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Controlling zero-bias anomalies in magnetic atoms provides a promising strategy to engineer tunable quantum
many-body excitations. Here we show how two different quantum impurities featuring spinaron and Kondo
excitations can be controlled via quantum confinement engineering by using circular quantum corrals on a
Ag(111) surface. In corrals built from both Ag and Co adatoms, the width of the zero-bias anomaly in the central
Co adatom oscillates as a function of corral radius with a period of half of the Ag(111) surface state wavelength.
Parameters extracted for Co/Ag(111) show only small differences in the extracted spinaron zero-bias anomaly
between corral walls built from Ag or Co adatoms. In quantum corrals occupied by metal-free phthalocyanine, a
S = 1/2 Kondo system, we observe notable changes in the zero-bias anomaly line shape as a function of corral
radius. Our results offer insight into many-body Kondo and spinaron resonances in which the electronic density

is controlled by confinement engineering.

DOI: 10.1103/PhysRevB.109.195415

I. INTRODUCTION

The Kondo effect occurs when magnetic impurities are
introduced into a nonmagnetic conductor [1]. Local magnetic
moments in the impurities interact with the conduction elec-
trons in the nonmagnetic host, resulting in a many-body spin
singlet ground state and increasing resistance at low tempera-
tures. The Kondo effect has been studied extensively in bulk
and two-dimensional (2D) materials and quantum dot devices
[2,3]. There is further interest in observing the Kondo effect
in tunneling spectroscopy of single atomic and molecular
impurities [4-7].

Low-temperature scanning tunneling microscopy (STM)
experiments have demonstrated precise manipulation and
placement of surface adsorbates for investigating quantum
effects in low-dimensional systems. One of the first examples
of this was quantum corrals [8], nanostructures that confine
surface state electrons to a two-dimensional geometry, result-
ing in the formation of confined modes. Their shapes and
eigenenergies are determined by the corral shape and size,
as well as the surface state dispersion. Engineering the con-
fined modes offers various functionalities [9] such as quantum
phase extraction [10], single-atom gating of eigenmode su-
perpositions [11,12], molecular adsorbate tautomerization
and manipulation [13,14], and mirage effects [15-17]. Sur-
face state electrons confined to artificial lattices can inherit
properties associated with the lattice geometry, such as non-
integer dimensionality [18], topological states [19]. and Dirac
dispersion [20,21]. The interaction strength between magnetic
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impurities and electrons in noble metal surface states has been
investigated [22-26], and quantum corrals have emerged as a
model platform for studying the Kondo effect and its interac-
tion with surface states. Still, details on the coupling between
surface states, confined modes, and Kondo impurities remain
unresolved. Quantum corrals on Ag(111) offer two benefits
over those built on other noble metal surfaces: the confined
mode energy widths are small, and due to the surface state
onset energy being close to the Fermi energy Ep, it is possible
to build corrals with individual (or zero) occupied confined
modes.

The cobalt adatom was the first Kondo-like impurity stud-
ied with scanning tunneling spectroscopy (STS) [4] and has
since been studied on various substrates [27,28] and in quan-
tum corrals [16,22], atomic chains [29,30], and lattices [31].
Many studies have discussed the role of the Ag(111) surface
states in the zero-bias anomaly: variations in low-energy spec-
tra have been observed as a function of lateral distance from
step edges [22,24], distance from other adatoms [22,29,31],
and confinement within quantum corrals and lattices [22,31].
Atomic manipulation was used [25] to map the surface elec-
tron density at 3 mV across Ag(111) free from impurities,
move a Co adatom around the area, and measure STS at
each point to correlate the zero-bias anomaly width to surface
state density. This work showed a positive correlation be-
tween these variables, suggesting that the zero-bias anomaly
can be tuned via the surface state density, further suggesting
that the system behaves like a two-channel SU(4) Anderson
model rather than a one-channel SU(2) model [25]. It is also
important to study how Kondo impurities with different spin
states and Anderson model parameters [32] behave in quan-
tum corrals: most studies on Ag(111) have focused only on
the Co adatom, which has multiple orbitals contributing to
many-body scattering [33].

