification
of the electronic structures are often well understood as a
simple scattering problem attributed to the repulsive finite
potential barrier exerted by the molecules [22,31,32]. For
recently explored metal-organic nanoporous networks, how-
ever, heterogeneous potential landscapes are proposed, where
contradicting studies consider the potential at coordinating
adatoms as attractive [33,34] or repulsive [35-37]. Notably,
in the pioneering work of Crommie et al. [5], Fe adatoms
were arranged into quantum corrals via STM tip manipulation,
where well-defined confined states, showing up as sharp peaks
in the conductance spectra were measured at the corral center.
While a simple particle-in-a-box model with an impenetrable
hard-wall barrier could qualitatively explain the data, the finite
LDOS linewidth reflects a leaky semitransparent barrier. This
broadening effect together with the possible absorption at
adatoms due to inelastic scattering into bulk states, were later
reproduced making use of the multiple scattering approach
[6].

The lack of conclusive experimental evidence for bound
states at the corral barriers renders the sign of the adatom scat-
tering potential in these nanostructures yet unidentified. Like-
wise, adatom-based superlattices, such as the Ce/Ag(111)
hexagonal superlattice self-assembled at low temperature due
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to surface-state mediated organization, stands as a model
system to unveil the sign of the adatom potential [19,38—40].
However, even though the scattering electronic states of the
system could be well reproduced using a simple tight-binding
(TB) model, in which the model predicted a bound state below
the surface-state onset, this could not be clearly identified
experimentally. The mismatch between the 2D TB LDOS
above the bound-state energy and experimental dI//dV map,
specifically at the adatom positions, was attributed to large
tip-adatom distance and possible leakage of the bound state
into the bulk, although faint intensity at adatom positions has
been later detected for a slightly larger Ce superlattice [39].
Therefore, unlike single adatoms, for adatom-based quantum
corrals and nanostructures, there is no concrete evidence to
whether adatoms act as quantum wells or barriers, and a
rigorous identification of bound states is experimentally lack-
ing. In fact, even though the distinct phase shift for typical
standing wave patterns inside closed nanostructures could also
be utilized to unravel the potential sign, this effect may be
screened during measurements with a slight STM tip drift
and/or image distortion as we show later. Likewise, a high
density of on-surface adatoms should lead to a noticeable
shift of the surface-state band, thereby unraveling the potential
sign, when measured by angle-resolved photoemission spec-
troscopy (ARPES), but this space-averaging technique is not
suitable for finite nanostructures, as it demands the assembly
of a macroscopically ordered high density of adsorbates on
the surface.

Here we address this ambiguity of the potential sign in
adatom-based quantum corrals and superlattices using elec-
tron plane-wave expansion (EPWE) and boundary element
method (EBEM) [33,41-43]. We show that the experimentally
measured LDOS at the corral center cannot be used to unveil
the sign of the confining potential. The knowledge of the latter
requires precise and practically challenging LDOS measure-
ments at/near the position of adatoms, where a bound state
below the onset of the surface state should arise solely for at-
tractive adatom potentials. Next, we demonstrate that the sign
of the scattering potential can be unveiled when adatoms are
arranged into superlattices, where the potential sign can be re-
vealed by measuring LDOS away from adatom positions and
without the need of identifying any signature of bound states.
Comparing our simulations with the well-known Ce superlat-
tices self-assembled on Ag(111), we unambiguously conclude
that the scattering potential associated with Ce adatoms is
attractive. We also demonstrate the applicability of our EBEM
approach here followed to reproduce the bound-state features
measured for individual adatoms on metallic substrates. The
knowledge of the potential sign here addressed is decisive
for the fundamental understanding of quantum confinement
and scattering, as well as for the fabrication of adatom-based
nanostructures and superlattices with on-demand electronic
properties.

