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ABSTRACT: Single-molecule magnets represent promising mate- . - Br atom
rials due to their stable magnetic states and long relaxation times.
Precise engineering of their quantum properties is of importance to

NiCp2 NiCp T

realize advanced electronic devices, such as high-density data g .
storage, quantum computing, and spintronics. Here, we investigate b e & s N>5
the spin state of nickelocene (NiCp,) and cobaltocene (CoCp,) \ iEi Ei s ]
molecules manipulated by Br atoms. With a combination of > N<=5
scanning tunneling microscopy and density functional theory ” . . ‘ . 3 NiCp,-tip |
calculations, we reveal that the high electronegativity of Br atoms on Au(tt)

significantly changes the magnetic properties of both NiCp, and N>5 i N<=5 2010 (I) 1020
CoCp,. For NiCp,, the spin-state transition from its intrinsic S = 1 S=1/2 partially quenched Sample bias (mV)
to S = 1/2 occurs when the Br atoms underlying the molecule

consist of more than five atoms. The spin state is further shifted to S = 0 by approaching a Br-terminated tip toward the molecule. In
contrast, a strong hybridization between CoCp, and Br atoms leads to a complete quenching of its spin moment. This strategy for
tuning molecular spin states provides a promising route toward the scalable design of molecular spintronic devices.

B INTRODUCTION and the quantum behavior of spin states. For instance, Ormaza
et al. demonstrated a reversible switching between spin 1 and 2
with a NiCp, molecule by varying the tip—molecule gap from
tunneling to the contact regime using STM.*¢ Similarly,
Vegliante et al. tuned the spin state of a polycyclic aromatic
hydrocarbon molecule by manipulating the molecular con-
formation using the STM tip while simultaneously detecting
changes in the spin excitation spectrum.”’” These pioneering
studies highlight the invaluable capability of these STM-based
techniques to probe and control molecular spin states at the
atomic scale. However, achieving systematic and reliable
strategies for tuning the spin state of organometallic complexes
through their interaction with the surroundings remains to be
systematically addressed.

In this study, we focus on the spin state modulations in
NiCp, and CoCp, molecules as prototypical molecular
magnets by incorporating Br buffer atoms between them and
the Au(111) substrate (Scheme 1). We use low-temperature
STM and IETS to demonstrate that the underlying Br atoms
play a decisive role in modulating the spin states of NiCp, and
that tip-induced perturbations offer an additional avenue of
control. When five or fewer Br atoms are involved, the spin
state changes gradually, whereas the presence of more than five

Single-molecule magnets (SMMs) have emerged as a
fascinating frontier in nanoscience and materials research,
drawing attention due to their remarkable potential in hi§h—
density data storage,l_3 quantum computing,‘"5 spintronics, -
and the realization of qubits.'”"" These unique systems possess
stable magnetic states together with long magnetic relaxation
times in the absence of a magnetic field, offering an
unprecedented platform for manipulating magnetic properties.
The magnetism in SMMs results from the unpaired d or f
electrons of magnetic atoms embedded within the molecules.
These electrons are responsible for a distinctive spin state that
can be further tuned by various parameters such as chemical
architecture of surrounding ligands'*~'* and mechanical
forces."”” The ability to precisely engineer these quantum
properties offers possibilities in the design of advanced
electronic devices where each molecule behaves as an
individual information unit or quantum bit for the next
generation of quantum computing and data storage tech-
nologies.

Recent advancements in scanning tunneling microscopy
(STM) have established it as a powerful tool in the study of
SMMs, offering unprecedented precision in monitoring,
characterizing, and even manipulating their magnetic proper-
ties at the individual molecule level.'°~* When combined with Received:  October 15, 2025
inelastic electron tunneling spectroscopy (IETS), we can Revised:  January 1, 2026
obtain not only spatially resolved images but also detailed Accepted: January 6, 2026
spectroscopic insights into the energy levels and spin Published: January 10, 2026
excitations within these systems.”””* The high spatial and
energy resolution allows investigation of molecular magnetism
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Scheme 1. Schematic Illustration of NiCp, and CoCp, Spin
States Modulated by Incorporating Br Atoms on the Surface
and the Tip“

P ~,
, \,
/ U Metal-tip UMetal-tip !Br-tip \\

Nickelocene

- 0000 G000
\ N>5 N<=5 N>5
\\ S=1/2 partially quenched S=0 _/
-~ ~.
!/ U Metal-tip \

N: The number of Br atoms

S=1/2

0000
\\ S=0 ///

“Atom colors: white, gray, blue, orange, and purple atoms correspond
to H, C, Ni, Co, and Br atoms, respectively. The apparent sizes of Br
atoms and NiCp, molecules in the scheme correspond to their
electronic states rather than their geometric dimensions.

Br atoms drives a switch to S = 1/2. In contrast to a metal tip,
the spin state is completely quenched by approaching it with a
Br-terminated tip. Similarly, CoCp, exhibits such strong
interaction with Br atoms that its spin state is always quenched
regardless of the number of Br atoms. Our density functional
theory (DFT) calculations provide microscopic insights into
the mechanisms behind these spin state modifications. The
calculations reveal that Br adsorption induces significant charge
transfer from NiCp, to the Br layer, accompanied by a
downward shift and splitting of the Ni 3d orbitals, which
stabilizes the S = 1/2 states. In contrast, CoCp, exhibits a
much stronger hybridization with Br, leading to complete
quenching of its spin density. Moreover, simulations of the
tip—molecule junction show that additional charge redistrib-
utions and enhanced hybridization as the Br-tip approaches
drive the spin state of NiCp, from S = 1/2 toward a fully
quenched S = 0 state, consistent with our experimental
observations. These results establish a clear correlation
between the electronic structure modifications and the
experimentally observed spin-state transitions. Our approach
not only deepens our understanding of spin regulation at the
molecular level but also paves the way for developing more
scalable strategies for spin control in future spintronic
applications.