©2024 American Physical Society
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Interestingly, despite its long-standing consideration as a
Kondo state, recent studies on the Co/Ag(111) system sug-
gested an alternative explanation for the zero-bias anomaly
[34-36]. These studies argued that it arises from gapped spin
excitations leading to a spinaron excitation. In contrast to
conventional S = 1/2 magnetic impurities, the dominant na-
ture of spin excitation in Co stems from the strong magnetic
anisotropy of the system due its higher spin. The spinaron is
a many-body excitation associated with a magnetic polaron,
which arises from the interplay between the spin excitation of
the Co and the polarization of the metallic electron cloud. The
renewed understanding of the Co zero-bias anomaly motivates
the development of strategies to tune and disentangle its mi-
croscopic nature and, specifically, contrast it with well-defined
Kondo systems.

To compare with the spin excitation and spinaron of Co,
a pure S = 1/2 magnetic impurity system would be highly
desirable. Phthalocyanine (Pc) and its metal complexes have
been widely used as individual magnetic impurities due to
their chemically stable 2D structure. On adsorption of metal-
free HyPc molecules on the Ag(111) surface, charge transfer
causes the lowest unoccupied molecular orbital (LUMO) to
become occupied. Granet et al. studied H,Pc molecules in the
dilute limit and in self-assembled monolayers on Ag(111) us-
ing STS and ultraviolet photoemission spectroscopy, showing
that H,Pc exhibits the Kondo effect on Ag(111) in both lat-
tices and dilute films [37]. The Kondo peak width, associated
with the Kondo temperature of the system, was found to be
smaller for HyPc molecules in self-assemblies compared to
isolated molecules. Similar differences in magnetic behavior
have also been observed for H,Pc on Pb(100), where a single
pair of Yu-Shiba-Rusinov states emerges in supramolecular
arrays of H,Pc molecules when the LUMO becomes occu-
pied [38]. The absence of d and f electrons makes the H,Pc
molecule a model system of 7 magnetism, which has attracted
intense research interest [39]. So far, no studies have reported
using quantum corrals to explore how modifying the surface
state density influences the Kondo effect in HyPc/Ag(111).

Here, we use quantum corrals to tune the coupling of Co
adatoms and H,Pc molecules with the Ag(111) surface state
and study the corresponding changes in the tunneling spectra
to better understand the interactions between magnetic impu-
rities and their electronic environment. We show that the Co
atoms confined within corrals on Ag(111) have an oscillating
zero-bias anomaly width as a function of corral radius with
a period on the order of the Ag(111) surface state Fermi
wavelength Ag. [22]. We further contrast these results with
those for a pure S = 1/2 Kondo system, providing evidence
for the tunability of the H,Pc molecule Kondo resonance on
Ag(111).

II. EXPERIMENT

Our experiments were carried out on an Ag(111) crys-
tal (MaTecK GmbH) cleaned by Ne sputtering (voltage of
1 kV, pressure of 5 x 10~ mbar) and annealed to 650 °C
in UHV (p < 10~° mbar). Atom manipulation and STS were
performed at 5 K in two Createc LT-STM/AFM systems
equipped with Createc DSP electronics and control software
(version 4.4). Co atoms were evaporated from a thoroughly
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FIG. 1. STM constant-current topography maps of corrals built
from Ag adatoms on Ag(111), with a central (a) H,Pc molecule and
(b) Co adatom (/ = 1 nA, V =80 mV). (c) and (d) dI/dV spectra
taken across the purple lines in (a) and (b) (/ = 1 nA, V, = 80 mV,
Vimoa = 1 mV). The spectra in (c) are normalized by the d1/dV signal
at —80 mV. Contrast is adjusted for visibility. (e) dI/dV spectra on
an isolated H,Pc molecule (red) and a H,Pc molecule within the
quantum corral in (a) (black). (f) dI/dV spectra on an isolated Co
adatom (red) and a Co adatom within a 10.1 nm radius quantum
corral (black). (g) Diagram of the measurement where the magnetic
impurity interacts with both the bulk and confined surface states of
the substrate.

degassed Co wire wrapped around a W filament and deposited
directly onto the Ag(111) sample at 5 K. H,Pc molecules
(Sigma Aldrich) were evaporated from a K-cell evaporator at
300 °C onto the substrate at —130 °C.