II. THEORETICAL METHODS

We simulate the electronic properties of adatom-based
quantum corrals and superlattices by solving the one-electron
Schrodinger equation for a 2D surface potential V(R =
(x, y)) where adatoms are defined as circles filled with muffin

tin potential (V') on top of a homogeneous metal substrate of
constant potential (Vj), as sketched in Fig. 1 and Fig. 2. We
then solve, for the energies E and wave functions ¥ (R), the
Schrodinger equation,

2

VY (R) + V.R)Y(R) = EY(R), ey
2megt

following two different methods, namely the EBEM and the
EPWE, detailed in Refs. [33,41,42]. The energy is refer-
enced to the surface-state onset of the pristine metal substrate
[i.e., —435 + 15 meV and —65 £ 10 meV for Cu(111) and
Ag(111), respectively], and the effective mass meg is changed
in the range 0.35 to 0.45 m, for comparison with experimental
data.

For single adatoms, quantum corrals, resonators, and stadi-
ums we solve Eq. (1) for the energy- and spatial-dependent
LDOS using EBEM. For the superlattice periodic systems
EPWE is used to calculate the band structure, LDOS, and the
photoemission intensity following the equations in Ref. [41].
A finite number of reciprocal lattice vectors within a suffi-
ciently large distance gmax = 10 to the origin in reciprocal
space is used for decent convergence, corresponding to ~100
plane waves. For all the systems explored we add a Gaussian
broadening of 15 meV. The here-employed 2D EPWE/EBEM
method has proven successful in modeling electron scattering
and confinement in a variety of systems, including metallic
and organic/metal-organic networks, single molecules, poly-
mers, graphene, graphene-based nanostructures, and other
2D materials [20,22,41,46,47]. The combined EPWE/EBEM
package used in this work is developed by Prof. F. Javier
Garcia de Abajo.

III. RESULTS AND DISCUSSION

Figure 1 presents the EBEM surface potential and simu-
lated LDOS for selected Fe adatom-based quantum corrals
compared to experimental data and multiple scattering (MS)
theory. In Fig. 1(a), the potential landscape defining a quan-
tum corral made of 48 Fe adatoms (radius R = 71.3 A)
is depicted, whereby the gray background represents the
Cu(111) substrate with potential Vy = 0 and red circles (ra-
dius r = 3 A) denote the muffin tin Fe adatom potentials
acting either as quantum wells (V = —0.55 eV) or barri-
ers (V = 40.55 eV). The reference energy is chosen to be
—435 £ 10 meV, corresponding to the onset of Cu(111) sur-
face state [5,23], while the effective mass (meg) is set to
(0.41 £ 0.01)m, and (0.36 £ 0.01)m. for negative and pos-
itive Fe potentials, respectively. We note that for positive
adatom potential mer = (0.36 £ 0.01)m, i.e., smaller than
the one of pristine Cu(111), is required to best fit the ex-
perimental dI/dV curves (see Fig. S1 in the supplemental
material (SM) [48]), which could indicate that Fe scatterers
are not repulsive. However, this is not conclusive since for
several systems with on-surface adsorbates or dopants, ef-
fective mass renormalization has been recurrently observed
[22,49,50]. Furthermore, the potential landscapes defined in
this work are 2D and, therefore, correspond to the lateral
electron confinement in ultrathin materials such as monolayer
or bilayer systems where bulk contributions are minimal.
However, for metallic thin films or substrates the coupling to

205409-2



NATURE OF CONFINING POTENTIALS IN ... PHYSICAL REVIEW B 108, 205409 (2023)

n=12 3 4 5 MS n=123 4 5 6 7

‘ > dlI/dv
a .......
(a) °® °, (b) -V
o [} —_—t+V
o °
e} o —~
) ® p
° 48-Fe adatoms e =
[} o
L e =
® R=713A & 2
® ® a
.o Cu(111) o.
° °®
o °
....... AR AN AR RN REREEREARE LR rrrrrpTTTT]

E-Eg (eV)

2DLDOS @n=>5 LDOS (arb. units)

