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% Check for updates Electrically probing the spin state of localized f electrons in a rare-earth-based

single-molecule magnet, along with understanding its intramolecular mag-
netic coupling, is of crucial importance for applications in quantum informa-
tion and advanced spintronics, yet it remains experimentally challenging.
Herein, within a single-molecule magnet terbium(lll) bis(phthalocyaninato)
(TbPc,) double-decker molecule adsorbed on a bilayer graphene epitaxially
grown on a SiC(0001) substrate, we experimentally demonstrate a spatially
dependent exchange interaction between the magnetic moment of the loca-
lized Tb 4f electron and the unpaired spin of the Pc m-radical. The magnetic
state of TbPc,, associated with the f-ir interaction, is evidently detected
through the spectroscopic Kondo resonance and a zero-field Kondo splitting,
which can be reversibly switched in a charge/discharge process triggered by
the tip-molecule distance. Furthermore, we theoretically describe how the
Kondo resonance evolves at the molecular scale, which is mediated by the f-rr
exchange interaction with its strength varying spatially in a radial decay
fashion. Our spatially resolved Kondo characteristics offer a quantitative
understanding of the many-body spin correlation, which is coupled with the
charge states in a nonuniform and spatially extended system.

Lanthanide-based single-molecule magnets (SMMs) have emerged as
key building blocks for developing molecular spintronics and quantum
information processing'”. These SMMs exhibit superior magnetic
properties and promising performance metrics, including robust
magnetic stability, quantum tunneling of magnetization and pro-
longed spin relaxation dynamics®'>. The hybrid architecture—featur-
ing a combination of the lanthanide (Ln) ion encapsulated within
delocalized m-electron systems of phthalocyanine (Pc) ligands—boosts
the sensitivity of its quantum nature of molecular spin to the local

environment. While much attention has been focused on the Pc ligand
spin, challenges persist in addressing the large magnetic moment of
the Ln ion in SMMs. This difficulty arises from the highly localized
nature of the 4f-shell orbitals of Ln ions, which have minimal partici-
pation in electron tunneling currents through the molecule™™".

The f-m interaction has been actively investigated by single-
molecule transistor experiments. The derived interaction is however
controversial with both ferromagnetic*’"® and antiferromagnetic'**°
interactions reported. More importantly, these macroscopic transport
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measurements lack the ability to reveal the spatial information of the
exchange interaction within the SMMs. Recent advances in scanning
tunneling microscopy and spectroscopy (STM/STS) studies have
explored the localized f states in Ln-based SMMs through the Kondo
effect, a many-body phenomenon that occurs when a localized mag-
netic moment interacts with the conduction electrons of a host metal.
Representative studies include spectroscopic characterizations of the
Kondo effect from the f-orbitals that are either directly spin-screened
by the conduction electrons in NdPc,”, or facilitated by the strong
hybridization between the ligands and metal substrates in DyPc,?.
However, as the Ln ion presents a highly anisotropic large magnetic
moment, the mechanism underlying how the spin-flip scattering takes
place remains largely mysterious. Alternatively, an indirect readout of
the 4f spin via a split Kondo resonance of the ligand spin is imple-
mented, as induced by the f- coupling®. Yet, the Kondo effect therein
can be only observed on the Pc lobes, and is completely suppressed on
the Ln ion. This precludes the detection of the Ln-radical exchange
interactions, which are expected to happen dominantly around the Ln
ion"**?, Fundamentally, it is also of significant importance to clarify
the Kondo behavior in the presence of exchange interaction between a
highly localized f-moment and an extended m-radical orbital.

