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We investigated the spin properties of the spin
terbium phthalocyanine (TbPc) species adsorbed on the excitation H ?
superconductor NbSe, surface using scanning tunneling [+Jg, +1/2>
microscopy and spectroscopy. TbPc, is a molecule in a class 9
of single-molecule magnets (SMMs), and the use of super- TbPc
conductor electrodes attracts attention for the application to the [+Jg, -1/2> [
devices using the spin degree of freedom. TbPc is a building NbSe
block of TbPc, and can reveal the spin component’s behavior. In phthalocyanine (Pc) | 1/2> sc 2
the experiment, TbPc species were placed on the surface of the ° CPOPEORD COTOTO gap
superconductor NbSe,. We measured Yu—Shiba—Rusinov o Tb |+Jg> RN PR
(YSR) states caused by the interaction between the super- 9 -5 0 5

conducting state and magnetic impurity and inelastic tunneling Nb862 superconductor (SC) Sample bias (mV)
spectroscopy (IETS) for the spin excitation, below 1 K. We also

measured the Kondo state formed by the magnetic singlet formation. We detected the radical spin at the ligand position of the
TbPc by the presence of the Kondo peak and demonstrated that the radical spin forms the YSR feature. In addition, the
exchange interaction energy (E.,) between the spins of the radical ligand (Pc) and the center 4f metal atom (Tb*") is
determined by using the IETS technique. E,, is a critical parameter that determines the blocking temperature, below which the
sample behaves as an SMM. IETS results show that the statistical distribution of E., has peaked at 1.3, 1.6, and 1.9 meV. The
energy range is comparable to the recent theoretical calculation result. In addition, we show that the energy variation is
correlated with the bonding configuration of TbPc.

Single-Molecule Magnet (SMM), Exchange Interaction Energy, Terbium Phthalocyanine (TbPc), Superconductor NbSe,,
Inelastic Tunneling Spectroscopy, Yu—Shiba—Rusinov States

olecule complexes with a 4f lanthanide atom show a critical parameter to realize a higher Tp. The exchange
intriguing properties, including the single-molecule interaction energy (E,,) is smaller for the 4f metal compared to
magnet (SMM) behavior. The SMM molecule can
maintain the spin direction below a temperature called the
blocking temperature (Tjy) for a certain period.'™ This
property makes SMM a promising candidate for the material of

the transition metals. However, recent reports revealed that a

higher Ty could be achieved in the Dy complex when two Dy

devices using the spin degree of freedom, especially the December 17, 2021
quantum information process.4_7 April 21, 2022
Continuous efforts have been devoted to achieving a higher April 25, 2022

Ty for the SMM complex after the first finding of the SMM
with transition metals. Recently, the exchange interaction
between the ligand and the metal ion has attracted attention as
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atoms sandwich an N radical than a simple Dy—N
combination. The mechanism has been attributed to the
increase of the exchange interaction by making the E , between
the Dy ion and the radical double.”’

In addition, E,, is an essential parameter for the spintronic
application of the SMM molecule. A strong coupling between
the itinerant electron and a 4f electron is required to read the
4f spin state by the electric current that flows through the
molecule. However, the interaction is usually small due to the
localized nature of the 4f state. A previous report that detected
the 4f spin by the electric current attributed the radical spin of
the ligand as an interface of the two.'” The delocalized ligand 7
electron can be well-coupled with the conduction electron, and
the 7 electron is connected with the 4f state through the
exchange interaction. Thus, the E,, is critical for detecting the
4f spin by the conduction electrons. Despite the importance,
the direct detection of the E,, is not accessible due to the
selection rule of the experiments using the photons. Several
reports examined these parameters for SMM molecules using
the inelastic neutron scattering technique.'"'*