+V bi -V
(d) @ : istance — @ LDOS (arb. units) (e)
%

= | TV
0.2- S

Bound statec =y

T =
Min. I

FIG. 1. EBEM vs. d1/dV for selected Fe-based quantum corrals. (a) The potential landscape for a quantum corral made of 48 Fe adatoms
(red) on top of the Cu(111) substrate (gray). The corral and Fe adatom radii amount to R = 71.3 Aand r=3A, respectively. Positive and
negative potentials (V = £0.55 eV) with respect to the Cu substrate (V;) = 0) are assigned to Fe adatoms. [(b) and (c)] Experimental dI/dV
spectra (black), multiple scattering (MS) (gray), and EBEM (blue and green) calculated LDOS taken at the center of quantum corrals made of
48 (b) and 60 (c) Fe adatoms. EBEM LDOS spectra correspond to positive (green) and negative (blue) potentials. The experimental data and
MS curves are taken from Refs. [5-7,44,45]. The vertical lines denote the energetic positions of the confined states. (d) Calculated linescan
over the diameter for the 48-Fe-adatom circular corral for positive +-V (left) and negative —V (right) potentials, where the white arrow marks
the bound-state position. The LDOS spectra taken at the position of Fe adatoms are shown on the right for the two potentials. (¢) EBEM
calculated 2D LDOS maps at the Fermi energy (i.e., at n = 5 state) for the 48-Fe ring, considering positive (left) and negative (right) potentials
at adatoms. Line profiles (blue and green) taken from the corral center passing through Fe adatom, displayed on the right, show the intensity
protrusion (depression) for negative (positive) Fe potential, compared to the experimental data (black). Dashed lines denote the position and

number of antinodes inside the corral.

bulk states can be approximately modeled within the EBEM
approach by utilizing a complex potential with an appropriate
imaginary component to account for the strength of such cou-
pling, as we discuss later. The EBEM simulated LDOS spectra
at the corral center for negative (blue) and positive (green)
adatom potentials are depicted in Fig. 1(b). The two spectra
are practically identical, both featuring multiple confinement
peaks (n = 1-6) of finite width, and reasonably agree with
the experimental dI/dV (black) and earlier MS LDOS simu-
lations (gray) as adapted from Refs. [5-7,44,45]. It is worth
noting that, in recent years, this quantization of electron gas
inside smaller CO-based quantum corrals stimulated the con-
sideration of these confining structures as artificial atoms,
where the characteristic orbital shape of each individual peak
(i.e., energy level) could be compared to atomic s, p, and
d orbitals, and they can additionally be coupled to emulate
molecules and artificial lattices [51,52]. A similar level of
matching is obtained for other Fe adatom-based nanostruc-
tures, such as the larger 60 Fe adatom (radius R = 88.7 10\)

circular corral [Fig. 1(c)] and for the quantum stadium made
of 76 Fe adatom (see Fig. S2 of the SM [48]). In fact, we
can still reproduce the experimental data and previous MS
simulations, utilizing stronger positive or negative potentials
(see Figs. S3 and S4 of the SM [48]), indicating that not only
the sign but also the absolute value of the potential cannot
be determined solely from LDOS measurements at the corral
center. This ambiguity can be extended to adatom-based open
nanostructures, such as quantum resonators made of Cu, Ag,
or Co adatoms on (111)-oriented metallic substrates [53,54],
whereby the LDOS features measured at the center or outside
the resonator can be practically reproduced by both positive
or negative potentials (see Fig. S5 of the SM [48]).

To search for possible electronic differences between at-
tractive and repulsive adatom potentials, we performed LDOS
energy-dependent spatial line scan simulations, starting from
the center of the corral towards the Fe-adatom position, as
shown in Fig. 1(d) for positive (left) and negative (right)
adatoms potentials. The two scans are practically mirror
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FIG. 2. Electronic structure of adatom-based hexagonal superlat-
tices. The band structure along 'MKI" directions for a hexagonal
Fe superlattice of periodicity a = 15.4 A for positive (green) and
negative (red-blue) adatom potential. The unit cell (black arrows)
and potential landscape are shown in the inset. On the right, the
corresponding LDOS taken at the substrate position indicated by
an asterisk in the inset is presented. The red arrow points to the
bound-state onset, while green and blue arrows define LDOS features
for positive and negative potentials, respectively.