After preparing the magnetic impurities and confirming
their Fano resonance signal with dI/dV spectroscopy, we
proceeded to build the corrals from either Co or Ag adatoms.
Individual Ag adatoms were dropped from the tip [13,40],
and adatoms were manipulated laterally in constant-current
mode (V = 2mV, I = 60nA). Figures 1(a) and 1(b) show two
complete corrals, where the confined surface state electrons
generate a characteristic bias-dependent standing wave pat-
tern in the STM constant-current topography imaging mode.
Low-bias d1/dV spectra (—80 to 80 mV) were acquired using
lock-in amplification with Vo ¢ < 2 mV after stabilizing the
tip height at 80 mV. Figures 1(c) and 1(d) show dI/dV spectra
measured across the corral center, where the confined modes
appear as peaks symmetrically around the corral center. The
central magnetic impurity acts as a scattering potential for
the surface state electrons, modifying the background signal
of the confined modes. Figures 1(e) and 1(f) demonstrate
how the low-energy spectra change within corrals compared
to isolated impurities: the zero-bias anomaly not only is
superimposed on the confined mode background but is ex-
pected to change in shape. Figure 1(g) illustrates the electronic
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FIG. 2. (a) Constant-current topography of Co adatoms inside quantum corrals of radius r built from Ag adatoms. (b) dI/dV line spectra
taken across Co adatoms in Ag corrals with radius r along the purple lines in (a). Spectra in panels (i), (ii), and (iii) were measured on the same
Co atom, with no STM tip changes from manipulation procedures (I = 1 nA, V, = 80 mV, Viyoa = 1-2 mV ). Representative dI/dV point
spectra on Co adatoms in (c) Ag and (d) Co corrals with Fano fits overlaid in red. Fit bounds were selected so €y & 7.1 mV to match the value
obtained for an isolated Co adatom [22,29] (see Fig. S6 in the SM [42] for interpolated spectra and fit values showing ¢, as a function of r).
Spectra are vertically offset for clarity. Typical measurement parameters are / = 0.5-1.5 nA, V, = 40-1000 mV, and z offset of 0—1 A.

environment of the magnetic impurity in a quantum corral.
The density of states (DOS) at Er is composed of bulk con-
duction bands and the surface states modulated by the corral
confinement. Our measurements aimed to extract the Fano
resonance signature and determine its evolution as a function
of corral radius.

The low-energy conductance spectra of Co adatoms and
H,Pc molecules have typically been modeled with a Fano line
shape [41]. Observed in tunneling spectra of various Kondo
systems, the Fano line shape arises from interference between
electron tunneling paths into a discrete level on the magnetic
impurity and a continuum of electronic states in the metallic
substrate. From a practical perspective, the parameters of a
Fano fit can be used to characterize a zero-bias anomaly,
regardless of its Kondo or spin excitation origin. The resulting
line shape in dI/dV spectra is given by

(q+¢)

+ Be +C, ey

where
€ — €
¢= T

€ is the energy centered at Ef, € is the energy of the reso-
nant level, ¢ is the Fano parameter, 'y is the resonance full
width at half maximum, and A, B, and C are resonance am-
plitude and linear background coefficients, respectively. STS
of isolated Co adatoms (H,Pc molecules) on large Ag(111)
terraces exhibits a Fano resonance line shape with €g = 8§ meV
(=2 meV), I'o =8 meV (11.2+ 1.7 meV), and g = 0.1
(~20) [22,37]. Low-energy tunneling spectra can also vary
slightly based on STM tip shape and the distance to other
surface adatoms and step edges [29,37].

To remove effects of the varying surface state background
[29], we kept the central impurity position constant and

manipulated only the corral wall atoms to adjust the surface
state density at the center of the corral. We first built the largest
corral with the free wall atoms available on the surface, then
measured point and line spectra on the central impurity. Then
we used semiautomated atom manipulation scripts to measure
the corral radius and create a corral slightly smaller than the
current one (see the Supplemental Material (SM) [42]). Ex-
cess wall atoms were removed as necessary to prevent dimer
formation and to keep the mean distance between adjacent
wall adatoms smaller than Ag, /2 to control the scattering and
confinement of surface state electrons via the corral walls. We
built corrals at least 20 nm away from Ag(111) step edges
to maintain surface state onset energy at the Co adatom near
the nominal value of —67 mV (see Fig. S1 in the SM [42])
[22,43,44]. By building corrals with radii between 2.8 and
11 nm, the number of occupied corral eigenmodes was tuned
from 0 to 17.