Here, we investigate the TbPc species adsorbed on the
superconducting NbSe, surface using scanning tunneling
microscopy/spectroscopy (STM/STS) below the temperature
of 1 K. We measured Yu—Shiba—Rusinov (YSR) states, caused
by the magnetic interaction between the superconductor and
the adsorbate, inelastic tunneling spectroscopy (IETS), which
measures the spin-excitation energy, and the Kondo state,
formed by the magnetic singlet formation around an isolated
spin. The TbPc species is a building block of the SMM
complex of bis(phthalocyaninato)terbium(III) (TbPc,). We
confirmed the existence of the radical spin at the ligand
position of the TbPc by the presence of the Kondo peak. We
also demonstrated that the radical spin forms the YSR feature.
Though Island and co-workers demonstrated the excitation of
the YSR states using the break-junction device, in which a
radical molecule is bridging the superconductor electrodes,?
we believe few studies have reported the YSR state formed by a
7 radical using an STM setup, providing higher spatial
resolution. We successfully detected IETS peaks corresponding
to the excitation from the antiparallel to the parallel coupling
between the Tb angular momentum and the ligand unpaired #
spin. The statistical distribution of E,, has peaked at 1.3, 1.6,
and 1.9 meV, comparable to the previous calculation result of
1.0 meV for the TbPc,. In addition, we detected the E,,
variation with an atomic-scale position change, which is due to
the change of the local bonding configuration of TbPc,
implying the possibility of the tuning of the E. with an
intramolecule precision.

RESULTS AND DISCUSSIONS

Structural and Electronic Configuration of TbPc
Species. First, we show the STM images of the surface after
TbPc, molecules were deposited on the cleaved surface of the
superconductor NbSe,. The substrate image is shown in the
inset of Figure 1(a). We observe the 3 X 3 superstructure of
the charge density wave (CDW) of the 2H phase.'*™'°

The STM image of a robust double-decker TbPc, molecule
adsorbed on the coinage metal surfaces has been reported with
a typical height of 400 pm."”~"? The height is roughly double
that for the single-decker metal—-Pc molecules of CoPc and
CuPc on those surfaces.””~>* As shown in Figure 1(a), at least
two species appear with different heights. In this panel, the two
bright molecules are higher than those of the eight-lobe species
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Figure 1. (a) Topographic image of two TbPc, molecules and one
TbPc species (marked by a circle), showing brighter and darker
contrast, respectively. (V; = =800 mV, I, = 0.1 nA, scale bar = 20
nm) An atomic-scale image of the cleaved NbSe, surface is shown
in the inset (scale bar = 2 nm). (b) Cross-sectional height profile
of the TbPc, and TbPc observed in (a). (c) Mixed species of TbPc
and Pc appeared as eight-lobe and cross-shaped moieties,
respectively. (d) Close-up view of TbPc molecule (scale bar = 2
nm).

marked with a circle. We compare the heights of those two in
the cross-sectional height profile shown in Figure 1(b). The
200 and 400 pm species are dissociated and robust species of
TbPc,, respectively. We observed species with the height of
200 pm when the TbPc, molecules were deposited on reactive
metal surfaces like Ni and Co, which work as catalysts for the
dissociation of the TbPc, molecule. For these metal surfaces,
the dissociation was suppressed by cooling the substrate below
the liquid N, temperature during the deposition. However,
there always appears robust and dissociated TbPc, on the
NbSe, surface.

When a TbPc, molecule is dissociated, we expect both TbPc
and Pc species. We can observe both species on the same
substrate area, shown in Figure 1(c). There are two groups
among the ~200 pm species categorized by the STM images: a
cross and an eight-lobe shape. The former cross-type is
commonly observed for the single-decker metal—Pc molecules,
including the H,Pc molecule on Au(111),”* and we attribute it
to the Pc species. On the other hand, we should assign the
eight-lobe species to TbPc. The magnified image of the TbPc
species is shown in Figure 1(d), in which we see the center
part is lower in height than the ligand part.