images, except at/near adatom position, where a bound state
is developed solely for adatom quantum wells (white arrow).
LDOS profiles (green and blue) taken at the adatom posi-
tions show a clear bound-state peak at ~—0.49 eV (blue)
for negative adatom potential, similarly to states reported
for single adatoms on Cu(111) and Ag(111) [23-25,55]. For
closed multiple-adatom quantum corrals and stadiums, as
well open adatom resonators, so far no evidence of bound
states below the onset of the surface state has been reported
and/or measured [5,6,54]. In Fig. 1(e) we present 2D LDOS
maps for positive (left) and negative (right) potentials taken
at the Fermi energy (i.e., corresponding to n = 5 state for
the 48-Fe ring), both enclosing standing wave patterns fea-
turing five antinodes resulting from interference due to the
scattering of the two-dimensional electron gas by adatoms at
the corral barrier. The obvious distinction occurs at adatom
positions, where they appear as intensity depressions (pro-
trusions) for positive (negative) potentials. The period of
oscillation is comparable for both repulsive/attractive poten-
tials and the experiment (see line cuts in Fig. 1(e) across
the corral) with a wavelength, measured from the central
intensity, of 15.5 4 0.05 A corresponding to half the Fermi
wavelength of the Cu(111) Shockley surface state [2]. Dashed
lines positioned at the antinodes highlight the phase relation
between the standing wave patterns at the interior of the
corral for positive (green) and negative (blue) potentials. A
clear phase shift which is progressively increasing from the
corral center towards the adatoms is noted, thereby carrying
information about the potential sign as demonstrated, e.g., for

adsorbate-adsorbate interactions mediated by surface elec-
trons [56,57]. Comparing these theoretical phases with the
experimental line cut (black) for the 48-Fe adatom corral we
notice that the two theoretical phases can fit the experiment,
possibly due to STM tip drift and/or image distortion in the
experimental data, rendering the identification of the potential
sign challenging. The thorough analysis presented in Fig. 1
makes it clear that a conclusive evidence of the presence or
absence of bound states is required to unravel the potential
sign of adatoms. Indeed, LDOS measurements at adatoms can
be largely convoluted with topography, leading to intensity
protrusions at adatoms artificially resembling bound states.
Likewise, the bound state, if present, is possibly leaking into
bulk states and forming a dispersive band with weak/broad
LDOS features. These combined effects potentially suppress
notable tunneling signals from adatoms, thereby rendering the
identification of the potential sign in quantum corrals, and
similar adatom-based finite nanostructures, rather challeng-
ing.

Next, we show that by arranging the adatoms into super-
lattices, contrary to fully enclosed confining nanostructures
such as corrals, the scattering solutions of the electronic
structure are quite distinct for positive and negative adatom
potentials. Figure 2 depicts the potential landscape (see inset)
for a hexagonal superlattice made of Fe adatoms (red) on
Cu(111) (gray) with a periodicity of 15.4 A. This lattice pa-
rameter is chosen to coincide with half the Fermi wavelength
of Cu(111) surface state where the self-assembly could be
mediated by surface electrons [58], although different lattice
spacing can be achieved by STM tip-manipulation protocols
[19,22,34,39]. The EPWE calculated band structures along
high symmetry 'MKI" directions for positive (green) and
negative (blue-red) adatom potentials are shown in Fig. 2
(left). The prominent differences are the energetic down-shift
and the opening of a large K-point gap for negative poten-
tial adatoms, in contrast to the upward shift and Dirac-like
dispersion obtained from adatom quantum barriers. These
band structures are originated from the distinct confinement
of surface electrons by adatoms of different potential sign.
For a positive adatom potential, surface electrons are con-
fined into a honeycomb artificial atom pathway resulting in a
graphenelike band structure [59]. In contrast, for a hexagonal
lattice of attractive adatom potential, the artificial atom sites
are located under/around the adatoms resulting in coupled
artificial atoms analogous to hexagonal quantum dots rou-
tinely utilized, for example, in metal-organic porous networks
[22]. When LDOS is simulated at the substrate position in-
dicated by an asterisk in the inset, i.e., at the center of the
triangle formed by 3 Fe adatoms, the spectra contain distinct
features (Fig. 2, right) carrying information about the sign
of the scattering potential. For negative adatom potential, an
edgelike feature below the surface-state onset (see red arrow)
shows up at ~ — 0.524 eV corresponding to the bound-state
band. This feature is ~0.156 eV lower in energy than the
scattered surface-state LDOS edge for positive adatom po-
tential. Furthermore, close to the Fermi energy, the LDOS
spectra exhibit either single or double peaks (see arrows),
which could be distinguished in STS experiments. On the
energy scale of the presented graph, an additional high energy
peak at ~1.03 eV (blue arrow) is present, for negative adatom

205409-4



NATURE OF CONFINING POTENTIALS IN ...