III. RESULTS AND DISCUSSION

A. Co adatoms in Co and Ag corrals

Figure 2(a) shows examples of the built corrals, line spectra
measured across the central Co adatom, and point spectra
on the Co adatom as a function of corral radius. With suffi-
ciently small lock-in modulations and large current set points,
the zero-bias anomaly is seen as a discontinuity close to
~7.1 mV in most corrals. The spatial and energetic profile
of the Co adatom bound state near —80 meV changes as a
function of corral radius [Fig. 2(b)] as the Co adatom bound
state partially overlaps with corral eigenmodes. This signifies
modifications in hybridization with the surface band structure
[45]. The amplitude of the Fano resonance decays approxi-
mately 0.5 nm from the center of the Co atom regardless of
the corral size, consistent with theory [46] and previous ex-
periments for Co/Cu(100) [27] and Co/Ag(111) [25]. Similar
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FIG. 3. Co adatom Fano resonance width as a function of corral radius for corrals with (a) Ag and (b) Co walls. Fits to Eq. (2) are
overlaid in blue, and particle-in-a-box model estimates for LDOS at Ef are in red and green for occupied and empty corrals, respectively.
Several spectra were measured on the same atom with different tips, and multiple corrals were built with similar radii. Error bars are estimated
standard deviations from fit to 1. The central Co adatoms were positioned less than a lattice constant away from the fitted corral center point

(see Fig. S12 in the SM).

spatial decay is observed by fitting Fano line shapes to spectra
measured in a grid around a Co atom at the quantum corral
center (see Fig. S4 in the SM [42]).

We fit the dI/dV spectra on the Co atoms in the corral
centers with Fano line shapes and extract the widths I'y as
a function of corral radius. The results plotted in Fig. 3 dis-
play periodic variations in I'g. Earlier studies associated these
variations with the confined modes varying the local DOS
(LDOS) at Eg, but the models used to estimate the LDOS
variations were based on empty corral structures [8,47]. The
central atom is expected to “gate” the confined modes of a
quantum corral [12], leading to increased confinement and
shifting the eigenmode energies localized in the corral center.
To assess the impact of this increased confinement, we per-
formed particle-in-a-box calculations for empty corrals and
ones occupied with a Co atom approximated as a disk po-
tential [42]. The parameters needed to initialize the model
were obtained from fits to line spectra across corral centers
with a Co atom. The general shape of the variation is repro-
duced by both the empty and occupied corral calculations,
but the Fano width data follow the empty corral estimate
better. This can be rationalized in terms of the Ag(111) surface
state dispersion and the resulting Fermi wavelength Ap ~ 27/
ke ~ 75 A, which is significantly larger than the Co atom.
This means the confined modes of an empty corral are an
adequate approximation for the conduction bath environment
of the Co atom. In any case, the significant changes in the Fano
width can be understood as a consequence of DOS modulation
at Ep due to the quantum confined modes in the corrals.
Confined modes on the Co adatom can also be modeled by
modifying the surface state dispersion parameters and corral
radius (see Figs. S2 and S3 in the SM [42]).

In order to compare our results with previous results in the
literature [22], we now estimate surface and bulk state ex-
change constants between Co and Ag(111) by using a model
that incorporates the width I'y as a function of corral radius r:

-1
. 2
Jppp + Jsps0[1 + A cos(2kr + 5)]) @

We fix pyo=0.125 eV™!, p, =027 eV~!, and D =
4.48 eV in accordance with [22] and fit Eq. (2) to the extracted
Fano widths I'y for Co adatoms in corrals with Ag and Co
walls. From the fit we extract exchange coupling energies J;
and scattering phase shift §. Several different fit models accu-
rately reproduce the measured trend in the zero-bias anomaly
width as a function of corral radius. Furthermore, some mod-
els reproduce the trend well but have large covariance between
variables. We treat these models separately in the SM [42].
Fit results for the simplest model with A = 1 are compiled in
Table I and visualized in Fig. 3.

Extracted exchange constants Jp, ; for Co/Ag(111) are con-
sistent with those reported by Li et al. [22] for corrals built
from both Co and Ag adatoms. We see variations in the Fano
resonance energy €y and asymmetry parameter g as a function
of corral radius (see Fig. S6 in the SM [42]). For small corral

Iy :Dexp(

TABLE I. Model fit parameters for Co/Ag(111) data.