Hereafter, we focus on the TbPc species and observe the
spectroscopy features of (1) the states newly formed by the
interaction between the superconductor and molecule spin and
(2) the intramolecule exchange interaction between the spins
of the Tb atom and the Pc ligand. In the robust TbPc,
molecule, the Pc ligands cover the center Tb atom on both
sides. Thus, the delocalized molecule orbital of the Pc ligand
screens the 4f spin feature, making detection difficult. We
consider the TbPc species appropriate for detecting the Tb
spin information, in which the Tb ion is exposed to one side of
the species.

https://doi.org/10.1021/acsnano.1c11221
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We consider the structural and electronic configurations of
the TbPc species. We first use a model in which a TbPc,
molecule is placed in the vacuum, the ionic state of Tb is 3+,
and the two Pc ligands show the mixture of the 2— and 1—
states (see Figure 2(a)).>® The Pc with the 1— ionic state is a
radical ligand and possesses a spin from the unpaired 7 orbital.

(a) Pc 2-

Tbo3+

Pc |-

(b)
Tb Om
Pc n

Pc A

Figure 2. Ionic states of the robust TbPc, (a) and two species after
dissociation to TbPc and Pc (b). Oxidation numbers are depicted
at each element.

We can reproduce such behavior by the Vienna Ab initio
Simulation Package (VASP) calculation, in which the 4f
electrons are treated as the core electrons with the ionic state
of 3+, and the spin polarization is included. After the structural
optimization, the total energy of E(TbPc,) and the spin
polarization of the 7z orbital are calculated. We then separated
the model molecule into two species, as illustrated in Figure
2(b). As a result of electron transfer in the dissociation, several
kinds of ionic states appear in the two species. The oxidation
numbers of the two Pc are defined as n and I. Since the Pc
started from a neutral condition, these two should satisfy the
relation of n + | = =3, since the assumption of m = +3 is
rational. We calculated the spin polarization and the total
energy of TbPc for n = —3, =2, and —1 and those for Pc of the
corresponding oxidation states of [ = 0, —1, and —2. In the
calculation, we specified the number of electrons in each
species by setting the calculation parameter of the VASP.

The spin polarization of TbPc is 0.4 5, O yip, and 0.8 iy for
n = =3, =2, and —1, respectively. Thus, the TbPc is spin-
polarized for n = —3 and —1, the latter of which shows an
identical spin polarization as was calculated for the TbPc,."

In addition, the energy of E(TbPc) + E(Pc) — E(TbPc,) can
be scaled with the dissociation energy for each ionic state and
the probability of finding it on the surface. The estimated
difference between the three oxidations states is negligible.
Thus, we may observe all of these species on the surface.
However, if we select the species with the most robust spin
feature, we can choose the TbPc species with the Pc’s
oxidation state of —1. Using this method, we can access the E,,
for the robust TbPc,.

Kondo Resonance. We now examine the presence of the
magnetic moment in the molecule experimentally. We employ
the Kondo resonance for the detection of the spin. The Kondo
state is formed at the position of the molecule’s spin and shows
a large density of states,”®” observed in single atoms**~** and
single molecules.”**~** We previously examined the Kondo
state for the TbPc, molecule adsorbed on the Au(111)
surface'” and found a sharp Kondo peak in the STS at the lobe
position originating from the unpaired 7 orbital. However, we
found no Kondo feature at the center, which is due to the
localized nature of the 4f spin, making the detection of the
itinerant electron difficult.

We measured the STS on the TbPc species at 11 K, above
the critical transition temperature (T.) of NbSe,. Setting the
temperature above T, can diminish the interference between
the Kondo resonance and the Cooper pair of the super-
conducting state. The results are illustrated in Figure 3, in
which we see an enhanced Kondo peak at the lobe position. In
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Figure 3. Kondo features observed for TbPc species on NbSe, at
the positions of lobe and center at the sample temperature of 11 K.
The bare NbSe, spectrum is shown for comparison. Thin red lines
correspond to the fitted results with the Fano formula (see text).

addition, a clear peak is observed at the center, which is
missing in the spectrum obtained on the Au(111) surface.

We analyze the Kondo features with the Fano function,
whose detail is in section 1 of the SI. The half widths were 7.4
and 9.2 meV at the lobe and the center, respectively. They
correspond to 81 and 106 K Kondo temperatures, the former
of which is slightly higher than that of TbPc,/Au(111) but
belongs to a class of weak interaction between the TbPc and
NbSe, substrate.