PHYSICAL REVIEW B 108, 205409 (2023)

)
—— dI/dV
B
V=-0.65eV
— V=-080eV
— V=-095eV
— V=-125eV

LDOS (arb. units)

0.20 0.10 0.00 0.10 0.20
-1
E-Ep (eV) k(A7)

FIG. 3. Electronic properties of a self-assembled Ce hexagonal
superlattice on Ag(111). (a) Experimental d//dV curve (black) mea-
sured at the center of a triangle formed by three Ce adatoms and the
corresponding simulated TB LDOS (gray) taken from Refs. [38,39].
The LDOS here simulated by EPWE are shown as colored curves
for different adatom potentials. The shaded red area marks a possible
experimental bound-state feature, and the red arrow shows the shift
of the bound-state band with varying adatom potential. (b) Two-
dimensional LDOS maps simulated using EPWE at the energies 0.08
and 0.215 eV. (c) The band structure along I'MKT" directions for Ce
adatom potential of —0.8 eV. (d) The corresponding photoemission
intensity simulation along I'M (left) and 'K (right) directions.

potential, which originates from bands at the second energy
gap in the corresponding band structure. Although the ener-
getic position of this peak is strongly periodicity dependent
(see Fig. S6 of the SM [48]), the comparative LDOS here
calculated away from adatom positions, conclusively defines
the potential sign. In this context, the LDOS experimentally
measured for molecular graphene designed by STM tip ma-
nipulation of CO molecules on Cu(111) substrate, obviously
results from positive CO potential barriers [59]. Likewise, a
square arrangement of adatoms (see Fig. S7 of the SM [48])
also leads to distinct electronic properties for positive and
negative potentials, as demonstrated for CO-based square and
Lieb lattices [60].

Following previous discussions, we proceed to com-
pare our simulations with the first reported Ce adatoms
hexagonal superlattice, fabricated by surface-state-mediated
self-assembly on Ag(111) [19,38—40]. In Fig. 3(a), the ex-
perimental dI/dV curve (black) and the corresponding TB
LDOS (gray) at the center of Ce triangle (see asterisk in Fig. 2)
for hexagonal Ce-based superlattice of periodicity 32 A as
obtained from Refs. [38,39] are presented. The TB LDOS
nicely fits the two experimental LDOS peaks at 0.083 and
0.215 eV, with an additional weak broad band below —0.1 eV
(corresponding to a bound-state band) shows up in TB

calculations and not measured experimentally. Our EPWE
LDOS simulations nicely reproduce the experimental df/dV
for different absolute values of negative adatom potential and
also for several hexagonal Ce superlattices of different period-
icities (see Fig. S8 of the SM [48]). In contrast, by treating Ce
adatoms as repulsive scatterers, i.e., positive potential barriers,
for any combination of potential and effective mass, it was not
possible to match the experimental data (see Fig. S9 of the
SM [48]). Therefore, it is unambiguously concluded that Ce
adatoms in this superlattice act as potential wells. However,
the determination of the absolute value (i.e., strength) of this
negative potential requires the identification of bound-state
features. By changing the adatom potential from —0.65 to
—1.25 eV and meg from 0.41 to 0.46 m., respectively, the
bound-state broad feature below the Fermi energy systemat-
ically shifts towards higher binding energy approaching the
TB band at the highest absolute value of the potential. Indeed,
the experimental dI/dV data contains some features below
the Fermi energy (see shaded red area) that could be assigned
to a bound-state matching for a —0.8 eV scattering barrier. By
performing simulations for 2D LDOS maps at the energy of
the two peaks, Fig. 3(b), we see that the probability density
is localized at the substrate in a honeycomb path as well
as at adatoms positions. While this is consistent with TB
results, the experimental dI/dV maps reproduce the honey-
comb intensity at substrate but reveal no intensity at adatoms
[38]. This can be likely attributed to large tip-Ce distances
and/or to the leakage of bound states into the bulk. The band
structure of such Ce superlattice, for V = —0.8 eV depicted
in Fig. 3(c), agrees with the TB model consisting of a Fermi
gap which electronically stabilizes the surface-state mediated
growth. Below the Fermi energy, a bound-state band (red) is
present, while the scattering states at the upper/lower edges
of the first/second energy gaps are responsible for the two
LDOS peaks observed in Fig. 3(a). By simulating the angu-
lar dependence of the photoemission intensity, Fig. 3(d), the
occupied states consist of a parabolic bound-state dispersion
shifted to higher binding energy compared to the pristine
Ag(111) Shockley surface states [2]. This shift together with
the Fermi gap could be probed with ARPES, although the
Ce superlattice is only stable at 7 < 4 K. Indeed, for metal-
organic networks containing a stable arrangement of Co and
Cu adatoms into honeycomb and kagome superlattices on
Au(111) and Cu(111), respectively, ARPES measurements
revealed downward shifts below the surface-state onset of the
metallic substrate, consistent with negative adatom potentials
and agreeing with DFT predictions [22,36,37].