B RESULTS AND DISCUSSION

After NiCp, molecules and Br atoms were deposited onto a
clean Au(111) surface, isolated NiCp, molecules were
observed at 4.3 K (Figure la). These molecules appear as
disk-shaped contrast patterns in STM images, consistent with a
flat lying adsorption geometry with the top cyclopentadienyl
(Cp) ring exposed to vacuum. This adsorption configuration
agrees with those on bare Au(111), as reported in the previous
work.”® At given tunneling conditions, two distinct types of
NiCp, molecules were observed (Figure 1b,c): Type 1 appears
as isolated molecules at a glance with an asymmetric contrast,
similar to that of tilted NiCp, molecules,””*° while Type 2 is
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surrounded by Br atoms and is likely adsorbed on them. To
verify this, line profiles taken across the molecules (Figure S1a)
were analyzed, showing that both types are tilted. In addition,
both exhibit similar apparent heights of approximately 480 pm,
which is ~50 pm higher than that of NiCp, adsorbed directly
on bare Au(111) (430 pm, Figure S1b). This height difference
is comparable to the apparent STM contrast of individual Br
atoms on Au(111) (Figure Slc), suggesting that the NiCp,
molecules are adsorbed on the Br atoms.

To probe the spin states of Type 1 and Type 2 NiCp,
molecules, STS measurements were performed near the Fermi
energy (Figure 1d). As a reference, we first examined a single
NiCp, adsorbent on a bare Au(111) surface using a metallic tip
(the green curve). The corresponding differential conductance
(dI/dV) spectrum shows typical symmetric step-like features,
attributed to inelastic spin-flip excitations of an § = 1 system.>®
In contrast, the dI/dV spectra of Type 1 and Type 2 exhibit
significantly different features: Type 1 shows a broadened
feature near the Fermi energy (Eg) (blue curve). In contrast,
Type 2 exhibits a sharp zero-bias peak (red curve), which is
characteristic of a Kondo resonance. The different spectral
shapes indicate distinct spin states. The zero-bias resonance
observed in Type 2 reflects the presence of a localized S = 1/2
spin screened by conduction electrons—the Kondo effect. To
determine the number of Br atoms underlying the molecule,
NiCp, molecules were removed from the surface by
approaching the STM tip at 1 mV until a sudden change in
the tunneling current was detected. Consequently, the NiCp,
molecule was attached to the tip. The successful attachment of
the NiCp, molecule to the tip was confirmed by symmetric
spin-flip features in the dI/dV spectrum measured with the tip
on bare Au(111).”® After manipulation, two Br atoms appeared
beneath Type 1 NiCp, (Figure le), whereas seven Br atoms
were observed beneath Type 2 NiCp, (Figure 1f). These
observations suggest a correlation between the number of
underlying Br atoms and the spin states of NiCp, molecules.
To further investigate the influence of the underlying Br atoms
on the spin, we performed a series of manipulations of NiCp,
molecules (Figure S2). It was found that when five or fewer Br
atoms are present underneath the molecule, only broadened
dI/dV spectral features are observed, whereas six or more Br
atoms lead to the emergence of a pronounced zero-bias
resonance. Notably, Br prefer to form quasi-(1/3x4/3)
packing structures (Figure S3).>" Although the manipulation
may slightly modify the local packing structure of Br atoms,
this does not affect the counting results. This trend suggests a
spin-state transition from S = 1 to 1/2, modulated by the local
Br environment. This transition is likely driven by Br-induced
charge transfer, which alters the electronic structure of NiCp,
and consequently its spin state.

To further investigate influences of the underlying Br atoms
to the spin state of NiCp,, extended Br islands were formed on
Au(111), as all NiCp, molecules were found to adsorb
exclusively on the Br atoms (Figure 2a). The dI/dV spectrum
acquired with a metal tip above different NiCp, molecules on
Br islands consistently exhibits zero-bias resonances flanked by
symmetric side peaks (blue, red, and green curves in Figure
2b). This spectral character closely resembles that previously
observed for CoCp, molecules (S = 1/2).*** In line with the
spin-state transition inferred from Figures 1 and S2, the zero-
bias peak observed on Br islands is characteristic of a Kondo
resonance arising from a localized S = 1/2 spin state. The high-
resolution STM image of an individual NiCp, molecule on Br
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Figure 1. Effect of different numbers of Br atoms on the spin state of a NiCp, molecule. (a) STM image of the NiCp, molecule adsorbed on Br
clusters. The inset shows the chemical structure of the NiCp, molecule. (b, c) Close-up STM images of Type 1 and Type 2 NiCp,, respectively.
The contrast in (c) is adjusted to highlight the surrounding Br atoms. (d) dI/dV spectra recorded at the marked sites in (b) and (c) using a metal
tip. The green curve is acquired on a clean Au(111) surface with a NiCp, tip. (e) STM images taken before and after picking up Type 1 from the
surface. The dotted red circle indicates its original position. Orange dots indicate Br atoms. dI/dV spectra at a lower panel recorded at the site
marked by a red dot, using a metal tip. (f) STM images taken before and after picking up Type 2 from the surface. The dotted red circle indicates
its original position. The dI/dV spectrum at a lower panel recorded at the site marked by a red dot, using a metal tip. Green curves in (e, f) were
obtained from a clean Au(111) surface with a NiCp, tip. Scanning parameters: (a, b, ¢, e, f) V=02V, I = 10 pA; (d) V,. = 0.5 mV. The black dI/
dV curves were recorded on the bare Au(111) surface using a metal tip.