In this study, we utilize high-spatial and high-energy resolution
STMY/STS to investigate the spin state of the TbPc, molecule adsorbed
onto a graphene-covered SiC substrate. Through adjusting the STM tip
height, the TbPc, molecule is reversibly switched between neutral and
charged ground states, switching on/off the Kondo resonance. In the
neutral state of TbPc,, its Kondo peak around the Tb* ion shows a
sizable zero-field splitting of 1.14 meV, which decays spatially away
from the molecular center. The zero-field splitting enlarges under
magnetic fields, unambiguously demonstrating a ferromagnetic f-r
coupling. We develop a generalized Anderson model based on a pro-
posed density Hamiltonian to describe the exchange coupling
between the localized f moment and the extended m spin, which
reproduces the experimental findings. The tunability of the
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Fig. 1| The emerging Kondo resonance of TbPc, on graphene. a Schematic
illustration for TbPc, molecule in a top view, showing the central Tb atom sur-
rounded by the upper (dark brown) and lower (light green) Pc ligands with a 45°
rotation. b Corresponding high-resolution STM image of a single TbPc, molecule
obtained at occupied states (V, =-1.0 V and /,=10 pA, 2 x 2 nm?). ¢ Large-scale d//
dV spectra taken at the Tb center (cyan) and Pc lobe (magenta) site, respectively
(Vb=-15V and ;=100 pA, Vnoqa =20 mV). d d//dV spectra taken at the lobe of the
top Pc ligand, which are acquired with various tunneling currents, respectively. Set

discharging-driven Kondo effect, combined with the spatial resolution
of the Ln-radical exchange interactions, holds the potential to search
for intricate details of Kondo physics.

Results and discussion

Tip-tuned Kondo effect of TbPc, molecule

Anisolated TbPc, molecule consists of a Tb* ion at the center, and two
sandwiched Pc ligands that are stacked with a mutual rotation of 45°
relative to each other (Fig. 1a). In its neutral state, the central Tb* ion
hosts a highly localized 4f-electron moment. Meanwhile, the two Pc
ligands bear one unpaired electron with spin $=1/2, which is deloca-
lized over the m-radical orbital®®. When adsorbed onto graphene
substrates, TbPc, molecules form a square checkerboard film with the
molecular height of =0.7 nm, consistent with the intact double-decker
structure (Supplementary Fig. 1). The STM image of TbPc, in Fig. 1b
features an eight-lobed structure, which conforms to the density of
states (DOS) of the highest occupied and lowest unoccupied molecular
orbitals (HOMO and LUMO) of the upper Pc ligand*". Tunneling
spectra of the TbPc, molecule in Fig. 1c indicate its HOMO and LUMO
are located at -1.0 eV and +0.7 eV, respectively. There is a clear energy
shift of the molecular orbitals between the Tb center and the lobe site.
A similar shift has also been observed in NdPc, and DyPc,, and was
attributed to an electrostatic field effect’*’. However, there are also
notable differences when compared to NdPc, and DyPc,. Specifically,
the LUMO state of TbPc, is =0.3 eV closer to the Fermi level (£).

As depicted in Fig. 1d, the low-energy spectrum of the molecule,
obtained at a set current (/) of 0.1nA, is featureless around Eg. This
implies the ligand spin is absent, as being paired up by an additional
electron transferred from the substrate’”?. Surprisingly, upon
acquiring spectrum with a large /; of 0.5nA, a sharp Kondo peak
emerges around Eg, which stays unchanged with even larger /, but
disappears again upon reducing /; to 0.1nA (Fig. 1d). This observation
demonstrates that the ligand spin state reversibly switches with /,, as
caused by the charging and discharging of the ligand orbital. To track
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points: V, =10 mV and V04 =0.1mV. e AZ-/ curves acquired at the lobe site with a
constant bias of +10 (-6) mV for the positive (negative) cycle. The scanning
sequences in the forward (orange) and backward (cyan) directions are indicated by
arrows. At /, =2 nA, the existence of Kondo resonance is dependent on the history
of voltage ramping. For the [TbPc,]° ([TbPc,]) state with cyan (orange) circle, the
corresponding STS spectrum is the same as the cyan (orange) curves in d. Regions
for different charged states are separated by red dash line. Source data are pro-
vided as a Source Data file.
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Fig. 2 | Transition of the charging state by a STM tip. a Series of large-energy STS
spectra recorded at the same location but with increasing tunneling current
(Vb=-0.5V and Vy;,04 =5 mV). Spectra are offset vertically for clarity. Two featured
peaks are labeled as P1 and P2, respectively, with their onsets marked by red and
cyan triangles. b Evolutions of peak onsets as a function of the tip-sample distance
for P1 (red) and P2 (black). Dashed lines are the linear guide for an eye. Vertical
dashed blue line highlights the different charged states of the TbPc, molecule,

