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Measurement and qualitative explanation of decay lengths of attractive
and repulsive forces between natural and artificial atoms
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Artificial atoms, such as quantum corrals, offer an excellent platform to study fundamental interactions
between localized quantum states and nanoscale probes. We performed atomic force microscopy measurements
inside square quantum corrals on Cu(111) using CO- and metal-terminated tips. Using chemically unreactive
CO-terminated tips, repulsive Pauli forces can be probed, while metallic tips are attracted to the localized
quantum states due to chemical bonding. We found distinct exponential decay constants of (46 + 6) pm for
the repulsive and (66 & 5) pm for the attractive forces. Attractive and repulsive interactions between two natural
atoms show significantly shorter decay lengths. While natural atoms feature states with a broad range of decay
lengths, including very short ones from deeply bound states, quantum corrals are lacking such deeply bound and
highly localized states, resulting in longer decay lengths. These results offer an alternate route to understanding
and designing atomic-scale interactions in low-dimensional quantum structures and devices.
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I. INTRODUCTION

The ability to control and manipulate matter at the atomic
scale is a fascinating aspect of modern nanoscience and
nanotechnology. A landmark achievement was the develop-
ment of atomic manipulation [1] using the scanning tunneling
microscope (STM). Manipulating single atoms not only pro-
vides unprecedented visualization of surfaces [2], but also
allows the construction of artificial quantum structures with
dimensions all the way down to the nanometer scale. Atomic
manipulation has proven to be remarkably versatile, allowing
the exploration of fundamental quantum states in systems
such as Dirac materials, including Lieb lattices [3,4] and ar-
tificial graphene [5], as well as in structures with interesting
topological behavior [6-8], just to name a fraction of what
has been studied previously. It has also been applied to prac-
tical challenges, such as manipulating and sensing the spin
state of artificial atomic structures (e.g., Refs. [9-11]), logic
operations [12,13], or pushing the limits of storing data at the
atomic scale [14,15].

By arranging adsorbates with atomic precision, researchers
also gained the ability to tailor the confinement of electrons
within these structures [ 16—18]. Quantum corrals [19], formed
by positioning atoms in a closed geometry on a surface, are a
prime example. The closed geometry confines surface state
electrons in the x and y plane (surface plane), leading to a set
of resonant eigenstates inside the corral. By confining a fixed
number of electrons in a small space such that a discretized
energy spectrum is present, quantum corrals can be regarded
as artificial atoms [20,21]. Since the original circular quantum
corral, made from Fe adatoms on Cu(111), was introduced in
1993 [19], artificial atoms have been realized on a variety of
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more exotic surfaces, including semiconductors [22], Rashba
surface alloys [23], proximity superconductors [17], and topo-
logical insulators [24]. These structures have become essential
model systems, allowing researchers to explore fundamental
quantum phenomena in designed environments using STM.

Atomic force microscopy (AFM) has emerged as a com-
plementary technique to STM, offering the ability to probe
surface properties with atomic spatial resolution and fem-
tonewton force sensitivity. While STM exclusively probes
the electronic behavior of quantum structures such as artifi-
cial atoms, AFM allows for direct investigation of the forces
that are determined by the interaction between the confined
electronic states and the probe tip, an aspect STM does not
provide. Understanding these interactions is vital for potential
applications in quantum technology, such as quantum sensing
or quantum computing. Quantum sensors often rely on the in-
teractions between the sensor and a probe (e.g., Refs. [25,26]).
Such sensors are very sensitive to even weak interactions,
and the performance of such devices depends greatly on the
understanding of how probes (e.g., the AFM tip) interact
with the quantum system (e.g., the quantum corral). Quantum
computing, on the other hand, requires precise control over
quantum states (qubits) (e.g., Refs. [27-31]). Any unwanted
or poorly understood interaction can lead to errors and deco-
herence. Therefore, a fundamental understanding of the forces
that act on confined electronic states in quantum structures
is important for the development of more robust and reliable
qubits and quantum sensing devices.

AFM studies by Stilp et al. [21] have demonstrated the
ability to probe these tip-sample interactions within quan-
tum corrals, revealing femtonewton-scale forces between the
AFM tip and confined electronic states. Specifically, they
observed a repulsive force when using a CO-terminated tip,
attributed to Pauli repulsion, and an attractive force with a
metal-terminated tip, suggesting the formation of a chemical
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FIG. 1. (a) STM topography image of the square corral, consist-
ing of 26 CO molecules, measured with a metal tip, a sample bias of
10 mV, and a tunneling current set point of 100 pA. The side lengths
are 6.132 nm (horizontal) and 6.195 nm (vertical). CO molecules
appear as dark dips. In the inner part of the corral, the charge density
near the Fermi level can be seen as the checkerboard-like structure.
(b) Model spectrum of the square shaped corral in (a) in n-space,
characterized by the main quantum numbers n, and n,. All states
(blue markers) which lie in the red shaded region are below the Fermi
level and are therefore occupied with electrons.

bond. Although this study established the sensitivity of AFM
to these interactions, no detailed discussion of the decay char-
acteristics was given.