islands (Figure 2c) reveals slight asymmetry in its appearance,
likely due to a tilt of the molecular axis relative to the surface
normal. Moreover, the spatial mapping of the Kondo
resonance shows a two-lobe pattern (Figure 2d). To reproduce
this feature, we modeled the NiCp, molecule adsorbed on a Br
island on Au(111), considering several adsorption geometries
(Figure S4). The corresponding simulated dI/dV map using
conf2 (Figure S4) in Figure 2e is in good agreement with the
experimental image in Figure 2d. Moreover, the computed
magnetic moment of the molecule is about 0.9 g,
corresponding to an effective spin state of S = 1/2. This
agreement provides further support that the Br environment
stabilizes a localized S = 1/2 spin in NiCp,. The side peaks
marked by black lines in Figure 2b are ascribed to the
vibrational excitations of the molecule. Additionally, these
peaks show little dependence on the adsorption configuration,
although their energies vary somewhat between molecules.
Furthermore, the typical symmetric steps observed in the dI/
dV spectra after transferring NiCp, onto a metal tip confirm
that the NiCp, molecule remains intact during the process.
To further modulate the spin state of NiCp,, we attempted
to attach an additional Br atom directly to the top of the
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molecule. However, it was technically challenging to precisely
position a Br atom at a specific site of NiCp,. As an alternative,
we used a Br-terminated tip. The Br atom was transferred to
the tip apex by gradually approaching the tip toward a Br atom
on the surface until a sudden change in tunneling current was
detected.>® With the Br-terminated tip, we performed height-
dependent STS measurements on the NiCp, molecule
adsorbed on the Br island (Figure 2f). Interestingly, as the
tip approached, we observed an abrupt disappearance of the
Kondo resonance, indicating quenching of the 1/2 spin S state.
Importantly, this switching is reversible as the § = 1/2 state
recovers once the tip is retracted. This behavior suggests a
controllable spin-state transition from S = 1/2 to S = 0,
triggered by the presence of the Br atom at the tip apex. For
comparison, identical height-dependent STS measurements
were performed using a metal tip (Figure 2g). In this case, no
significant variation of the Kondo resonance was observed with
a reduction in the tip—sample distance, thereby confirming
that the quenching effect is specific to the presence of the Br
atom at the tip apex. Notably, the side peaks corresponding to
molecular vibrational excitations observed in Figure 2f (around
20 mV) are not visible in Figure 2g, possibly due to the

https://doi.org/10.1021/jacs.5c17873
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Figure 2. Magnetic properties of NiCp, molecules adsorbed on a Br island. (a) STM image of NiCp, molecules adsorbed on Br islands. The inset
shows the corresponding area with adjusted contrast to highlight the Br island. (b) dI/dV spectra recorded at the sites marked in (a). The green
and black curves were acquired over the Br island using a NiCp,-tip and a metal tip, respectively. (c,d) Close-up views of an STM image of a NiCp,
adsorbed on the Br island and its corresponding constant-height dI/dV image acquired with a metal tip at a sample bias of 1 mV. (e) Simulated
spin distribution of a NiCp, adsorbed on the Br island (image sizes: 12 X 12 A?). (f, g) Two-dimensional intensity plots of dI/dV spectra acquired
on the NiCp, with a Br-tip (f) and a metal tip (g) at 240 pm and different tip—sample distances. The intensities have been normalized. The initial
set point was V = 20 mV, I = 300 pA. Measurement parameters: V = 0.2 V, I = 10 pAin (3, b); V,. = 0.5 mV in (b, f g).

different tip conditions affecting the vibrational energy. A
clearer comparison, based on the representative curves
extracted from Figure 2f,g, is shown in Figure SS. These
results collectively demonstrate that the local environment
introduced by the Br-terminated tip can reversibly modulate
the spin state of NiCp, molecules within the Au surface—Au
tip junction. The observed quenching of the Kondo resonance
suggests a modification of the local electronic environment
upon the Br-tip approach. In addition, we performed
systematic studies using iodine(I) atoms and found that
electronegativity plays a key role in modulating the molecular
spin state (Figure S6).

To elucidate the experimentally observed spin-state
transitions, we carried out DFT calculations on a NiCp,
molecule adsorbed on Br-decorated Au(111) surfaces.
Geometry optimizations reveal that the adsorption config-
uration remains largely similar for adsorption on different
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numbers of Br atoms. The molecule adopts a slightly
asymmetric configuration, tilting by ~5—15° relative to the
surface plane (Figure 3a). However, the computed magnetic
moment decreases systematically as the number of underlying
Br atoms increases (Figure 3b). As a reference, the gas-phase
NiCp, molecule carries a total moment of 1.7 y (Ni atom: 1.3
up) in our DFT calculations, consistent with an S = 1 state
(comparison of using different functionals is listed in Table S1,
and DFT + U tests are shown in Table S2 and Figure S7).
Upon adsorption on a single Br atom, the molecular and Ni
magnetic moments drop to 1.25 py and 0.8 g, respectively.
With three Br atoms, these values further decrease to 1.04 g
and 0.68 ug, respectively, and eventually stabilize at ~0.87 pg
(molecule) and ~0.56 u (Ni) when the molecule is on the 9-
atom Br island on Au(111) (conf3, Figure S8). Since Br and
Au atoms are nonmagnetic in all configurations, the reduction
of the total moment by roughly half upon adsorption on a Br

https://doi.org/10.1021/jacs.5c17873
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Figure 3. Computed structural and electronic properties of NiCp, molecules adsorbed on different numbers of bromine atoms on Au(111). (a)
Energetically favored adsorption geometries of NiCp, molecules on one, two, three, four, and nine Br atoms from right to left. (b) Computed
magnetic moments of NiCp, molecules, Ni atoms, and Ni 3d orbitals in adsorption configurations in (a). (c) The upper panel shows the side view
of the NiCp, on the Br island (9 atoms) on Au(111), showing charge transfer from the molecule to the Br island. The cyan contour represents the
regions of charge depletion, while the yellow contour represents the charge accumulation (isosurface at 0.0003e/A%). The charge density difference
is defined as Ap = p(total) — p(molecule) — p(Br/Au), where p(total) is the total charge density, p(molecule) is the charge density of NiCp,, and
p(Br/Au) is the charge density of the Br island and Au(111) substrate. The lower panel is the DFT-calculated in-plane electron density difference
plot. The blue curve represents the in-plane charge density difference, and the red curve is the integrated in-plane charge density difference along
the z direction. The results show ~0.41e is cumulated between the molecule and the Br island, comparable with the amount of charge obtained
from Bader charge analysis. (d) The net charge of NiCp, molecules in various adsorption configurations in (a), derived from Bader charge analysis.
(e) Projected density of states (PDOS) for the adsorption on the Br island in (c). The original degenerate Ni 3d,, and 3d,, orbitals split upon
adsorption compared with the gas-phase molecule (see details in Figure S8a). The red and cyan curves near the Fermi level display a singly

occupied molecular orbital and a singly unoccupied molecular orbital, respectively.

island suggests the molecular spin changes from S=1to S=1/
2. This spin transition is in agreement with the spectroscopic
fingerprints observed experimentally. Furthermore, various
molecular adsorption configurations on the surface were
examined, and the magnetic moments are in the range of
0.87—0.95 ug (Figure S8 and Table S3). The pronounced
sensitivity to the number of underlying Br atoms indicates that
the spin-state transition is not primarily driven by structural
rearrangement but rather originates from electronic inter-
actions at the molecule—substrate interface.