While the sign of the adatom potential could be revealed by
contrasting the electronic features in superlattices formed by
an array of quantum barriers or wells, the absolute value of the
negative potential, as discussed, demands clear measurement
of the bound states. These are recurrently measured for indi-
vidual adatoms on metal substrates [23-25]. Below we give
an estimate of the magnitude of negative adatom potentials
for reported adatom/substrate systems hosting bound states.
In Fig. 4(a) we present the optimal Newns-Anderson model
fit to the experimental dI/dV curves measured at the center
of single Co and Cu adatom deposited on Cu(111) labeled
by the green and blue symbols, respectively, and taken from
Refs. [24,25]. The energy axis is referenced to the onset of
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FIG. 4. Bound state of individual adatoms on metallic substrates.
(a) EBEM simulated LDOS at the center of single Co (green) and
Cu (blue) adatoms on Cu(111) substrate compared to the Newns-
Anderson model fit to the experimental dI/dV spectra (symbols)
taken from Refs. [24,25]. Dashed and solid curves correspond
to LDOS for real and imaginary adatoms potentials, respectively.
(b) EBEM simulated LDOS at different positions from the adatom
center (0) up to 50 A away. The bound-state LDOS feature trans-
forms into surface-state edgelike ~10 A away from the adatom.
[(c) and (d)] Two-dimensional LDOS maps simulated at the bound
state (—23 meV) and Fermi (445 meV) energies for real (c) and
imaginary (d) adatom potentials.

the Cu(111) surface state, being Ey = —0.445 eV. The curves
exhibit a bound-state feature distinct from the typical surface-
state edge, and they appear as broad intensity shoulders right
below the surface-state onset with different energetic position
and width for Co and Cu adatoms. We construct an EBEM
potential landscape consisting of a single circular muffin tin
potential V representing the adatom on Cu(111) substrate. For
Co/Cu(111) and Cu/Cu(111) systems we set V = —0.7 eV
andV = —0.9 eV, respectively, and meg = 0.41 m,. The sim-
ulated LDOS curves (dashed) at the center of Co (green) and
Cu (blue) adatoms exhibit a sharp peak slightly below the
surface-state onset (E — Ey = 0), where their spectral shape
is clearly not consistent with the dI/dV curves. However,
the matching with the experiment can be achieved simply by
adding an imaginary component to the adatom potential to
account for possible losses due to coupling with bulk bands.
The imaginary part of the potential allows the attenuation of
states with Fourier components of probability density at the
bulk projected bands of Cu(111) for individual or multiple
adatom systems (see Fig. S10 and Fig. S11 of the SM [48]),