which are distinguished when P1 crosses E;. ¢, € Schematic depictions of the
molecular spin before (¢, [TbPc,]") and after (e, [TbPc,]°) the tip-triggered dis-
charging transition. d, f Potential energy diagrams for the tunneling process
through the molecular level of TbPc,, which is paired up to become HOMO by the
substrate-induced charge transfer at equilibrium (V;, = 0) for [TbPc,]". Conversely,
the [TbPc,]° restores the SOMO with an unpaired radical spin, showing the Kondo
resonance. Source data are provided as a Source Data file.

the charge state transition process, we record the tip-height dis-
placements (AZ) by continuously ramping /; over a wide range, while
keeping a constant bias voltage. As shown in Fig. le, the AZ(/) curves
exhibit obvious hysteresis characteristics for both positive and nega-
tive set biases with abrupt jumps in AZ, signifying the charge state
transition with an electron on/off the TbPc, molecule?*°. While the
TbPc, film is arranged in a checkerboard lattice on graphene, we
observe that the emergence of Kondo resonance is irrelevant to the
molecular orientation with respect to the graphene substrate, indica-
tive of a negligible influence of molecule-substrate interaction (more
discussions can be seen in Supplementary Note 1 and Supplementary
Figs. 1-3). Moreover, this phenomenon remains robust against varia-
tions of the local environment with different neighboring TbPc,
molecules, suggesting that the molecule-molecule interaction should
not dictate the observed Kondo signature.

To unveil the charging mechanism, we further examine the evo-
lution of molecular states with varying /.. As seen in Fig. 2a, b sharp
peak P1 and a broad peak P2 are observed at positive and negative
biases, respectively. With decreasing tip height Z, P1 and P2 both gra-
dually shift towards until crossing Er, and then move away from Eg. The
onset energies of P1 and P2 both follow a linear relationship with Z
(Fig. 2b), which is reminiscent of resonant tunneling through the same
molecular orbital in a double barrier tunneling junction (DBTJ)* %, The
two tunnel barriers, with one being the tip-molecule vacuum and the
other being the molecule-graphene van der Waals gap, experience a
two-step tunneling process with different relative tunneling rates for
various AZ. Due to the voltage division effect of DBTJ, the two-step
tunneling is controlled by a critical parameter of lever arm a, which
denotes the fraction of voltage TbPc, suffers* . For the narrow-

energy measurements with indispensable a, such a voltage drop (aV;)
across the molecule-substrate junction shifts the HOMO level of the
TbPc, molecule. Once the HOMO level is aligned with the chemical
potential of the substrate (positive bias) or the tip (negative bias),
resonant tunneling occurs between graphene and TbPc; (P1 for V;, > 0)
or between the tip and TbPc, (P2 for V;,<0). In this context, the
emergences of P1 and P2 features are due to tunneling through the
same HOMO of the TbPc, molecule at opposite bias polarities, with
their energy positions corresponding to the voltage threshold for
energy alignment. Within the DBT) model® **, by analyzing the relative
energy positions of the P1 and P2 peaks in Fig. 2b, we can estimate the
level arm parameter a to be in the range of 0.48-0.67. This relatively
large value of a (exceeding 0.5) for a decreased Zis favorable for locally
gating the molecular level and provoking its discharge.

Initially, the TbPc, molecule gains an additional electron from the
substrate to become negatively charged [TbPc,], whose otherwise
singly occupied molecular orbital (SOMO) becomes a doubly occupied
HOMO and thus nonmagnetic (Fig. 2c, d). With decreasing Z, the
increased a leads to a smaller threshold required for resonant tun-
neling, resulting in the reversal shift of P1 and P2 in energy, which is
discussed in Supplementary Note 2 and Supplementary Fig. 4. Once
the threshold energy is shifted below Er (cyan region in Fig. 2b), the
transferred charge escapes back to the substrate (Fig. 2e). Conse-
quently, the molecule discharges to restore the neutral molecule
[TbPc,]° with unpaired radical spin, as shown in Fig. 2f. This dischar-
ging process induces the transformation of the HOMO into the SOMO
with unpaired ligand spin, contributing to the emergence of the spin1/
2 Kondo effect in Fig. 1d. Notably, although the structural configura-
tion of the TbPc, molecule may be influenced during surface
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Fig. 3 | Spatially varied Kondo resonance in TbPc, a STM image of TbPc,
obtained at unoccupied states (V;, =+0.8 V and /;=10 pA, 2 x 2 nm?). b Comparison
of STS spectra taken at the 1-7 locations across the TbPc, molecule labeled in (a)
(Vb=10 mV and /;= 0.5 nA, V;04 = 0.1 mV). The vertical dashed black lines highlight
E¢. ¢ Magnetic field dependence of the splitting of Kondo resonance taken at the