We first quantified the charge transfer associated with the
spin-state transition for NiCp, adsorbed on a Br island on
Au(111). The planar-averaged charge density difference
analysis shows an electron depletion of about 0.4 e from the
molecule to the Br island (Figure 3c), similar to previous
reports in which standing sandwich-type molecules exhibit
charge delocalization toward the Au(111) surface.””** This
value is consistent with our Bader charge analysis (0.41 e,
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Figure 3d). This loss of electron density correlates directly with
the reduction of the molecular magnetic moment from 1.7 pip
in the gas phase to 0.87 ug on Br/Au(111). Although Br atoms
and NiCp, molecules are comparable in geometric size, a series
of calculations with increasing Br converge (from one to four
atoms) confirm that the net charge transfer increases from 0.3
to 0.4 e, in line with the progressive reduction of the magnetic
moment (Figure 3b). This trend is likely due to the reduced
interaction between the extended delocalized 7 orbitals of
NiCp, and the Au(111) substrate at a higher Br coverage. The
charge density depletion mainly involves the Ni 3d-dominated
frontier orbitals. Consequently, one of the components
becomes depleted, while the other remains singly occupied,
yielding an S = 1/2 state.

From a molecular orbital perspective, the spin-polarized
PDOS clarifies the transition (Figure 3e). In the gas phase
(Figure S8), the frontier molecular orbitals originate from -
symmetric hybridization between the Ni 3d,, and 3d,, orbitals

https://doi.org/10.1021/jacs.5c17873
J. Am. Chem. Soc. 2026, 148, 33563364


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c17873/suppl_file/ja5c17873_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c17873/suppl_file/ja5c17873_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c17873?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c17873?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c17873?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c17873/suppl_file/ja5c17873_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c17873?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c17873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

and the p orbitals of the Cp rings. These orbitals are
degenerate; their majority-spin components distribute below
Eg (occupied), while the minority-spin components distribute
above the Ep (unoccupied). This configuration gives two
parallel unpaired electrons and a total magnetic moment of 1.7
up (S = 1). When the molecule is adsorbed onto the Br island
on Au(111), the degeneracy of the 3d,./3d,, orbitals is lifted,
accompanied by a charge transfer of about 0.4 e from the
molecule to the Br island. Specifically, the 3d,-dominated
orbital shifts upward in energy and becomes unoccupied, while
the 3d,.-dominated orbital remains singly occupied. As a result,
only one unpaired electron is retained, and the molecule
adopts an S = 1/2 spin state. Compared with the gas phase, the
minority-spin PDOS shifts closer to the Er and the exchange
splitting is reduced, consistent with weak interfacial hybrid-
ization on Br/Au(111). This interpretation is supported by a
detailed spin-resolved PDOS and molecular orbital analysis in
Figure S9, which shows that the frontier states become spin-
asymmetric hybrid orbitals and that spin density is
redistributed toward the Br island. Together, these analyses
provide the microscopic origin of the spin-state transition from
S=1toS =1/2.

To clarify the Br-tip-induced quenching of the spin § = 1/2
state, we modeled the tip by placing a Br atom atop a Au atom
on a Au(111) plane (Figure 4a). The Br-tip was positioned
above a NiCp, molecule, and the full junction was relaxed at
three different vertical distances z = 15.3, 14.9, and 14.3 A. As
the tip approaches, the total molecular magnetic moment
progressively decreases from 0.7 to 0.62 to 0.47 py (Ni: from
045 to 039 to 0.3 up Figure 4b). Meanwhile, the net
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Figure 4. Computed electronic and magnetic properties of the
molecular junction. (a) Structural configurations of the calculated
molecular junction, with progressively decreasing the distance z
between the tip surface and the substrate surface from right to left. (b)
Computed magnetic moments of NiCp, molecules, Ni atoms, and Ni
3d orbitals in molecular junctions in (a). (c) The net charge of NiCp,
molecules in molecular junctions in (a), derived from Bader charge
analysis. (d) PDOS for molecular junctions with distance z = 15.3 A
and z = 14.9 A. (e) Spin-resolved electron transmission as a function
of electron energy with respect to the Fermi level for the molecular
junction, corresponding to the PDOS in (d). The PDOS and
transmission spectral for the molecular junction at a closer distance z
of 14.3 A are shown in Figure S12.
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molecular charge evolves from +0.38 to +0.23 to —0.07 e
(Figure 4c), suggesting that the initial electron depletion is
gradually compensated. Within the experimentally relevant
distance range (15.3 A—14.9 A), the Br-tip retains weakly
negative and the total charge on the Br island is essentially
unchanged, whereas the charge depletion of the Au substrate is
slightly increased (Table S4 and Figure S10). At the shortest
distance (14.3 A), the compressed junction geometry induces a
more pronounced local redistribution of charge, consistent
with the strong mechanical perturbation in this configuration
(Figure S11). Overall, these results indicate that the tip does
not cause substantial charge transfer but rather induces charge
redistribution and interfacial polarization across the junction.

The spin-resolved PDOS (Figure 4d) of Ni 3d (d, d,,)
orbitals near the Eg shows a narrowing of the spin splitting and
a slight broadening of the peaks as the tip approaches. The
majority-spin PDOS shifts upward, and the spin-up and -down
components move closer in energy, indicating a reduction of
spin polarization. Correspondingly, the spin-resolved trans-
mission spectra (Figure 4e) exhibit a similar trend, the spin-up
and -down resonances (T1(E) and T|(E)) move closer to the
Eg, and the transmission at the Fermi level T(Eg) increases.
This behavior is consistent with a moderate enhancement of
the molecule—substrate coupling. Together, these observations
reveal increased charge screening from the electrodes and
slightly increased molecule—substrate hybridization. The
enhanced screening lowers the effective on-site Coulomb
interaction U and the exchange splitting, while the increased
hybridization promotes partial charge redistribution between
spin channels. As a result, the spin polarization in Ni 3d
orbitals is reduced, driving the molecule toward a low-spin
configuration. These results provide a consistent explanation
for the experimentally observed quenching of the spin state. In
addition, the atom PDOS (Figure S11) shows an increased
overlap between the molecular states and the substrate (from
both Br and Au atoms), further confirming the enhanced
coupling to the substrate. This small increase in the coupling
accounts for the slight peak broadening and the rise of T(Eg).
Overall, our data suggest that the Br-tip suppresses the
molecular spin mainly through charge screening and coupling
to the substrate of the frontier molecular orbitals near the
Fermi level.