In this work, we present an AFM study of the interactions
between the confined electronic state within square-shaped
quantum corrals on a Cu(111) substrate and AFM tips with
CO and metal terminations. Our research offers a detailed
analysis of the attractive and repulsive forces, revealing dis-
tinct decay lengths of 46 pm for repulsion and 66 pm for
attraction. We further demonstrate that the measured force
decays deviate form the conventional decay ratio found in
the semiempirical Morse potential, where there is a factor of
2 between the attractive and repulsive decay lengths. Based
on our data, we estimate an upper limit of 1.6 for this factor.
Additionally, a comparison of the decay lengths measured in
a quantum corral with those observed between two natural
atoms reveals a significant difference: Natural atoms typically
exhibit decay lengths that are significantly shorter than the
ones measured in a quantum corral. This can be attributed
to the presence of deeper bound states in natural atoms,
which contribute to interactions with a short decay length.
Conversely, the quantum corral system lacks such deeply
bound and highly localized states, which in turn leads to the
longer decay lengths observed. This comparison highlights
principles critical to understanding both the decay character-
istics of interactions between natural atoms and the design
of low-dimensional quantum structures with tailored chemical
reactivity.

II. THE QUANTUM CORRAL

The quantum corral built for this work is square shaped
and consists of 26 individually positioned CO molecules. An
STM topography image is shown in Fig. 1(a). For details
on the measurement conditions and experimental setup, see
the Supplemental Material SM1 [32]. The side lengths of
the quantum corral are 6.132 nm (horizontal) and 6.195 nm

(vertical). Details about the exact adsorption sites of the CO
molecules are provided in the Supplemental Material SM2
[32]. For the upper and lower corral walls, the intermolecular
distance is 1022 pm, while the left and right walls have an
intermolecular spacing of 885 pm.

A quantum corral on Cu(111) confines the quasi-free two-
dimensional (2D) electron gas present on the surface (also
called the Shockley surface state [40]), resulting in a set of
resonant eigenstates [19]. To understand the behavior of the
confined Shockley surface state within the quantum corral,
a model description of a particle in a 2D box can be used.
It was shown that an infinitely high potential well in the x
and y plane (surface plane) captures the main properties of
a quantum corral, including the spatial shape and energetic
position of the resonant eigenstates [18,19,21]. In the x and
y directions there are sinusoidal-shaped standing waves char-
acterized by the quantum numbers n, and n,. These quantum
numbers determine the energy and shape of the confined elec-
tron wave functions W, , (x,y). For explanatory purposes, a
modeled spectrum of the quantum corral in n-space is given in
Fig. 1(b). Each marker represents a single corral state, which
is characterized by its main quantum numbers n, and ny. All
corral states below the Fermi level [within the red-shaded re-
gion in Fig. 1(b)] are occupied with electrons. A more detailed
discussion about the model description of the quantum corral
is provided in the Supplemental Material SM3 [32].

Stilp et al. were the first to show the measured forces
between the AFM tip and the Shockley surface state con-
fined in a quantum corral scale with the total surface charge
density o, [21]. The total surface charge density is deter-
mined by which corral states lie below the Fermi energy
Er and are therefore occupied by electrons: oy (X, y)
> Ev s <E [ Wi, ., (X, y)|%. Metal tips showed a stronger chemi-
cal attraction to regions with an increased total surface charge
density, whereas CO-terminated tips are repelled from regions
with an increased surface charge density. This repulsive force
was attributed to Pauli repulsion [21].

The decay of the corral states toward the vacuum (z > 0) is
not affected by the lateral confining structure (the walls) and
is described by W, (z) o exp(—z/A¢ ) with A§ being the decay
constant of the sample wave functions. Calculations by Stilp
et al. [21] showed that corral states decay with A§ = 84 pm
toward the vacuum. Consequently, the corresponding electron
density (|¥|?) decays with a length of 42 pm.

III. EXPERIMENTS AND MODEL DESCRIPTION

A. Constant height AFM images and the total
surface charge density

In Fig. 2(a) a constant height AFM image of the inner
part of the quantum corral is provided, measured with a CO-
terminated tip and a sample bias of Vg = 0 V. This image
was taken at a tip-sample distance of 340 pm, defined by
the core-core distance of the frontmost oxygen atom and the
copper surface layer [41]. The measurement signal Af is
proportional to the force gradient between tip and sample [42].
At such a small tip-sample separation, the Cu surface atoms
are visible as small attractive (dark) features [35,43]. Overlaid
with this copper grid, wider features can be recognized. This
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FIG. 2. (a) Frequency shift (Af) image measured with a CO
tip in constant height showing the Cu surface atoms as small dark
dips. The confined surface state is visible as the superimposed four
bright spots around the center surrounded by eight light-dark dips.
(b) Gaussian low-pass filtered version of (a) to remove the Cu grid
[21,32]. (c) Frequency shift image measured with a metal tip in
constant height. The confined surface state is visible as four dark
dips around the center surrounded by eight bright spots. (d) Slightly
Gaussian low-pass filtered version of (c). (e) Multiple scattering
simulation of the total surface charge density o 3. The appearance
of (b) and (d) only differs by a minus sign, showing that local
accumulations of the surface charge density lead to repulsion when
measured with a CO tip [bright regions in (b)], and attraction [dark
regions in (d)] when measured with a metal tip. (f) Average of the
two diagonal line profiles of the CO tip AFM image from (b), shown
as the green dashed line. In this plot d is defined as the distance
from the center of the corral. For qualitative comparison, an offset of
offco = 3.73 Hz was added and the result multiplied by an amplitude
factor of Aco = 31 5571 Aco X (A fco + offco). The red dotted line
shows the corresponding profile from the metal tip AFM image in
(d), scaled by using offjes = 6.65 Hz and Ayen = —14.7 % The
black line represents the simulated profile of (e). This comparison
illustrates that both AFM images reflect the total surface charge