lobe and center, respectively. d Splitting energy (AE) as a function of the magnetic
field. The dashed lines are the linear fittings for the lobe (cyan) and center (purple)
positions, respectively. The black series is acquired at a location slightly away from
the lobe site. Different colored symbols represent different molecules. Source data
are provided as a Source Data file.

deposition and discharge processes, any resulting variations are
minimal and do not significantly affect the observed Kondo signatures,
as discussed in Supplementary Note 3 and Supplementary Fig. 5. Our
tip-driven transition between the neutral and charged states, accom-
panied by the on/off Kondo state, offers a controllable means of
accessing and manipulating the molecular spin in a stable and rever-
sible manner, rather than a temporary charged state, as revealed pre-
viously in TCNQ*, TBTAP%, LuPc,*®, and DCA molecules®.

Zero-field Kondo splitting and Zeeman effect
Having identified the Kondo effect of the radical spin for the Pc lobe,
we now turn to scrutinize the 4f-electron spin at the Tb center. As
illustrated in Fig. 3a, b, an elaborate distribution of STS at /;=0.5nA
shows the spatial dependence of the Kondo effect along the black
arrow in the interior of a TbPc, molecule. Obviously, the pronounced
Kondo resonance is symmetric among different lobes and shows the
most significant peak at the Pc ligands. Upon approaching the center
of the molecule (Tb* ion), the Kondo peak gradually gets suppressed
and further shows a conductance dip at E¢ with symmetric peaks at
+1.14 meV. At the bridge site between the lobe and the center, there
exists a prominent hump along with a progressively smaller dip, sug-
gesting it is in the transitional state. In short, the Kondo peak at the Pc
ligand gradually splits into a gap-like spin excitation when approaching
the Tb* ion, and has the largest splitting energy at the Tb center.
Accordingly, there exists a plain anti-correlated relationship between
the peak intensity and splitting gap (Supplementary Figs. 6 and 7).
Interestingly, the Kondo splitting at the Tb** ion can be observed
only when the ligand spin is unpaired. Otherwise, its STS appears
featureless and resembles what is observed at the lobe site

(Supplementary Fig. 8). This implies that the magnetic state of the
TbPc, molecule should be strongly influenced by the concurrent
interaction between the unpaired electron and the Tb 4f-electron
moment. To confirm this hypothesis, a systematic measurement of a
series of d//dV curves is performed by gradually increasing /, at dif-
ferent locations. We find that the splitting gap increases in a mono-
tonic manner with decreasing lateral distance to the Tb center.
Meanwhile, it keeps constant regardless of the variation in tip heights
at each fixed location (as depicted in Supplementary Fig. 9). This
suggests the presence of a direct exchange interaction of ferromag-
netic coupling between the ligand 1/2 spin and the Tb 4f moment. Our
maximum splitting energy at the Tb center (=1.14 meV) is comparable
to the reported upper limit of exchange interaction (=1.3 meV)
between a spin-1/2 Ti atom and a static Fe moment. Additionally,
previous calculations have reported an energy difference of =1.0 meV
between the ferromagnetic (|+6, +1/2)) and antiferromagnetic
(| £6,¥1/2)) coupling states of the Tb 4fand ligand spins in TbPc,**,
which reasonably aligns with our experimental value. In this light, the
magnetic moment of the localized 4f electron is indeed detectable via
the Kondo splitting, which should predominantly rely on the intra-
molecular interaction.