To assess the generality of Br-induced spin modulation, we
performed analogous experiments with a CoCp, molecule.
CoCp, adsorbed on Br-decorated Au(111) appears with a
disk-like pattern (Figure Sa), corresponding to one Cp ring
being exposed to vacuum. The dI/dV spectrum acquired with a
metal tip above CoCp, on the Br island is featureless at zero
bias (Figure Sb), i.e., it lacks the Kondo resonance typically
associated with a localized S = 1/2 spin state in CoCp,. While
this absence of zero-bias resonance can in principle arise from
very weak coupling, it is consistent with a quenching of the
spin moment. We found that it was not possible to detach
CoCp, molecules from the Br island by vertical manipulation,
which makes it challenging to directly investigate how varying
the number of Br atoms influences the spin state of CoCp,. In
contrast, CoCp, molecules could be moved laterally on the
surface by the tip. We found that the apparent height of CoCp,
remains essentially unchanged (390 pm) before and after
lateral manipulation (Figure Sc,d) and was noticeably higher
than the typical values observed for metallocenes.’™’ After
manipulation along the indicated trajectory (red arrow), no Br
atom was observed at the original adsorption site, as indicated
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Figure S. Magnetic property of CoCp, molecules on a Br cluster on Au(111). (a) STM image of the CoCp, molecule adsorbed on Br clusters. The
inset shows the chemical structure of the CoCp, molecule. (b) dI/dV spectrum recorded at the marked sites in (a) using a metal tip. The black
curve is acquired on a clean Au(111) surface with a metal tip. (c, d) STM images captured before and after the manipulation of the CoCp,
molecule from the Br cluster, along with their corresponding line profiles shown in the lower panel. The line profiles were extracted along the white
lines in the STM images, and the red arrow in (c) indicates the direction of manipulation. Scanning parameters: (a, ¢, d) V= 0.2V, I =10 pA; (b)
V,. = 0.5 mV. (e) PDOS of the gas-phase CoCp, molecule and CoCp, adsorbed on a Br island on Au(111). (f) The upper panel shows the side
view of the CoCp, on a Br island (9 atoms) on Au(111), showing charge transfer from the molecule to the Br island (isosurface at 0.0003e/A%).
The lower panel is the DFT-calculated in-plane electron density difference plot.

by the dotted red circle. These observations suggest that Br
remains bound to the CoCp, molecule during manipulations,
reflecting a relatively strong molecule—bromine interaction
that likely plays a role in modifying the spin state. This can be
further proven by comparing the dI/dV spectra before and
after manipulation (Figure S13). In addition, systematic
studies of CoCp, on I clusters show that I interacts more
weakly with CoCp, but can still quench its spin state (Figure
S14).

To support this interpretation, we carried out DFT
calculations for CoCp, adsorbed on a Br island. We did not
consider Br clusters of varying sizes on Au(111), as
experimental data on how the number of Br atoms affects
the spin state of CoCp, were not available. Planar-averaged
charge density difference analysis shows an electron depletion
of about 0.5 e from the molecule to the underlying Br atoms
(Figure 5f), indicating substantial charge transfer. A compar-
ison of the binding energy between NiCp, (—1.14 eV) and
CoCp, (—2.14 eV) molecules on the Br island further supports
the experimental observation of stronger binding for CoCp,.
The computed PDOS exhibits only degenerate unoccupied
states near the Eg, in contrast to the singly occupied orbital in
the gas-phase molecule. Correspondingly, the computed
magnetic moment is 0.09 yp, which is consistent with a fully
quenched spin state. For comparison, the gas-phase CoCp,
molecule exhibits a magnetic moment of 1.0 yi3, corresponding
to an S = 1/2 state. Therefore, the pronounced reduction in
the spin moment upon adsorption confirms that Br-induced
electron depletion effectively quenches the molecular spin,
paralleling the behavior observed for NiCp,.
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B CONCLUSIONS

In summary, we demonstrated that Br atoms serve as an
effective means to tune the spin states of SMMs. For NiCp,,
adsorption on Br-decorated Au(111) results in an electron
depletion from the molecule, shifts one Ni 3d (d,, and d,,)
component above the Fermi level, and leaves one singly
occupied state, thereby establishing an S 1/2 state.
Introducing a Br-tip further quenches the moment predom-
inately via charge screening and increased the level of
molecule—substrate hybridization. This precise control over
the number of Br atoms enables reversible modulation
between distinct spin states (S = 1, 1/2, and 0), highlighting
the potential for dynamic and scalable spin control at the
molecular level. The adsorption of CoCp, on Br-decorated
Au(111) exhibits a near-zero magnetic moment, confirming
the generality of Br-driven spin quenching. These findings not
only deepen our understanding of the interplay between the
molecular electronic structure and magnetic behavior but also
pave the way for the design of advanced spintronic devices
where individual molecules can function as controllable
quantum units.

B METHODS

STM Experiments

A homemade low-temperature STM operating at 4.3 K under
ultrahigh vacuum conditions (P < 5 X 107'° mbar) was used. The
Au(111) substrate was repeatedly cleaned by cycles of Ar'-ion
sputtering, followed by annealing at 700 K for 15 min. The sample
temperature was monitored with both a pyrometer and a
thermocouple. The tip was prepared by chemical etching of a thin
W wire. Before the measurement, the tip apex was cleaned by
repeatedly contacting the clean Au(111) surface, which consequently
resulted in coverage by gold atoms. Leak valves were used to
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evaporate NiCp, and CoCp,. Liquid bromine and solid iodine were
introduced into glass tubes connected to UHV leak valves. Br and I
atoms were then deposited onto the Au(111) surface through the leak
valves while the surface was maintained at room temperature. The
precursor pressures for Br, and I, deposition were 2 X 10~ mbar and
5 X 1077 mbar, respectively. STM images were recorded by using
chemically etched tungsten tips.