(v gMS
density o,;°.

additional signal stems from the confined surface state and
consists of four bright spots around the center of the image
surrounded by eight light-dark dips. Applying a Gaussian
low-pass filter (see SM4 [32] for more details) to Fig. 2(a)
suppresses the spatially high-frequency atomic surface lattice
signal and shows the confined surface state more clearly [see
Fig. 2(b)].

When AFM measurements are performed with a metal
tip [see Figs. 2(c) and 2(d)], the opposite behavior is found.
Metal tips interact attractively with corral states, resulting in

an increased attraction over regions with a high oy (dark
areas).

To simulate the total surface charge density, multiple scat-
tering (MS) simulations are employed. The MS formalism
developed by Heller et al. [44] is based on an s-wave scattering
approach and is an established method to simulate the elec-
tronic properties of a quantum corral. It has been shown that
the best agreement between experiment and MS simulation
can be achieved when the §-peak-shaped scattering potentials
are provided with a strong absorbing channel [44], which is
called the “black-dot” limit. Our simulations showed that the
confined surface state electrons exhibit a slightly higher effec-
tive mass m . than the free surface state electrons m; ...
The best agréement between simulation and measurement was
found for mg .., = 0.45 x me, while the effective mass of the
free Shockley surface state is m .. = (0.405 £ 0.025) x m,
(e.g., Refs. [45-50]). The slight increase in effective mass of
confined electrons is a known phenomenon that has also been
observed, for example, in semiconductor quantum dots [51].
Furthermore, Freeney et al. [52] also simulated square-shaped
quantum corrals on Cu(111) with a muffin tin model and
found effective masses of 0.48 x m. and 0.46 x m., which
is in good agreement with the effective mass we found. The
effective mass was determined to ensure a correct simulation,
and consistency between simulation and experiment, but it is
not central to our analysis and will not be discussed further.
Additional details on the MS simulations are given in the
Supplemental Material SM5 [32].

The simulated total surface charge density oM is shown in
Fig. 2(e). In this image, bright regions correspond to a high to-
tal surface charge density, while dark regions correspond to a
low total surface charge density. Comparison of Figs. 2(b) and
2(e) again makes it clear that AFM measurements, conducted
with a CO-terminated tip, are sensitive to the total surface
charge density, where an increased total surface charge density
[bright regions in Fig. 2(e)] results in an increased repulsive
force [bright areas in Fig. 2(b)]. The opposite behavior can be
found when comparing the metal tip AFM image [Figs. 2(c)
and (d)] with the simulation of the total surface charge density
[Fig. 2(e)]. An increased total surface charge density [bright
regions in Fig. 2(e)] results in a more attractive force [dark in
Fig. 2(d)]. Regions with a minimum of total surface charge
density [dark in Fig. 2(e)] will result in a minimal attractive
force, which appears bright in AFM images [see bright re-
gions in Fig. 2(d)]. In Fig. 2(f) the average line profiles along
the two diagonals of the respective images are shown. To show
qualitative agreement, an offset was added to all measured line
profiles and then multiplied by an amplitude factor. Details
are provided in the caption of Fig. 2(d). Please note that the
line profile of the metal tip AFM image (red dotted line)
was multiplied with a negative amplitude factor, effectively
inverting the profile line.

It is worth noting that the maxima of the profile lines in
Fig. 2(d) are further apart for the metal tip measurement than
for the CO tip measurement. For the metal tip the maxima are
separated by 2 nm, while for the CO tip they are separated
by 1.7 nm. Approaching an AFM tip close to the surface can
shift the energy of the corral states [21]. It was shown that
CO tips slightly raise the energy of corral states, leading to a
small depopulation of corral states near the Fermi energy. In
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FIG. 3. (a) Contrastin A f, measured with a CO tip, as a function
of vertical distance z showing an exponential behavior with a decay
length of AgR" = (48 4 12) pm. The contrast is defined as the dif-
ference between the average of the four innermost maxima and the
central minimum. (b) Contrast in A f, measured with a metal tip, with
a decay length of A% = (64 & 7) pm. The contrast is defined as the
difference between the central maximum and the average of the four
innermost minima. The definition of the error bars of the data points
is described in the Supplemental Material SM7 [32]. In both cases
the A f contrast was fitted with an exponential decay function. The
fits are displayed as full red lines and can be associated to a force
contrast (right axis). The red shaded region gives the error of the fit,
which is two times the standard deviation.