To advocate the spin character of the TbPc, molecule, we further
apply an external magnetic field up to 12 T, which is oriented normal to
the surface plane. Figure 3c depicts the magnetic field dependence of
the Kondo splitting acquired at the lobe and center sites, respectively.
Apparently, the Kondo peak at the Pc ligand becomes split with the
largest energy separation under 12 T, indicating that the energies of the
two degenerate spin states are lifted. Additionally, the spin excitation
of Kondo splitting at the Tb center is progressively increased, which
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can be attributed to the Zeeman coupling with out-of-plane spin
components, also well excluding any possible origin related to vibra-
tions. By further extracting the splitting energy (AE) as a function of the
magnetic field in Fig. 3d, both the center and lobe sites follow a linear
evolution. These are well consistent with the AE =2gugB relation®**?,
where g is the Landé factor and pg = eh/(2my) is the Bohr magneton
with mg being the mass of the electron. By fitting, we obtain the same
Landé g-factor as =2.0 for both the Tb and radical. Notably, the residual
energy separation at zero field (or magnetic remanence) is calculated
as 2.2 meV, consistent with Fig. 3b. Such a finite intersection is analo-
gous to the nonvanishing intercept of resonance frequency at B=0T
by ESR-STM experiments®, signaling that the zero-field splitting
should be attributed to the intramolecular exchange interaction
between the Pc ligand mr-orbital and the Tb 4felectron, and intrinsically
contributing net magnetization. It should be noted that the fitting g =2
is expected for the $=1/2 m-radical, which is in good agreement with
previous reports on TbPc, and DyPc,"”’. However, the obtained g
factor of 2 for the Tb* ion significantly deviates from its expected
value of 3/2°*°, The uniform g=2 throughout the TbPc, molecule in
Fig. 3d suggests that the 1/2 spin of the m-radical should take part in the
Kondo screening for the entire TbPc, molecule, including the
exchange interaction with the total angular momentum (/=6) of
the Tb ion. Furthermore, the Kondo splitting exhibits an identical
dependence on the out-of-plane magnetic field in opposite directions,
in line with the two-fold degenerate states of | +6,% > and |+6, + 1 >
at zero magnetic field, as discussed in Supplementary Note 4 and
Supplementary Fig. 10.

For comparison, we have also deposited and measured YPc,
molecules on the same substrate, where YPc, has an unpaired ligand
electron, but its Y** ion has no 4f electron”. As displayed in Supple-
mentary Fig. 11, the YPc, molecule shows similar molecular orbitals and
gap size as those of TbPc, in Fig. 1. Moreover, the emergence of Kondo
resonance at the Pc lobe is identical to that in TbPc,, which is repro-
ducibly controlled by the discharging process of a charged-to-neutral
transition driven by the STM tip height. However, the spatial dis-
tribution from the STS linecut within the YPc, molecule indicates that
there is no splitting of the Kondo peak both on the molecular center
and the lobe (Supplementary Fig. 12). Instead, the Kondo shape
remains unchanged throughout the whole YPc, molecule, which is in
line with the extension of the m-radical spin over the two Pc-ligands.
The magnetic field dependence of the Kondo splitting for the YPc, also
yields a g-factor of =2.0. All these observations collectively signal that
the 4f electron moment and its exchange coupling to the unpaired
radical spin play a crucial role in the Kondo splitting for the ground
state of the Ln-based SMMs.

Theoretical model for the spatially resolved Kondo effect
Theoretically, we model the TbPc, on the graphene substrate by a
generalized Anderson-type model. Using the numerical renormalization
group (NRG) method, we reveal a Kondo effect mediated by the intra-
molecular exchange interaction, which explains the spatially dependent
Kondo resonance in Fig. 3b. The spatially extended m-radical orbital of
the Pc ligands, denoted by u,(r), is coupled to the 4f electrons of the
central Tb* ion, viaH .= 3", [ drt(r — ro)ul,,,urmg +h.c.,, whereu, , and
Uy, are the second-quantized operators for the Pc and Tb electrons at
coordinate r, respectively. Here, “h.c.” corresponds to the Hermitian
conjugate of the preceding term. The coupling ¢(r — r,)) decays with the
distance |r — r|, where r stands for the spatial coordinate within the
TbPc, molecule, r, denotes the location of the Tb* ion, which is taken
as the origin (r, =0) in what follows. The Pc electrons are captured by
Hpe =80, [ druf gu, .+ §°, [drdru] ju, ,ul ;u, 5, where g is the
orbital energy and U is the repulsive electron-electron interaction. As
schematically shown in Fig. 4a, the Pc electrons are further coupled to
the graphene substrate (conduction bath) as that of the standard
Anderson model, which is not written explicitly.