analogously to the complex phase shift used in MS theory
[6]. By using Im(V) of —32 and —40 meV for Co and Cu
adatoms, respectively, the calculated LDOS curves (solid)
nicely coincide with dI/dV data. Although the imaginary
component is negligible compared to the real part of the
potential, it reflects a strong coupling to the bulk states in
the form of a large (85-95%) attenuation of the bound-state
intensity (~60% for the quantum corral in Fig. S11(b) of
the SM [48]), consistent with the black-dot behavior reported
for quantum corrals [6]. In Fig. 4(b) we further calculate
LDOS for the Cu/Cu(111) system for this complex potential
(—0.9-0.04i eV) at different positions spanning from the cen-
ter of Cu adatom (0) to 50 A away. The bound-state feature
transforms into an edgelike state at/beyond 10 A away from
the adatom, in accordance with the behavior reported for Ag
and Cu single adatoms on Ag(111) and Cu(111) substrates
[23-25]. The reproduced dI/dV data for single adatoms on
metallic substrates assure the suitability of our EBEM/EPWE
approach for the modeling of adatom-based nanostructures.
Furthermore, the required imaginary potential that account
for leakage at adatom position into bulk states reflects the
difficulty of bound-state measurements in conductance maps.
This is clearly seen in the simulated 2D LDOS [Figs. 4(c)
and 4(d)] at the bound-state peak energy (—23 meV) in the
Cu/Cu(111) system. While sharp intensity is obtained for real
adatom potential [Fig. 4(c)], this is significantly suppressed
after the inclusion of the imaginary part [Fig. 4(d)]. Like-
wise, at the Fermi energy (E — Ey = 0.445 eV), the simulated
LDOS maps exhibit standing wave pattern around the adatom
which is practically identical for purely real and complex po-
tentials, except at adatom position, where intensity at adatom
is hardly defined for imaginary lossy potential. Therefore, the
identification of bound-state features in conductance maps,
which is required to identify the sign of the scattering potential
in quantum corrals [Figs. 1(d) and 1(e)] and adatom-based
superlattices [Figs. 3(a) and 3(b)], is experimentally challeng-
ing. However, by arranging adatoms into superlattices and
probing the scattering states instead, the sign of the confining
potentials could be unveiled experimentally as demonstrated
in Fig. 2 and Fig. 3. Indeed, a faint dI/dV intensity, similar
to Fig. 4(d), at the position of adatoms in hexagonal Ce su-
perlattices with a large periodicity (35 A) is experimentally
measured [39], reassuring their negative potential.

The knowledge of the potential sign here addressed should
have large implications on the quantum designer of elec-
tronic states with on-demand properties and applications. For
instance, the CO molecules which act as positive potential
barriers have been used to pioneer electronic band structures
with exotic Dirac, Kagome, and flat bands [59-61], while
artificial molecular orbitals could be recently emulated by
positioning individual cesium adatoms on the surface of a
semiconductor substrate [62]. Scatterers in the form of nega-
tive potential wells, as well as heterogeneous structures made
of combinations of positive and negative potentials, are thus
expected to widen the range of novel band structures offered,
opening the way towards the formation of complex nanoar-
chitectures with intriguing electronic properties. Furthermore,
the potential sign is expected to also impact the quantum
mirage and Kondo scattering by magnetic impurities due to
the distinct phase shift at the interior of the corral and the
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multiple scattering at the negative/positive walls, whereby the
empty focus, in elliptical corrals for instance, could be read-
ily altered [63—65]. Of particular interest is the exploration
of nanostructures patterned into heavy metal substrates and
surface alloys, where spin-orbit interaction is sufficiently large
to split the surface-state dispersion which could induce topo-
logical effects/gaps in nanostructures and superlattices [66].
Further computational efforts are thus needed to incorporate
these ingredients into the simplified EPWE/EBEM approach
and a more quantitative consideration of the coupling to bulk
states, here modeled simply through the imaginary component
of the potential, is required.

IV. CONCLUSION

In conclusion, we employed the EBEM and EPWE
simulation methods to unravel the potential sign in adatom-
based quantum corrals and superlattices. For confining finite

nanostructures, such as quantum corrals, stadiums, and res-
onators, the experimental dI/dV spectra acquired at the
centers are reproducible using positive or negative adatom
potentials, and challenging measurements at/nearby adatom
positions are required to determine the potential sign, where
bound states should emerge solely for negative adatom po-
tentials. We show that the sign of adatom potential can
be unambiguously identified without the quest for challeng-
ing bound-state measurements when adatoms are arranged
into 2D superlattices, where distinct sign-dependent band
structures and density of state scattering features develop.
Following these arguments, we reproduce the experimental
results of Ce hexagonal superlattices with tunable periodic-
ities confirming the negative potential sign of Ce adatoms.
The knowledge of the scattering potential sign here explored
is of high fundamental importance for the engineering of
superlattices with on-demand electronic structures and related
applications.
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