contrast, metal tips lower the state energies, slightly increas-
ing the electron occupation. These tip-induced shifts affect
the total surface charge density and can explain the subtle
differences between the CO and metal tip profile lines. This
confirms the interpretation of the tip-induced energy shifts
shown by Stilp ef al. [21] in circular quantum corrals. A more
detailed discussion is provided in the Supplemental Material
SM6 [32]. Multiple scattering simulations do not account for
such a tip-induced energy shift. The calculated o M5 might also
deviate moderately from the measurements as -440 meV for
the band edge of the Shockley surface state was used, a value
that varies slightly in literature.

B. Decay lengths of the attractive and repulsive forces

Recording constant height AFM images at different tip-
sample separations additionally provides insight into the
distance dependence of the interaction between the tip and
the corral states. Figure 3 shows the contrast evolution of the
frequency shift C2/ as a function of the tip-sample distance
z. Each C#/ value in Fig. 3 was calculated from one constant
height AFM image. The contrast is defined by the absolute
difference between the four innermost extrema, marked by
blue crosses, and the center, marked by the green square [see

TABLE 1. AFM force contrast decay lengths measured with a
CO and a metal tip. Corral 1 was measured using a monoatomic
metal tip, followed by measurements with a CO-terminated tip (same
metal tip but equipped with a CO at the apex). Corral 2, built after
several preparation cycles on the same copper crystal, was measured
using a different mesoscopic tip configuration [54]. To verify the
reproducibility of the decay lengths, measurements with the CO tip
were repeated twice. Corral 3, which featured denser walls, was
measured using the same CO and metal tip as for corral 1.

reo" (pm) 2y (pm)
Corral 1 48+11 65+6
(Fig. 1-3)
Corral 2 40+£13 67+8
(SM8 [32]) 39+14
Denser corral 51+9 68+13
(Fig. 4)
Average 46£6 665

Figs. 2(b) and 2(d)]. More details about the calculation of the
contrast are provided in the Supplemental Material SM7 [32].

For both tip configurations (CO and metal tip), the contrast
decays exponentially with z, resulting in decay lengths of
)\2’8“1' = (48 £ 11) pm and AM = (65 & 6) pm. The force

metal —

contrast CT follows from Eq. (8) in Ref. [53]: CLy(z) =

291 N x exp[—(z — 323 pm)/AgD" ] for the CO tip measure-
ments and Ck_ . (z) = 1522 fN x exp[—(z — 417 pm)/A2 ]
for the metal tip measurements. This means that for the small-
est tip-sample separations (323 pm for CO tip and 417 pm for
metal tip) force contrasts of 291 and 1522 fN were measured.
The respective force contrasts are shown as full red lines
in Fig. 3. For reproducibility, additional measurements were
made using different CO and metal tips in a separate corral
[54]. The corresponding analysis is provided in the Supple-
mental Material SM8 [32] and is summarized in Table I. It
is evident that the obtained decay lengths are consistent with
the measurement accuracy. This demonstrates that the decay
lengths are independent of the mesoscopic tip geometry and
the environment of the quantum corral.

Because the interaction between the tip and the corral
states decays exponentially on a length scale of only a few
tens of picometers, the dominant contribution arises from the
frontmost atom of the tip apex. In the case of a monoatomic
metal tip, atoms in the second layer are located approximately
200 pm farther from the surface. With a decay length of 66
pm, their contribution to the force is therefore only about 5%
that of the apex atom and can safely be neglected. Conse-
quently, the macroscopic geometry of the tip barely influences
the measured interaction.

Recently, it was demonstrated that the eigenstates of quan-
tum corrals are influenced by the wall density. Higher wall
densities cause a slight shift in the energies of the corral states
toward higher values and also extend the lifetimes of these
states [18]. However, the decay of the corral states into the
vacuum should not be affected by the wall density. To show
this, AFM measurements were also performed in a corral
with twice the wall density compared to the one presented in
Fig. 1(a). The decay lengths of the denser quantum corral are
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FIG. 4. (a) STM topography image of the denser square corral
measured with a metal tip, a sample bias of —10 mV, and a tunneling
current set point of 100 pA. This corral also has side lengths of 6.132
and 6.195 nm but consists of 52 CO molecules. The image has a size
of 7 by 7 nm. (b) Frequency shift image measured with a metal tip
in constant height. This measurement was taken inside the quantum
corral and has a size of 3.8 by 3.8 nm. (c) and (d) Contrast in A f
and F, measured with a CO and a metal tip, as a function of vertical
distance z showing an exponential behavior with decay lengths of
x’gg“" = (51 +9) pm and A2 = (68 & 13) pm.

metal —

listed in Table I and the corresponding analysis is shown in
Fig. 4.