Parameter Ag corrals Co corrals

Js (eV) 0.11£0.02 0.12+£0.02
Jy (eV) 0.530 £ 0.013 0.54 £0.015
1) 1.511 £0.132 1.47+£0.14
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FIG. 4. (a) Constant-current topography of an isolated H,Pc molecule (I =1 nA, V = 80 mV). (b) Zero-bias conductance map of an
isolated H,Pc molecule. (c) dI/dV spectra taken at the center of H,Pc molecules at the center of Ag adatom quantum corrals of radius r.
(d) d1/dV spectra taken at the split lobe of H,Pc molecules at the center of Ag quantum corrals of radius r. (e) dI/dV spectra from (d) with
d1/dV spectra from (c) subtracted in order to better detect the Kondo resonance peak. Fano resonance fits are overlaid in red.

radius r, the choice of the corral wall adatom may affect the
lifetime or spin polarization of surface state electrons coupled
to the central impurity. Limot et al. reported that Ag adatoms
alter Ag(111) surface state lifetime, whereas Co adatoms do
not [45]. Surface state quasiparticle lifetimes impacted by the
wall atom species may affect the amplitude of the resonance
features seen on the central Co adatom [48]. Moro-Lagares
et al. showed that the Fano resonance amplitude depends on
the type of adatom in dimers and coupled chains on Ag(111),
but none of the other resonance parameters do; only Co-Ag
and Co-Co dimers within a distance less than six lattice sites
showed any differences in Fano resonance amplitude [29].
For all our corrals, distances between the central and wall
atoms were larger than distances at which an effect on the
Fano resonance would be noticeable. In summary, as seen in
Table I, we observe only the expected change in the scattering
phase shift 6 but no difference in either J; or J, between Ag
and Co corrals.

The data presented here can be used for comparison with
the recently proposed spinaron origin of the observed zero-
bias anomaly. The observed width variation is significantly
stronger than what would be expected if the features arose
from simple spin-flip excitations of a higher spin magnetic im-
purity with nonzero magnetic anisotropy energy. The spinaron
excitation, in contrast, is expected to be sensitive to the density
of states of the corral due to the induced polarization in the
bath. The spinaron model of magnetic impurities on Cu, Ag,
and Au(111) surfaces suggests that the line shape should fit
the Fano resonance (rather than, e.g., the Fano-Frota line
shape [49]) and that the resonance should be shifted towards
positive bias by several mV, in contrast to the classic Kondo
resonance that is very close to Er [34—36]. Interestingly, these
criteria are fulfilled in the Co/Ag(111) system, yet predictions
for the detailed variation of the resonance width with a change

in the surface state DOS would require a full first-principles
many-body treatment of this system.

B. H,Pc molecules in Ag corrals

To establish whether the Kondo resonance of other mag-
netic impurities can be tuned via quantum confinement, we
repeated the measurements with H,Pc molecules inside cor-
rals built from Ag adatoms. As shown in Fig. 4(b) , the
Kondo resonance of an isolated H,Pc molecule is localized
on the frontier orbitals which hold the impurity spin. Local
variations in Fano fit parameters of an isolated molecule were
established from grid spectroscopy (see Fig. S5 in the SM
[42]).

For the H,Pc molecules inside the corrals, dI/dV spec-
tra were measured along the “split lobe” direction across
the molecule to characterize both the Kondo resonance and
the confined modes (examples of spectra along a line across
the molecule are shown in Fig. S7 in the SM [42]). Fig-
ures 4(c) and 4(d) show the dI/dV spectra measured at the
molecule’s center [red star in Fig. 4(a)] and on the split lobe
[purple star in Fig. 4(a)] for varying corral radii. The expected
Kondo peaks are not clearly distinguishable in most of the
spectra on the split lobe due to the confined mode background
and its spatial variations around Ep. In particular, there are
modes with a node in the corral center that are not visible in
the spectra shown in Fig. 4(c) but contribute to the features
in Fig. 4(d) (see Fig. S8 in the SM [42]). Heat map plots of
the line spectra show contrast close to Er for many corrals,
suggesting that the Kondo effect persists even if it is smeared
by the confined modes (see Fig. S8 in the SM [42]). The
dI/dV curves in Fig. 4(d) can be fitted well with four to eight
Gaussians, but significant Kondo peaks do not stand out when
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TABLE II. Fano fit parameters for H,Pc molecules.