Theoretical Calculations

Spin-polarized DFT calculations were performed using the VASP
package®®*” with the optB86 functional’® and the projector
augmented wave method®' with an energy cutoff of 500 eV. The
vacuum layer was larger than 10 A ,and k-point sampling was only at
the gamma point. The molecular adsorption was modeled on a
periodic (a = b = 14.98 A, y = 60°) slab unit cell of the Au(111) with
the bottom two layers kept fixed. To model the junction, we added
another 4 X 4 Au surface unit cell holding the Br-tip and allowed the
tip, molecules, and the top layer Au atoms to relax. All relaxed atoms
were optimized until atomic forces were less than 0.02 eV/A.
Constant-height dI/dV maps were simulated using the PPSTM
code™* with fixed tips and a pure s-wave orbital for a NiCp,
molecule on a Br island on Au(111).

The transport calculations were carried out using first-principles
with a method based on nonequilibrium Green’s functions combined
with DFT as implemented using the TranSIESTA package."* By
adding the VASP-optimized molecular junction region between two
electrodes, we modeled with two surfaces, with one representing the
substrate and another one holding the tip. Both electrodes were
modeled with a 9-layer slab geometry of a surface unit cell a = b =
14.98 A, y = 60°. A double-{ plus polarization (DZP) basis set was
used to describe the NiCp, molecule and surface-atom electrons.
Diffuse orbitals were used to improve the surface electronic
description and a single-{ plus polarization basis set for the Au
electrodes. The k-point sampling was S X S for the transmission
calculations.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.5¢17873.

Line profiles of NiCp, molecules on a Br island; a series
of manipulation experiments; STM images of Br atoms
at both low and high coverages; adsorption geometries
of a NiCp, molecule on a Br island; spin-resolved PDOS
of NiCp,; Bader charge distribution; atom PDOS; and
calculated magnetic moments of the NiCp, molecule
(PDF)

B AUTHOR INFORMATION
Corresponding Authors

Adam S. Foster — Department of Applied Physics, Aalto
University, Espoo 11100, Finland; Nano Life Science Institute
(WPI-NanoLSI), Kanazawa University, Kanazawa,
Ishikawa 920-1192, Japan; © orcid.org/0000-0001-5371-
5905; Email: adam.foster@aalto.fi

Shigeki Kawai — Center for Basic Research on Materials,
National Institute for Materials Science, Tsukuba, Ibaraki
305-0047, Japan; Graduate School of Pure and Applied
Sciences, University of Tsukuba, Tsukuba, Ibaraki 305-8571,
Japan; ® orcid.org/0000-0003-2128-0120;

Email: kawai.shigeki@nims.go.jp

3363

Authors

Donglin Li — Center for Basic Research on Materials, National
Institute for Materials Science, Tsukuba, Ibaraki 305-0047,
Japan

Nan Cao — Department of Applied Physics, Aalto University,
Espoo 11100, Finland

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.5¢17873

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported in part by Japan Society for the
Promotion of Science (JSPS) KAKENHI Grant Numbers
24KF0269, 24K21721, and 25H00422. The authors acknowl-
edge funding from the Academy of Finland (projects nos.
346824 and 371709). N.C. received funding from the
European Union’s Horizon Europe research and innovation
programme under the Marie Sktodowska-Curie grant agree-
ment No. 101207195. A.S.F. was supported by the World
Premier International Research Center Initiative (WPI),
MEXT, Japan. The authors acknowledge the computational
resources provided by the Aalto Science-IT project and CSC,
Helsinki.

B REFERENCES

(1) Chappert, C.; Fert, A;; Van Dau, F. N. The emergence of spin
electronics in data storage. Nat. Mater. 2007, 6, 813—823.

(2) Donati, F.; Rusponi, S.; Stepanow, S.; Wickerlin, C.; Singha, A.;
Persichetti, L.; Baltic, R; Diller, K; Patthey, F.; Fernandes, E.; et al.
Magnetic remanence in single atoms. Science 2016, 352, 318—321.

(3) Kent, A. D; Worledge, D. C. A new spin on magnetic memories.
Nat. Nanotechnol. 2018, 10, 187—191.

(4) Leuenberger, M. N.; Loss, D. Quantum computing in molecular
magnets. Nature 2001, 410, 789—793.

(5) Moreno-Pineda, E.; Godfrin, C.; Balestro, F.; Wernsdorfer, W.;
Ruben, M. Molecular spin qudits for quantum algorithms. Chem. Soc.
Rev. 2018, 47, 501—513.

(6) Katoh, K.; Isshiki, H.; Komeda, T.; Yamashita, M. Molecular
spintronics based on single-molecule magnets composed of multiple-
decker phthalocyaninato terbium (III) complex. Chem.—Asian ].
2012, 7, 1154—1169.

(7) Bogani, L.; Wernsdorfer, W. Molecular spintronics using single-
molecule magnets. Nat. Mater. 2008, 7, 179—186.

(8) Hymas, K; Soncini, A. Molecular spintronics using single-
molecule magnets under irradiation. Phys. Rev. B 2019, 99, 245404.

(9) Rocha, A. R; Garcia-Suarez, V. M.; Bailey, S. W.; Lambert, C. J;
Ferrer, J.; Sanvito, S. Towards molecular spintronics. Nat. Mater.
2005, 4, 335—339.

(10) Ding, Y. S.; Deng, Y. F.; Zheng, Y. Z. The rise of single-ion
magnets as spin qubits. Magnetochemistry 2016, 2, 40.

(11) Escalera-Moreno, L.; Baldovi, J. J.; Gaita-Arino, A.; Coronado,
E. Spin states, vibrations and spin relaxation in molecular nano-
magnets and spin qubits: a critical perspective. Chem. Sci. 2018, 9,
3265-3275.

(12) Jacobson, P.; Muenks, M.; Laskin, G.; Brovko, O.; Stepanyuk,
V.; Ternes, M.; Kern, K. Potential energy—driven spin manipulation
via a controllable hydrogen ligand. Sci. Adv. 2017, 3, No. e1602060.

(13) Mugarza, A; Krull, C.; Robles, R.; Stepanow, S.; Ceballos, G;
Gambardella, P. Spin coupling and relaxation inside molecule—metal
contacts. Nat. Commun. 2011, 2, 490.