As shown in Table I and Fig. 4, the measured decay lengths
remain unchanged within the measurement accuracy, regard-
less of the mesoscopic tip configuration or the wall density of
the corral. This demonstrates a clear relationship between the
decay lengths of the interaction of the confined Shockley sur-
face state with a metal and a CO tip (attractive and repulsive):

A = (1.4£0.2) x AgH". (1)

metal —

Equation (1) shows that in the case of the corral, the decay
lengths of Pauli repulsion and chemical bond differ by a
factor of 1.4. This result shows a clear difference between the
decay lengths of the attractive and repulsive interactions with
a confined Shockley surface state.

As discussed earlier in Sec. III A and SM6 [32], the close
proximity of the AFM tip can slightly shift the center energy
of the corral states. This alters their occupation and, conse-
quently, the total surface charge density [see the difference
between attractive and repulsive profile lines in Fig. 2(f)].
In general, such changes could influence the distance depen-
dence of the Af contrast. Corral states in denser structures
have longer lifetimes and therefore narrower energy distribu-
tions [18], making their total surface charge densities more
sensitive to tip-induced shifts. However, since both dense and
less-dense corrals yield the same decay length (see Table I),
we conclude that the influence of this effect on the measured
decay length is negligible.

It is well known that CO at the apex of an AFM tip is a
rather flexible termination that can bend laterally during scan-
ning. When imaging molecules on surfaces, such CO bending
can even enhance spatial resolution. From the measured force

contrast with a CO-terminated tip, one can estimate that the
corresponding potential energy corrugation in a quantum cor-
ral is very shallow (90 ueV). The resulting lateral forces on
the CO lead to a negligible lateral deflection of approximately
60 fm. We therefore conclude that CO bending does not affect
the measured decay lengths. Further details on this estimation
are provided in the Supplemental Material [32].

C. Model description of the attractive and repulsive forces

The extracted decay length of the CO tip measurement is
greater than the decay length of the surface charge density
(A /2= A5 =42 pm). This can be understood with a com-
monly used model description of Pauli repulsion, which is
given by the overlap integral of the total charge densities of
the tip pco p and sample Pgample:

ad
Fpauti,; 8_2 /[/OCO tip(?)psample(?)]ad?v ()

with o ~ 1 (e.g., Refs. [55-58]). From this relationship, it
becomes evident that the measured force contrast conducted
with a CO tip in quantum corrals depends not only on the
decay length of the total charge density of the sample but also
on that of the tip. As an estimate, the charge density at the apex
of the CO tip can be modeled as an s-wave-like distribution
(i.e., Slater-type functions for large distances from the atomic
nucleus). With an effective nuclear charge Z.is =~ 4.5 of the
valence electrons of oxygen [59], the charge density of the
front most part of the CO tip approximately decays with
12 pm. With this the model description of Pauli repulsion
gives a decay length of the force of kggﬁilz =43 pm with
a = 1 which is slightly larger than the charge density decay of
the Shockley surface state (see Supplemental Material SM9.1
for more details [32]). The modeled decay length also lies
within the measured error window of 46 £ 6 pm.

Despite the good agreement, we found three possible rea-
sons why the modeled decay length of Pauli repulsion is
slightly shorter than the measured length. None of those
is the s-wave approximation of the flat corral states, as this
is justified in SM9.5 [32].

One possibility lies in the fact that the Shockley surface
state decay length was calculated using the known work func-
tion of Cu(111). The close proximity of the AFM tip can
locally alter the potential landscape of the surface, effectively
modifying the work function [60,61]. Such a perturbation
could lead to a longer decay length than expected from ideal,
unperturbed surface parameters. An effective work function
of @50 ~ 4.5 eV is needed to closely match the measured
decay lengths.

Another contributing factor may be the scaling exponent
a, which appears in the density-overlap-based model of Pauli
repulsion [55,57]. Although set to unity in this work for clarity
and consistency, it was shown that @ can vary depending on
the nature of the interacting systems. Values slightly above 1
have been reported for molecular systems [57], while interac-
tions between single natural atoms often yield values slightly
below 1 [55]. A value of o = 0.92 results in a modeled de-
cay length that closely matches the measured length. This
suggests that modest deviations from the idealized scaling
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behavior may be intrinsic to the corral system and should be
taken into account in future refinements of the model.

A third possibility could result from an influence of long-
range attractive interaction between CO tip and corral states.
Stilp et al. [21] showed that the attractive electrostatic inter-
actions between the tip and the corral states are small and
therefore can be neglected. Due to the formation of a compen-
sation layer of electron depletion below the corral state with
the same spatial distribution and opposite sign, the resulting
electrostatic forces are strongly reduced. Furthermore, the de-
cay length of the remaining electrostatic interaction is on the
order of several hundred picometers. When considering the
contrast in A f, any long-range contributions, including also
other forces such as van der Waals attraction, are suppressed,
leaving only the short-ranged Pauli repulsion between the tip
and the corral state.