The observation of the Kondo feature at the center of the
lanthanide double-decker Pc molecule was reported in several
cases. For the DyPc, molecule adsorbed on Cu(100),* the
origin of the Kondo feature at the molecule’s center was
explained by the mixing between the f and d states of the Dy
atom, which further contributes to the coupling between 4f
and the 7 electron. More recently, Bucher and co-workers
demonstrated that the TbPc, molecule shows the Kondo peak
at the molecule’s center position when adsorbed on the
Cu(111) surface,** which is attributed to the significant
rearrangement of the electron with the strong interaction
between the molecule and the substrate. The Kondo feature of
TbPc at the center should be due to the change of the Tb’s d
and f orbitals by the direct interaction with the substrate. The
mixture of d and f orbitals makes the 4f spin-coupled with the
7 state to form the Kondo state.

We illustrate the STS for the broader energy region in Figure
S1 of the SI. We previously reported the STS spectra for the
TbPc, molecule adsorbed on the Au(111) surface.”” By
comparing these results, we judge that the STS spectrum of
TbPc species exhibits a feature originating from the singly
occupied molecular orbital (SOMO), in addition to the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO). The appearance of the SOMO
state supports the existence of the unpaired 7 orbital, the origin
of the Kondo feature we showed above.

Observation of Yu—Shiba—Rusinov (YSR) States. We
can obtain further evidence of the magnetization of the TbPc
species by detecting the Yu—Shiba—Rusinov (YSR) state.*® In
the STS spectrum, the YSR state appears within the SC gap.
For the spherical symmetric exchange interaction potential
between the magnetic impurity and the superconductor, it can
be simplified and expressed with the following formula

https://doi.org/10.1021/acsnano.1c11221
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T A, 1+ (J,S7Ny/2)* (1)

where E, is the bound-state energy, A, is the order parameter,
Jo is the exchange interaction energy, S is the impurity spin,
and N, is the density of state of the normal state.”” Flatté and
co-workers estimated such energy positions, which represent
the local pair breaking excitation, as a function of the magnetic
exchange potential.50 As the potential strength increases, the
peak position of the YSR state moves toward the Fermi level.
More recent reports show that the energy position is
susceptible to the minute change of the exchange interaction
of the impurity interacting with the substrate.”"”*

The behavior of YSR peaks in the STS was reported for
magnetic atoms like Co’' and Fe’® and magnetic mole-
cules.”*™>? Especially, much attention is paid to the
phthalocyanine monomer and dimers.*°”>® Despite such
previous works, both TbPc, and TbPc have unique properties,
which are missing in the above cases and rationalize further
investigation. First, they have two types of spins in each
species: an unpaired delocalized 7 orbital plus a 4f spin of Tb
atom. Since fewer studies reported that the YSR state
originated from 7 orbital, the study of the YSR states for
these species is significant. Second, there is a rising interest in
applying SMM TbPc, to the device using the spin degree of
freedom. It is critical to understand how the electrode disturbs
the spin condition of TbPc, in order to maintain the
information on the spin direction. The use of the super-
conductor surface is intriguing, for the control of the
spectroscopic information is necessary.

We compare the YSR features for TbPc, and TbPc species,
which appear in the same surface area (see Figure 4(a)). For

di/dv

4 0
Sample Bias (mV)

4
Sample Bias (mV)

Figure 4. (a) Topographic image of types I and II of TbPc and
TbPc, molecules, marked by I, II, and T, respectively. (b,c) YSR
features obtained at the lobe (b) and the center (c) of the species.

the TbPc species, the typical one shown in Figure 1 is depicted
as the type I species. TbPc species with slightly less height are
named type II, which appear with a more negligible probability
(less than 10%). We can easily distinguish type II and pure Pc
species from their size and shape.