a Pinned spin b ' ! '
’ “ :
Pc ligand *,' 3L 1
N ‘
1
~— !
Graphene substrate S V3
g2 :
c . " " " S 4
0.3 = Model fitting RV
. — Exponential decay I N
3 02 1
£
> i
=01 :
R R R R 0 L I I
006607 02 03 04 M0 5 0 5 10

x (nm)

Fig. 4 | Kondo evolution calculated by NRG. a Schematic plot of the Kondo
mechanism. The spin density operator of the Pc rr-orbital has a spatially dependent
property. Around the center, it is strongly pinned by the local moment of the Tb*
ion. However, it behaves approximately as a free spin at the lobe far from the
center. The Kondo resonance thus occurs for larger r after /i is further considered,
which splits for small r. b Calculated local density of states with varying /., (or r).
From top to bottom, /., =0.04, 0.07, 0.12, 0.30, 0.12, 0.07, 0.04 meV, corre-
sponding to the process when the STM probe is moved from one edge of the ligand
to the center and further to the other edge. Both inelastic and elastic scattering
processes have been considered, whose ratio is set to be k = 0.05. The parameters
used are D= — 40 meV, Ny/x =60 meV with N, being the bath density of states at
the Fermi energy. The states kept are 1024 in the NRG calculations with the scaling
parameter A =2.5. ¢ Extracted r-dependence of the exchange coupling /., which is
well fit by an exponential function /., =/oe~"/¢ with J, =0.29 meV, and £ =0.16nm.
Source data are provided as a Source Data file.

We perform the Schrieffer-Wolff transformation by tracing out
the doubly occupied state of Pc electrons, which leads to the Kondo
exchange type interaction, H)= [ drhy(r), where

1
hy= Sk > Spe- C;,gooa'ck,a/ +Jex()Stp - Spe @
k,K,0,0

The first term describes the Kondo coupling between the Pc
electrons and the graphene substrate, with /¢ the coupling strength.
Sp.=1 u},e,,, u,, is the spin-1/2 operator contributed by the Pc electron,
whereu, =1 dru, , is the coarse-grained fermionic field with A being
the area of the m-orbital. The second term is the exchange coupling
between the Tb*" ion and the radical spin of the Pc ligand, which has
spatial dependence, with /., (r) o |t(r)|*/U. Sy, is the effective spin
operator of the Tb ion, and Sy, = 6 is taken with a magnetic anisotropy
term of H,; :DS%b’Z. We emphasize that although the experimental
system is described by the full Hamiltonian H; = [ drh(r), itis however
the density Hamiltonian Ay(r) in Eq.(1) that is relevant to the STM/STS
measurements. The spatial dependence in h(r) has non-negligible
physical consequences, but is largely neglected in previous theoretical
studies.

Further considering the graphene thermal bath, the local Hamil-
tonian (at r) relevant to STM/STS measurements is obtained as
Ay + H g + Hpagn- We map this model to the half-infinite Wilson chain in
the NRG framework, where the first chain site (describing the Tb ion)
interacts with the second site (representing the Pc spin) via /.,(r). We
then solve the chain model and calculate the local spectral density at
generic r, considering both the elastic and inelastic tunneling pro-
cesses (see Supplementary Notes 5 and 6). As shown by Fig. 4b, when
the STM tip is moving from the lobe towards the central Tb ion, /()
increases, and the spectra gradually evolve from a Kondo peak to a
significant dip. This indicates a spatially varying property of the spin
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density operator of the Pc rr-orbital. Before the Kondo effect sets in, Sp,.
behaves as a free spin at the lobe far away from the center, but is
strongly pinned by the Tb ion around the center (Fig. 4a). Thus, the
Kondo screening can easily take place for large r=r|, but is sup-
pressed around the center due to the strong exchange field from the
Tb ion, resulting in the splitting feature for small r. The numerical
results well reproduce the spatially varied Kondo resonance in our
STM observations. Furthermore, by fitting to the experimentally
measured height (depth) of the peak (dip) from the STS spectra in
Fig. 3b, the r-dependence of /. (r) can be numerically extracted as
shown in Fig. 4c, which shows an exponential decay***‘. All these
results reveal a Kondo effect mediated by the intramolecular exchange
interaction, i.e., a spatially varying Kondo phenomena distributed in
extended molecule orbitals.