The distance dependence of chemical bonding is of-
ten approximated by the overlap of wave functions (e.g.,
Refs. [61-64]): Fehem,; a% f Wiip (7) Wsample (7)d7. In the rel-
evant energy regime around the Fermi level, metallic tips
are predominantly characterized by s-orbitals [65] with an
estimated decay length of ~84 pm [66,67]. This simplified
model predicts a chemical force decay length of 125 pm (see
Supplemental Material SM9.2 for details [32]).

With this model description of the distance dependence of
a chemical bond, the key difference between Pauli repulsion
and chemical attraction is that the former depends on the abso-
lute square of the wave functions (p o |W|?), while the latter
depends on the wave function itself (). Because the charge
densities of tip and sample decay as |W|?, the decay length of
Pauli repulsion is inherently shorter than that of the chemical
attraction. This trend is also reflected in our measurements,
where Pauli repulsion results in a shorter decay length (CO
tip, 46 pm) than chemical bonding (metal tip, 66 pm).

It is important to note that the chosen description of the
chemical force between the metal tip and corral states is a
simplified model. Although it qualitatively explains the ob-
served difference in decay lengths, it results in a decay length
twice as long as the measured one. A more sophisticated
approach, such as a linear combination of atomic orbitals
(LCAO) model, would inherently incorporate orbital overlap
effects in a more detailed manner. However, the development
of a complete LCAO-based description goes beyond the scope
and purpose of this work.

The commonly used semiempirical Morse potential [68]
provides a useful and intuitive model to describe the potential
energy of diatomic molecules. It consists of two summed
exponential functions, one describing the repulsive interac-
tion (prominent for small separations) and one describing the
attractive interaction (prominent for large separations). The
Morse potential has been widely applied in various fields of
science, ranging from the description of catalytic processes on
surfaces to the simulation of dynamics in biological systems
or gases [69]. Given this broad applicability, it also serves as
a meaningful reference for AFM-based force analysis.

In the original Morse formulation, the attractive decay
length is twice as long as the repulsive one, meaning u =
A /dyeone = 2. However, this ratio cannot be applied to the
measurements presented here. Our data, recorded with a metal
tip, clearly lie in the attractive regime which corresponds

to the right side of the potential minimum. Attempting to
access the repulsive regime was not feasible, as the strong
forces between tip and sample caused tip deformations or even
dropping tip material inside the corral. Therefore, the metal
tip measurements were limited to the attractive tail of the
interaction, and fitting a full Morse potential was not possible.

Instead, we approximated the interaction by fitting a single
exponential function to the attractive side (see Figs. 3 and
4), which yields a decay length of 66 pm. However, fitting
one side of a Morse-like potential with a single exponential
function introduces a systematic overestimation. The steep
repulsive term slightly distorts the shape of the attractive tail,
which is not captured in such a simplified fit. A mathematical
analysis (see SM10 [32]) shows that the fitted decay length
Ad | is always greater than or equal to the true attractive de-

metal
cay length: A2 > A% This implies that A% < 66 pm. If

the original I\Z](e;?lse ratio u = 2 is applied, this would suggest
a decay length of the Pauli repulsion of A% < 33 pm. As
shown for the CO tip measurements, Pauli repulsion in the
corral is well described by the overlap integral of electron
densities [see Eq. (2)], and the decay length of the surface state
charge density 1§ = 42 pm can be regarded as a lower bound
for the repulsive decay length for the corral system (see SM9.4
[32]). This directly excludes the Morse factor of 2. Taking the
measured attractive decay length as an upper limit, the maxi-
mum possible ratio is fmax = 66 pm/42 pm = 1.6. While this
does not contradict the general concept of the Morse potential,
it shows that the specific decay ratio assumed in its original
form is not applicable to the experimental conditions in this
study.

A rough estimate of the repulsive decay length of the metal
tip can be obtained by applying the same model used for the
CO tip [electron density overlap in Eq. (2)]. While the repul-
sive regime could not be accessed directly in the experiment,
this method yields a hypothetical decay length of approxi-
mately 52 pm (see SM9.3 for further details [32]). Taking this
value as the relevant repulsive decay length, the upper bound
of the decay length ratio reduces to pm.x = 66 pm/52 pm =
1.3. This defines an even stricter upper bound for the decay
length ratio, further supporting that the original Morse ratio
of 2 is incompatible for the quantum corral system.

D. Comparison of an artificial atom to a natural atom

To better understand the measured decay lengths of tip-
corral interactions, it is instructive to compare them with those
observed in interactions between natural atoms. Similar to
the artificial atom case, natural systems also show that chem-
ical bonding generally decays slower than Pauli repulsion.
However, the absolute decay lengths observed in natural atom-
atom interactions are shorter than those found in the corral
system.