(14) Wickerlin, C.; Chylarecka, D.; Kleibert, A.; Miiller, K.; Iacovita,
C.; Nolting, F.; Jung, T. A.; Ballav, N. Controlling spins in adsorbed
molecules by a chemical switch. Nat. Commun. 2010, 1, 61.

https://doi.org/10.1021/jacs.5c17873
J. Am. Chem. Soc. 2026, 148, 33563364


https://pubs.acs.org/doi/10.1021/jacs.5c17873?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c17873/suppl_file/ja5c17873_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+S.+Foster"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5371-5905
https://orcid.org/0000-0001-5371-5905
mailto:adam.foster@aalto.fi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shigeki+Kawai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2128-0120
mailto:kawai.shigeki@nims.go.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Donglin+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nan+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c17873?ref=pdf
https://doi.org/10.1038/nmat2024
https://doi.org/10.1038/nmat2024
https://doi.org/10.1126/science.aad9898
https://doi.org/10.1038/nnano.2015.24
https://doi.org/10.1038/35071024
https://doi.org/10.1038/35071024
https://doi.org/10.1039/C5CS00933B
https://doi.org/10.1002/asia.201100992
https://doi.org/10.1002/asia.201100992
https://doi.org/10.1002/asia.201100992
https://doi.org/10.1038/nmat2133
https://doi.org/10.1038/nmat2133
https://doi.org/10.1103/PhysRevB.99.245404
https://doi.org/10.1103/PhysRevB.99.245404
https://doi.org/10.1038/nmat1349
https://doi.org/10.3390/magnetochemistry2040040
https://doi.org/10.3390/magnetochemistry2040040
https://doi.org/10.1039/C7SC05464E
https://doi.org/10.1039/C7SC05464E
https://doi.org/10.1126/sciadv.1602060
https://doi.org/10.1126/sciadv.1602060
https://doi.org/10.1038/ncomms1497
https://doi.org/10.1038/ncomms1497
https://doi.org/10.1038/ncomms1057
https://doi.org/10.1038/ncomms1057
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c17873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(1S) Frisenda, R;; Harzmann, G. D.; Celis Gil, J. A; Thijssen, J. M.;
Mayor, M.; Van Der Zant, H. S. Stretching-induced conductance
increase in a spin-crossover molecule. Nano Lett. 2016, 16, 4733—
4737.

(16) Cornia, A.; Fabretti, A. C.; Pacchioni, M.; Zobbi, L.; Bonacchi,
D.; Caneschi, A.; Gatteschi, D.; Biagi, R.; Del Pennino, U.; De Renzi,
V.; et al. Direct observation of single-molecule magnets organized on
gold surfaces. Angew. Chem.,, Int. Ed. 2003, 42, 1645—1648.

(17) Crommie, M. F. Manipulating magnetism in a single molecule.
Science 2008, 309, 1501—1502. .

(18) Hellerstedt, J.; Cahlik, A.; Svec, M.; de la Torre, B.; Moro-
Lagares, M.; Chutora, T.; Papouskovd, B.; Zoppellaro, G.; Mutombo,
P.; Ruben, M.; et al. On-surface structural and electronic properties of
spontaneously formed Tb2Pc3 single molecule magnets. Nanoscale
2018, 10, 15553—15563.

(19) Komeda, T.; Isshiki, H,; Liu, J; Zhang, Y. F.; Lorente, N.;
Katoh, K.; Breedlove, B. K.; Yamashita, M. Observation and electric
current control of a local spin in a single-molecule magnet. Nat.
Commun. 2011, 2, 217.

(20) Vitali, L.; Fabris, S.; Conte, A. M.; Brink, S.; Ruben, M.; Baroni,
S.; Kern, K. Electronic structure of surface-supported bis (phthalo-
cyaninato) terbium (III) single molecular magnets. Nano Lett. 2008,
8, 3364—3368.

(21) Spree, L.; Liu, F.; Neu, V.; Rosenkranz, M.; Velkos, G.; Wang,
Y.; Schiemenz, S.; Dreiser, J.; Gargiani, P.; Valvidares, M.; et al.
Robust single molecule magnet monolayers on graphene and graphite
with magnetic hysteresis up to 28 K. Adv. Funct. Mater. 2021, 31,
2105516.

(22) Schwébel, J.; Fu, Y.; Brede, J; Dilullo, A;; Hoffmann, G.;
Klyatskaya, S.; Ruben, M.; Wiesendanger, R. Real-space observation
of spin-split molecular orbitals of adsorbed single-molecule magnets.
Nat. Commun. 2012, 3, 953.

(23) Mier, C.; Verlhac, B.; Garnier, L; Robles, R; Limot, L.;
Lorente, N.; Choi, D. J. Superconducting scanning tunneling
microscope tip to reveal sub-millielectronvolt magnetic energy
variations on surfaces. J. Phys. Chem. Lett. 2021, 12, 2983—2989.

(24) Garnier, L.; Verlhac, B.; Abufager, P.; Lorente, N.; Ormaza, M.;
Limot, L. The Kondo effect of a molecular tip as a magnetic sensor.
Nano Lett. 2020, 20, 8193—8199.

(25) Ormaza, M.; Bachellier, N.; Faraggi, M. N.; Verlhac, B;
Abufager, P.; Ohresser, P.; Joly, L.; Romeo, M.; Scheurer, F.; Bocquet,
M. L,; et al. Efficient spin-flip excitation of a nickelocene molecule.
Nano Lett. 2017, 17, 1877—1882.

(26) Ormaza, M.; Abufager, P.; Verlhac, B.; Bachellier, N.; Bocquet,
M. L; Lorente, N; Limot, L. Controlled spin switching in a
metallocene molecular junction. Nat. Commun. 2017, 8, 1974—1978.

(27) Vegliante, A.; Fernandez, S.; Ortiz, R.; Vilas-Varela, M.; Baum,
T.Y,; Friedrich, N.; Romero-Lara, F.; Aguirre, A.; Vaxevani, K.; Wang,
D.; et al. Tuning the Spin Interaction in Nonplanar Organic Diradicals
through Mechanical Manipulation. ACS Nano 2024, 18, 26514—
26521.

(28) Pinar Sol¢, A.; Kumar, M.; Soler-Polo, D.; Stetsovych, O.;
Jelinek, P. Nickelocene SPM tip as a molecular spin sensor. J. Phys.:
Condens. Matter 2025, 37, 095802.