Discussion
We exclude several alternative explanations for the observed phe-
nomena. Firstly, the direct substrate exchange is unlikely, as the gra-
phene substrate lacks magnetic moments, and such interaction would
preferentially favor stronger influences for the closer Pc ligand, con-
trary to the observed splitting localized at the distant Tb** site. Sec-
ondly, control experiments using YPc, (identical ligand structure and
spin system in Supplementary Figs. 11 and 12) exhibit homogeneous
Kondo resonance without zero-field splitting, thereby ruling out both
ligand-mediated intermolecular interactions and ligand-field effects as
the primary origin of the splitting in TbPc,. In addition, the insensitivity
to the local environment reinforces the exclusion of intermolecular
effects. Furthermore, spin-orbit coupling (SOC) should not be the
driving mechanism, since Kramers theorem dictates the ground state
remains degenerate at zero field for the $=1/2 ligand spin, preventing
SOC-induced Kondo splitting. Previous studies on TbPc, and related
LnPc, molecules**>*?>?’, even those with stronger SOC, confirm the
absence of such splitting. Ultimately, the pronounced spatial depen-
dence provides compelling evidence against purely isotropic or
molecule-wide mechanisms like ligand-field or SOC effects acting
alone. Instead, it strongly supports our interpretation of the splitting
arising from a spatially distributed intramolecular f-m exchange inter-
action between the Tb** 4f electrons and the ligand m-radical spin.

Finally, we elucidate the influence of the graphene-covered SiC
substrate, which is instrumental to our observation of the intramo-
lecular f-m exchange coupling within TbPc,. Unlike metallic sub-
strates where strong molecule-substrate hybridization typically
yields a broad Kondo resonance width (5-9 meV)?%, masking fine
spectral details, graphene provides significant electronic decoupling.
This preserves the intrinsic molecular properties while still permit-
ting charge-state control, a feature often hindered on insulating
layers®. Crucially, the low carrier density of graphene/SiC results in a
narrow Kondo width (=1 meV), enabling the resolution of the subtle
splitting energy scale caused by the f-m exchange coupling (1.1 meV).
In this light, graphene uniquely preserves the TbPc, molecule’s
intrinsic spin characteristics with the possibility of controlled charge
transfer. This highlights TbPc,/graphene as a promising platform for
the electronic control of SMMs in molecular spintronics. For
instance, the distinct Kondo switching (“on/off”) allows a direct
manipulation of spin-state transition and magnetic toggling with
electronic precision in SMM-based transistors. Moreover, the spatial
dependence of the f-m exchange interaction acts as an electrically
readable signature for probing localized 4f moments at a single-
molecule level. Leveraging the graphene substrate, external gate
voltages could be employed to tune the concentration of conduction
electrons. This offers a pathway towards a gate-tunable Kondo
resonance for precisely interrogating and continuously controlling
the magnetic properties of SMMs in device architectures.

As a summary, we investigate the spin state of the TbPc, molecule
through a tip-induced discharging process at the atomic level. The 4f

moment of the central Tb* ion, together with its magnetic exchange
coupling to the S=1/2 Pc ligand spin, is evidenced by the Kondo
resonance and zero-field splitting. The spatial variation of the Kondo
characteristic unambiguously reveals the spatial confinement of the Ln
moment, providing an alternative route to electronically access the
localized 4f moment with variable coupling to the unpaired ligand
electron within an individual SMM. Our theoretical modeling identifies
an exchange-interaction-mediated Kondo effect by considering the
radial distribution of molecular orbits and f-m exchange coupling
strength within the TbPc, molecule, well explaining the spectroscopic
data. Since the split Kondo peaks are expected to be fully spin-
polarized®, the different charged states governed by the local electric
gating of the STM tip may shed light on developing promising mole-
cular spin transistors for highly efficient electronic read-out, involving
charge transport with current flowing through both the Ln center and
Pc ligands.