For chemical bonding, Ternes et al. [61] reported decay
lengths around 40 pm for interactions between a metal tip and
individual Cu and Pt adatoms on Cu(111). Rubio-Bollinger
et al. [70] found similar values for metallic adhesion between
gold atoms in atomic junctions, with decay lengths of approx-
imately 45 pm. In contrast, the attractive interaction measured
in this work between a metal-terminated AFM tip and the
corral states shows a much longer decay length of 66 pm.
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FIG. 5. Qualitative sketch of the electronic states involved in tip-sample interactions. (a) Bottom left: Schematic density of states (DOS)
for a natural atom at the AFM tip apex and a natural adatom on a surface. For illustrative purposes, both DOS profiles (for tip and sample)
are assumed to be identical. Tip and sample exhibit broad sp- and d bands. Lower-lying bands are not shown. Ef is the Fermi energy, which
is ® = 4.94 eV below zero energy, and Epg gives the band edge of the Shockley surface state. Bottom right: Approximated decay length A of
electronic states in a natural atom configuration as a function of energy, following a A o 1/+/—E dependence (see main text). (b) Electronic
interaction between a natural atom and an artificial atom (quantum corral). The relevant energy range for interaction is defined by Egg and Ef.
Within this narrow energy window the tip-side decay lengths vary only slightly (between 84 and 87 pm), while the decay length of the corral
states remains constant at 84 pm (see graph at the bottom left side). Bottom right: Local density of states in the center of the corral (blue),
extracted from a d//dV spectrum (see SM5 [32]). Top left: Comparison of the DOS profiles of tip and quantum corral. The DOS profile of the
tip is a zoomed-in version of the natural atom profiles shown in (a). Averaged over the energy range of interaction, the natural-natural atom
interaction has a shorter decay length than the natural-artificial atom interaction.

A comparable trend holds for Pauli repulsion. Measure-
ments with CO-terminated tips on CaF, yielded repulsive
decay lengths of 27 pm [58], and atomic scattering experi-
ments report values around 28 pm across a range of various
atomic species [71-76]. In contrast, the CO tip measurement
over the quantum corral yields a repulsive decay length of
46 pm.

A likely explanation for this consistent difference lies in the
nature and energy range of the electronic states involved in the
interaction. Natural atoms have an energetically wide-spread
distribution of electronic states, extending from the Fermi
level down to deep-lying core levels. These states span several
electron volts below Er and include orbitals that are highly
localized in space. For instance, in Cu(111), the sp bands
begin about 10 eV below the Fermi level and are energetically
broad. The 3d band starts around 5 eV below Ef and is nearly
fully occupied. This is sketched on the lower left side of
Fig. 5(a).

The energetic dependence of the decay length of states
can be roughly approximated with an electronic state in a
one-dimensional box. With the energy E relative to the vac-
uum level (=0) the exponential decay length is given by
A =h//—2m.E. For example, the 1s core level of copper,
with a binding energy of roughly 9000 eV [77], has an ap-
proximated decay length of 2 pm. With an atomic spacing
of 255 pm in bulk copper, such deeply bound orbitals barely
overlap, and thus can be considered to not form bands. In
contrast, decay lengths at the onset of the Shockley surface

state (440 meV below Ef) are 84 pm. The energy dependence
of the approximated decay lengths is shown on the lower right
side of Fig. 5(a).

The total chemical interaction between two natural atoms
is governed by contributions from many orbitals across a
wide energy range. Long-ranging orbitals near the Fermi level
decay slowly and begin to overlap at relatively large distances.
As atoms come closer, deeper, more localized orbitals start
to contribute, resulting in a faster increase in force. The full
interaction can thus be seen as a combination of many or-
bital overlaps, each with its own distance dependence. This
combined interaction decays faster than the Fermi-level com-
ponent alone, which explains why experimental decay lengths
for natural atoms are often significantly shorter than those
of the highest-lying states. This is also the reason for the
excellent spatial resolution of AFM [36].

The situation in the artificial atom (quantum corral) is dif-
ferent. The occupied electronic states of the corral lie within
a narrow energy range of 440 meV below the Fermi level,
as illustrated on the lower right side of Fig. 5(b). For the
quantum corral there are no deeply bound and spatially highly
localized states contributing to the interaction. Because of the
2D nature of the corral states, the decay lengths of all corral
states are 84 pm. Within the narrow energy range of the occu-
pied corral states, the approximated energy-dependent decay
lengths of electronic states of natural atoms vary only slightly
(from 84 to 87 pm). This is depicted on the lower left side
of Fig. 5(b). The interaction is therefore governed solely by
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slowly decaying states, resulting in longer decay lengths for
both repulsive and attractive interactions compared to natural
atom-atom systems.

That bonding in natural systems often involves deeper-
lying states is also supported by several examples from
literature. The 3d band of noble metals is known to play a
critical role in the adsorption of CO, O, and CO, on copper
clusters [78], as well as on transition metals like Cu, Ag, and
Au [79]. This band is centered several electron volts below
the Fermi level. In other cases, even fully filled semicore
orbitals were shown to participate in bonding. For instance,
the existence of HgF, is explained by bonding contributions
from Hg’s filled d orbitals [80], and CsFs has been predicted
to form with bonding contributions from fully filled p or-
bitals [81]. Another example is the uranyl ion UO", where
the main bonding orbitals are 5f and 6d, but at short bond
lengths, even the filled 6p semicore orbitals hybridize and
contribute to the interaction [82—-84]. It was further shown
that also in solids, deeper-lying atomic orbitals participate
in bonding [85]. These examples underline that bonding in
natural systems can involve orbitals located well below the
Fermi level, further supporting the conclusion that the effec-
tive decay length in such systems can be shortened by the
participation of fast-decaying, deep-lying states.