(29) Verlhac, B.; Bachellier, N.; Garnier, L.; Ormaza, M.; Abufager,
P.; Robles, R;; Bocquet, M.-L.; Ternes, M.; Lorente, N.; Limot, L.
Atomic-scale spin sensing with a single molecule at the apex of a
scanning tunneling microscope. Science 2019, 366, 623—627.

(30) Bae, Y.; Ternes, M.; Yang, K.; Heinrich, A. J.; Wolf, C.; Lutz, C.
P. Direct Observation of Fully Spin-Polarized Tunnel Current
Between Quantum Spins Using a Single Molecule Sensor. ACS
Nano 20285, 19, 1361—1370.

(31) Kawasaki, M.; Ishii, H. Preparation and surface characterization
of Ag (111) film covered with halide monolayer. Langmuir 1995, 11,
832—841.

(32) Paaske, J.; Flensberg, K. Vibrational sidebands and the Kondo
effect in molecular transistors. Phys. Rev. Lett. 2005, 94, 176801.

(33) Kawai, S.; Krejci, O.; Nishiuchi, T.; Sahara, K; Kodama, T;
Pawlak, R.; Meyer, E.; Kubo, T.; Foster, A. S. Three-dimensional

3364

graphene nanoribbons as a framework for molecular assembly and
local probe chemistry. Sci. Adv. 2020, 6, No. eaay8913.

(34) Wisbeck, S.; Sorrentino, A. L.; Santana, F. S.; de Camargo, L.
C.; Ribeiro, R. R.; Salvadori, E.; Chiesa, M.; Giaconi, N.; Caneschi, A.;
Mannini, M.; Poggini, L.; Briganti, M.; Serrano, G.; Soares, J. F.;
Sessoli, R. (178-Cyclooctatetraene)(#75-fluorenyl) titanium: a process-
able molecular spin qubit with optimized control of the molecule—
substrate interface. Chem. Sci. 2024, 15, 14390—14398.

(35) Briganti, M,; Serrano, G.; Poggini, L.; Sorrentino, A. L.;
Cortigiani, B.; de Camargo, L. C.; Soares, J. F.; Motta, A.; Caneschi,
A.; Mannini, M.; Totti, F.; Sessoli, R. Mixed-sandwich titanium (III)
qubits on Au (111): electron delocalization ruled by molecular
packing. Nano Lett. 2022, 22, 8626—8632.

(36) Bachellier, N.; Ormaza, M.; Faraggi, M.; Verlhac, B.; Vérot, M;
Le Bahers, T.; Bocquet, M. L; Limot, L. Unveiling nickelocene
bonding to a noble metal surface. Phys. Rev. B 2016, 93, 195403.

(37) Ormaza, M.; Abufager, P.; Bachellier, N.; Robles, R.; Verot, M.;
Le Bahers, T.; Bocquet, M. L,; Lorente, N.; Limot, L. Assembly of
ferrocene molecules on metal surfaces revisited. J. Phys. Chem. Lett.
2015, 6, 395—400.

(38) Kresse, G.; Furthmiiller, J. Efficiency of ab-initio total energy
calculations for metals and semiconductors using a plane-wave basis
set. Comput. Mater. Sci. 1996, 6, 15—50.

(39) Kresse, G.; Furthmiiller, J. Efficient iterative schemes for ab
initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B 1996, 54, 11169—11186.

(40) Klimes, J.; Bowler, D. R.;; Michaelides, A. Van der Waals density
functionals applied to solids. Phys. Rev. B 2011, 83, 195131.

(41) Blschl, P. E. Projector augmented-wave method. Phys. Rev. B
1994, 50, 17953—17979.

(42) Hapala, P.; Kichin, G.; Wagner, C.; Tautz, F. S.; Temirov, R;
Jelinek, P. Mechanism of high-resolution STM/AFM imaging with
functionalized tips. Phys. Rev. B 2014, 90, 085421.

(43) Krejci, O.; Hapala, P.; Ondracek, M.; Jelinek, P. Principles and
simulations of high-resolution STM imaging with a flexible tip apex.
Phys. Rev. B 2017, 95, 045407.

(44) Brandbyge, M.; Mozos, J. L.; Ordején, P.; Taylor, J.; Stokbro,
K. Density-functional method for nonequilibrium electron transport.
Phys. Rev. B 2002, 65, 165401.

https://doi.org/10.1021/jacs.5c17873
J. Am. Chem. Soc. 2026, 148, 33563364


https://doi.org/10.1021/acs.nanolett.5b04899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b04899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200350981
https://doi.org/10.1002/anie.200350981
https://doi.org/10.1126/science.1117039
https://doi.org/10.1039/c8nr04215b
https://doi.org/10.1039/c8nr04215b
https://doi.org/10.1038/ncomms1210
https://doi.org/10.1038/ncomms1210
https://doi.org/10.1021/nl801869b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl801869b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202105516
https://doi.org/10.1002/adfm.202105516
https://doi.org/10.1038/ncomms1953
https://doi.org/10.1038/ncomms1953
https://doi.org/10.1021/acs.jpclett.1c00328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c00328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c00328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c03271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b05204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-017-02151-6
https://doi.org/10.1038/s41467-017-02151-6
https://doi.org/10.1021/acsnano.4c01963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c01963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1361-648X/ad9c08
https://doi.org/10.1126/science.aax8222
https://doi.org/10.1126/science.aax8222
https://doi.org/10.1021/acsnano.4c13934?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c13934?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la00003a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la00003a026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.94.176801
https://doi.org/10.1103/PhysRevLett.94.176801
https://doi.org/10.1126/sciadv.aay8913
https://doi.org/10.1126/sciadv.aay8913
https://doi.org/10.1126/sciadv.aay8913
https://doi.org/10.1039/d4sc03290j
https://doi.org/10.1039/d4sc03290j
https://doi.org/10.1039/d4sc03290j
https://doi.org/10.1021/acs.nanolett.2c03161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c03161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c03161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.93.195403
https://doi.org/10.1103/PhysRevB.93.195403
https://doi.org/10.1021/jz5026118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz5026118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.83.195131
https://doi.org/10.1103/PhysRevB.83.195131
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.90.085421
https://doi.org/10.1103/PhysRevB.90.085421
https://doi.org/10.1103/PhysRevB.95.045407
https://doi.org/10.1103/PhysRevB.95.045407
https://doi.org/10.1103/PhysRevB.65.165401
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c17873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