H,Pc environment Iy (meV) €p (meV) q (arb. units)
5.1 nm radius corral 17.1 -2.0 5.5
6.05 nm radius corral 16.1 -39 4.5
6.96 nm radius corral 15.3 0.5 32.8
9.03 nm radius corral 15.6 —4.8 2.0
Isolated 25.5 —2.4 7.2

comparing the fit results with particle-in-a-box calculations
(see Fig. SO in the SM [42]).

Spectra at the molecule’s center were subtracted from the
split lobe point spectra in order to minimize background DOS
effects. Figure 4(e) shows the result of this subtraction: at
certain radii, a peak at zero bias becomes visible. Fano line
shapes were fitted to low-bias peaks in the subtracted point
spectra. For radii » = 6.05 and 6.96 nm, the Kondo reso-
nance does not overlap with the confined modes. For corral
radii »r = 5.1 and » = 9.03 nm, there are some contributions
from local variations of confined modes across the molecule
length, as indicated by particle-in-a-box modeling [42]; how-
ever, considering the spectral weight of the other confined
modes that remain after the subtraction, we can still extract
the Fano linewidth with sufficient confidence. For the rest of
the corrals, quantitative extraction of the Fano parameters was
not possible. Extracted fit parameters are shown in Table II.

Significant variations are visible in the width, energy posi-
tion, and ¢ factor across the different corral radii. The widths
extracted are consistently smaller than those on isolated
molecules, as in previous measurements on self-assembled
monolayers [37]. Although the lack of visible Kondo peaks
on most radii makes a fit to Eq. (2) impossible and thus
the exchange constants cannot be extracted, the corral has a
clear impact on the Kondo features compared to an isolated
molecule.

The overall line shape and behavior are strikingly differ-
ent compared to those of Co adatoms inside circular corrals,
where the Fano dip is clearly distinguishable for most corral
radii. The spin state, impurity orbital energies, and orbital
overlaps with the conduction bands are markedly different
between Co atoms and H,Pc molecules, which should result
in a different amplitude for the Fano width variation according
to Eq. (2). In addition, it is likely that the zero-bias features
correspond to spinaron excitation for the cobalt atom and a
clean S = 1/2 Kondo effect for the H,Pc molecules. A num-
ber of experimental factors could influence the observed width
and precise shape of the H,Pc Kondo peak, such as adsorption
geometry [37], tip DOS [25], and instrument noise conditions
[50]. We measured the Kondo signatures of an isolated H,Pc

molecule as a function of tip height and found only limited
variation in the resulting Fano fit parameters (see Figs. S10
and S11 in the SM [42]). Therefore, variations in the tip height
or the tip-molecule interaction do not explain the different
radius dependence and suppressed Fano signatures compared
to the Co atoms.

To probe the influence of confined modes on the H,Pc
Kondo resonance further, an accurate model of the confined
mode energy widths and lifetimes on the molecule is required.
Recent advances towards electron spin resonance STM on
Ag surfaces [51] hold promise for exploring the magnetic
properties of H,Pc molecules in quantum corrals. Given the
complexity uncovered in this system, further experiments with
other Kondo impurities (such as triangulenes [52]) in quantum
corrals and theoretical studies on their behavior may also be
warranted.

IV. CONCLUSIONS

We showed the tunability of spinaron and Kondo excita-
tions by probing individual magnetic impurities in atomically
engineered quantum corrals. Our findings demonstrate the
significance of the surface state in the low-energy spinaron
and Kondo zero-bias anomalies of magnetic impurities ad-
sorbed on Ag(111). We observed periodic variations in the
zero-bias anomaly widths of Co/Ag(111) by modulating the
surrounding surface state and extracted exchange constants
consistent with those previously reported. These results con-
firm that the Co adatom zero-bias anomaly is coupled to the
DOS at Er and demonstrate qualitatively different behavior
between the spinaron Co atom and Kondo H,Pc molecules
in the electronic environment generated by quantum corrals.
Our findings establish a starting point to control spinaron and
Kondo excitations via confinement engineering of an underly-
ing conduction bath.
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