IV. SUMMARY AND OUTLOOK

A. Summary

We performed constant-height AFM measurements with
CO- and metal-terminated tips within a square-shaped quan-
tum corral on Cu(l111). Multiple scattering simulations
supported the observation of previous studies [21] that the
forces measured with AFM in quantum corrals scale with the
total electron density. CO-terminated tips interact repulsively
with the confined surface state, while metal-terminated tips
interact attractively. We further found that the forces mea-
sured with CO- and metal-terminated tips decay exponentially
with different decay lengths. The construction of a quantum
corral with the same geometry but a denser wall confirmed
that the decay lengths are independent of the corral wall and
the mesoscopic tip shape. The repulsive interaction (CO tip)
exhibited a decay length of )»Eegul‘ = (46 & 6) pm, while the
attractive interaction (metal tip) showed a decay length of
Ade = (66 £ 5) pm. These decay lengths differ by a factor
of 1.4 +£0.2.

Modeling the repulsive interaction between a CO tip and
the quantum corral states using an established model for Pauli
repulsion (electron density overlap integral) yielded a mod-
eled decay length of A1"™%5 = 43 pm. Modeling the chemical
attraction between a metal tip and the corral states using
a wave function overlap integral showed the same trend as
the measurements (A2 | > A%P""), but resulted in a too-long
decay length.

Due to experimental constraints, a full Morse potential
could not be fitted to the metal tip measurements. Instead,
a single exponential was used to fit the attractive side, in-
troducing a systematic overestimation of the attractive decay
length (A2 > A%, Analysis showed that the original
Morse potential’s decay ratio of attractive to repulsive forces

(= A /ANSse = 2) is not applicable to the corral system.
Instead, the maximum possible ratio was found to be (max =
1.6. This demonstrates that the specific decay ratio assumed
by Morse is not applicable to the experimental conditions of
the quantum corral.

A comparison between natural and artificial atoms further
reveals that the decay lengths of both attractive and repulsive
interactions are significantly longer in the quantum corral
system. This is attributed to the narrow energy window of
occupied corral states near the Fermi level, which lack con-
tributions from short-ranged, deep-lying orbitals. In contrast,
natural atoms involve a broad spectrum of electronic states,
including rapidly decaying orbitals far below Ef, leading to a
shorter effective decay length.

B. Outlook

In their AFM study of circular quantum corrals, Stilp ef al.
were the first to reveal that confined surface states can es-
tablish chemical interactions with a metallic AFM tip, and
they discovered attractive decay lengths of 50 and 56 pm
[21]. The discrepancy in decay lengths between our results
(square-shaped quantum corral, 66 pm) and their circular cor-
ral points to the possibility that the corral geometry influences
the decay length and strength of chemical interactions. Further
investigation of this relationship may show how the corral
wave functions can be shaped to tailor the chemical reactivity
of confined Shockley surface states.

Artificial nanostructures further offer an intriguing frame-
work for investigating new electrical and chemical capabili-
ties, going beyond single quantum corrals. Sierda et al. [22]
developed a method for simulating the electronic structure
of molecules using small, coupled quantum corrals on InSb.
Building on this, it would be interesting to see if these simu-
lated molecules have a similar chemical reactivity compared
to their natural counterparts.

The emerging field of designer electronic structures has
already produced fascinating systems with unique properties,
such as Lieb lattices and artificial graphene [3—5] with Dirac
cones, or SSH chains and kagome lattices with interesting
topological behavior [6,7]. There, the natural questions arise:
What bonding characteristics do these exotic electronic states
exhibit, and do a CO and a metal tip interact with these exotic
states in a manner similar to that with a single quantum corral?

Moreover, quantum corrals were already built on nontradi-
tional materials such as topological insulators [24], proximity
superconductors [17], semiconductors [22], graphene [86],
or Rashba surface alloys [23]. Within these frameworks, in-
vestigating the chemical bonding interactions of corral states
to a probe tip may present a promising direction for fu-
ture exploration. All of these potentially interesting artificial
nanostructures can also be measured with different tip termi-
nations. Established tip terminations include, among others,
Xe [87,88], copper oxide [89,90], or even magnetic molecules
such as nickelocene [91]. Performing experiments similar to
those presented here with different tip terminations could
drastically increase the understanding of the nature of chem-
ical bonds in a controlled environment with tunable chemical
reactivity. Also, spin-polarized tips [92,93] could be used to
investigate bonding properties of corral states on surfaces

205413-8



MEASUREMENT AND QUALITATIVE EXPLANATION OF ...

PHYSICAL REVIEW B 112, 205413 (2025)

where magnetism plays a crucial role (e.g., corrals on topo-
logical insulators or superconductors).
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