Methods

TbPc, and YPc; films growth

TbPc, and YPc, were synthesized according to ref. 46 and analytical
data confirm their intact structure and high purity. Before growth, a
uniform graphene-covered SiC(0001) substrate was first prepared in
the ultrahigh-vacuum chamber by the processing method following
ref. 47. High-purity TbPc, molecules were thermally evaporated at
=400 °C from a homemade Knudsen cell, then onto the preprepared
graphene-covered SiC substrate at room temperature. We have
obtained mono-, bi-, and tri-layer graphene on the SiC substrate, where
the bilayer graphene dominates the surface area. We find that the
molecular structure and orientation of the TbPc; film keep the same on
different thicknesses of graphene. Additionally, the characteristic
Kondo resonance and splitting features were consistently observed at
all the obtained graphene layers.

STM/STS measurements

The STM/STS experiments were carried out with a custom-designed
ultrahigh vacuum STM system (Unisoku-1300) at a base temperature
of 0.4 K*®, An electro-etched W wire was used as the STM probe, which
had been cleaned and characterized on a Cu(111) crystal prior to the
measurements. The d//dV spectra were acquired using a conventional
lock-in technique with a modulation voltage at 983 Hz feeding into the
sample bias. To obtain the d//dV spectrum with an increased /, the tip
is stabilized in a constant-height mode with the feedback loop off, thus
freezing the tip height Z during sweeping the bias voltage. AZ=0 is
defined as the initial tip position recorded for the smallest /.. The AZ-/
spectroscopy is implemented by incrementally ramping / and simul-
taneously recording Z, which is dynamically adjusted by the tip posi-
tion to maintain a given bias setpoint. An external magnetic field up to
12 T is applied perpendicular to the surface plane. All topographic
images were taken in a constant-current mode, and were processed
using Gwyddion.

Under the conditions necessary for high-resolution STS mapping
at a low bias (typically involving close tip-sample proximity and
potentially higher tunneling currents for a sufficient signal-to-noise
level), the TbPc, molecule is highly susceptible to tip-induced dis-
placement during the scanning process. When the tip approaches the
molecule in a discharging state, the TbPc, is easily adsorbed onto the
tip or dragged laterally upon performing spectroscopic mapping. This
disrupts its original position and precludes stable acquisition of spa-
tially continuous STS linecut or d//dV maps across a single molecule.
To mitigate this limitation while ensuring data integrity, after acquiring
each STS curve, we immediately capture a follow-up STM image to
confirm the molecule’s location and structural integrity. This protocol
guarantees that all spectroscopic data are collected from undisturbed
TbPc, molecules in their native configuration. Our systematic and
reproducible observations, across multiple molecules and
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experimental sessions, provide robust evidence for the spatially
dependent f-mr interaction central to our findings.

Theory

Density functional theory (DFT) calculations were executed using the
Vienna ab initio simulation package (VASP)**°. The calculations
employed the projected augmented wave method®. For the exchange-
correlation function, we adopted the one proposed by Hamada®,
which incorporates non-local corrections through van der Waals
interactions. The VASPKIT package served to analyze the computa-
tional data. We used the pseudopotential of the Tb* ion with a fixed 4f
electronic state. This approach is a standard practice for evaluating the
electronic states of ligands within phthalocyanine molecules®. During
structural optimization, the force was constrained to be less than
0.02 eV A™, and the convergence criterion for the total energy was set
at 1x10%eV. To sample the Brillouin zone, we utilized a 1x1x1
Gamma-centered k-point grid.

Data availability

The data that support the findings of this study are available from
Zenodo® and from the corresponding authors upon request. Source
data are provided with this paper.

Code availability
The code used in this study is available from the corresponding
authors upon request.
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