At the lobe position for all three species, we observe the
features inside the superconductor gap (see Figure 4(b)). They
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are separated 0.25 meV from the superconductor edge. The
lobe of TbPc, shows a strong asymmetry in the intensity of the
right and left features. A similar asymmetry was reported for
the MnPc molecule on Pb(111).>* The appearance of the
asymmetric shape in the excitation peaks reflects the breaking
of the time-reversal symmetry by the magnetic interaction
between the Cooper pairs and the spin of the # orbital of
TbPc,.*”*° The lobe-position spectrum shows little difference
between type I and type II. We will focus on the part outside of
the SC gap later. However, when observed at the center
(Figure 4(c)), there appears a significant difference between
the type I and type II species. The one for type II shows a vital
YSR feature compared to type I. We consider this difference is
deduced by a change in the binding site of the TbPc species.
As shown in the Figure S2 of SI, the center position changes
from the on-top site of type I to the hollow site for type II. The
latter can make a stronger bonding between Tb and Se layers
compared to the former, which causes the lower height of the
species. As a result, the exchange interaction ] in eq 1 increases,
followed by more significant energy separation from the SC
gap. The YSR peak appears close to the Fermi level for type IL
It demonstrates that the property of the YSR feature for the Tb
atom is sensitive to the bonding configuration. Wang and co-
workers demonstrated that the change of the adsorption
symmetry of CoPc on the NbSe, surface drastically changes
the YSR features in the STS spectrum originating from the
absence of the inversion symmetry of the 2H phase NbSe,.”"
We need a further calculation study of the 4f state of TbPc
regarding the appearance/disappearance of the YSR feature for
TbPc.

TbPc Component with Th-Up and Thb-Down Config-
urations. The Pc molecules centered by diatomic moieties
like VO,*7%* TiO,*® $n0,% and CIAI®" and simple metal
atoms of Sn°****” and Pb’® have nonplanar structures. The
nonplanar configuration is due to the large ion radius of the
center species, in which Sn and Pb ions have a radius larger
than 1 A. It cannot fit in the center of the Pc moiety when the
ion radius becomes more extensive. The ion radius of Tb*" is
larger than 1 A and is expected to have a nonplanar structure.
It is debated whether the center part is directed to the vacuum
or the surface for these nonplanar Pc complexes.

To examine this issue for the TbPc case, we produced
simulation images of the STM using VASP. We optimized the
adsorption configuration by considering the vdW interaction.
For the starting bonding structure, we placed the TbPc species
so that the center Tb atom is aligned with the on-top site of
the Se atom and one of the symmetry lines of the TbPc is
aligned to (—110) direction. This model is based on the STM
image of TbPc species of atomic resolution (see Figure S2(a)
in the SI). The optimized structures are shown in Figures
S2(c,d) for the Tb-down and Tb-up species, respectively. After
calculating the electronic structure, we computed the STM
images using a previously reported method,”" based on the
Tersoff and Hamman theory.”

We simulated images of the TbPc species with the n = —1
state; Tb-down and Tb-up configurations are shown in Figure
5(ab), respectively. The center is darker (brighter) than the
ligand part for Tb-down (up) configurations. Several reports
compared the simulation images and the STM topographic
images for the SnPc, where the center part appears darker
(brighter) than the Pc ligand for Sn-down (Sn-up).®***% By
comparing with the TbPc topographic image shown in Figure
5(c), we judged that the majority of the TbPc species adsorbs
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Figure 5. (a,b) STM simulation images forrmed by the VASP
calculation for Tb-down (a) and Tb-up (b) TbPc species, together
with the side-view model. (c,d) Correspondting STM images for
Tb-down (c) and Tb-up (d) cases. (e) STS spectra obtained at the
positions specified in (d). Vertical lines indicate QP and YSR
features (see main text).

with the Tb-down configuration, since the center of the image
appears lower in z-height. However, we also observed a species
where the center part is enhanced with a tiny probability of 1%,
whose image is shown in Figure S(d). The structure
corresponds to the Tb-up bonding configuration, judging
from the similarity with the simulation image of Figure 5(b).

When the TiO®* and Sn°*°*** are pointing down, the
bonding to the surface is less stable than in the case of pointing
up. The former is like standing with a single leg on the surface,
tilted or dragged by the STM tip. A similar phenomenon
appears in our system, which we will describe later.

We illustrate STS for the Tb-up species in Figure S(e),
whose measurement positions are specified in Figure 5(d). The
energy position of the quasiparticle at the bare part of the
surface (marked “Bare”) is shown by straight lines with mark

“QP”. For the spectrum at the lobe position (marked “L”), we
see a clear YSR peak separated 0.51 meV from the QP position
with asymmetric intensities for the positive and negative bias
teatures. The QP position’s split energy is almost twice that for
the Tb-down case, which indicates a more vital interaction
between the 7 radical spin and the substrate. The shorter
distance between these two should be the reason. The
spectrum obtained at the center (mark C) also shows the
YSR feature, which appeared at the same energy position of the
lobe spectrum with less intensity. The YSR state behavior is
different from the reported CoPc on the NbSe, surface, in
which the YSR state is most separated from the super-
conductor edge toward the Fermi level and gradually
approaches the gap edge with the move of the tip to the
perimeter of the ligand.”” The YSR feature of the center of the
Tb-up TbPc species should be originated from the delocalized
7 orbital spin instead of the 4f spin. The difference is mainly
due to the lifted position of the Tb atom from the NbSe,
surface.

Inelastic Tunneling Spectroscopy for the Exchange
Interaction Energy. We now show the tunneling spectros-
copy obtained for the TbPc species with the Pc'~ oxidation
state in Figure 6(a), intended to obtain the exchange
interaction energy. We superimpose the spectrum of the
NbSe, by the red line as a reference spectrum. For the pristine
surface, we can identify the superconductor gap flanked by two
quasiparticle peaks positioned at the energies of +1.3 meV. For
the STS obtained on the lobe position of the TbPc species, we
identify additional features at the symmetric positions of +2.9
meV marked by IEz and IE;. In the tunneling spectroscopy,
features that appear at the symmetric positions around the
Fermi level are often assigned to the inelastic tunneling
process.

The tunneling electron causes an elementary excitation
during the tunneling process (energy defined as hw).”””*
Applying the IETS technique to the superconducting substrate
can generate higher-resolution spectroscopy due to the sharp
width of the excitation feature of the superconductor.’®”>~"*
For the SMM molecule, Burgess and co-workers investigated
the intramolecule exchange interaction among the metal atoms
of Fe, SMM molecule.”” Our study focuses on the metal—
ligand exchange interaction, which is correlated with the
blocking temperature of SMM. We illustrate the relation
between the energy position of the inelastic tunneling feature
and the excitation energy in Figure S3 of the SI. Briefly, the

(b

dl/dV (arb unit)

dl/dV (arb unit)
® T o

Il
-5 0 5 -5 0 5

Sample bias (mV)
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0 4
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Figure 6. (a) Comparison of STS near the Fermi level obtained at the pristine NbSe, and the lobe position of the TbPc species shown in
Figure 1(d). (b) Position-dependent variation of the STS spectra, whose positions are specified along a vertical line in the topo image of (c).
(d) Color map of the STS variation. The horizontal axis is the bias energy, and the vertical axis represents the positions along the vertical
line of (c). The intensity of the STS spectra is depicted with the color variation shown in the color table.
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inelastic peaks appear at (A + Aw), in which A indicates the
elastic excitation energy related to the superconductor state.

The peaks marked by IE; and IEy in Figure 6(a), outside of
the superconductor peaks of A; and Ay, correspond to the
inelastic tunneling peaks. In addition, we examined the
spectrum variation due to the tip position change in Figure
6(b). The tip positions are indicated in the topo image of
Figure 6(c) with the marks a—e. The variation of the spectra is
further visualized in the color mapping in Figure 6(d), in which
the x-axis is the sample bias, and the y-axis is the tip position
along the vertical line of Figure 6(c). The dotted horizontal
line shows the correspondence of Figure 6(c,d). The
conductance amplitude is expressed in the color that varies
according to the color table shown on the right-hand side of
Figure 6(d).

The QP peaks at +1.3 meV are visible in Figure 6(d) as
enhanced features, which quickly weaken when the tip moves
to the lobe positions of b and d. The IE features at +2.9 meV
are enhanced at these positions. At position ¢, near the center
of the TbPc species (Tb position), the QP peaks returned to
the intensity of that observed out of the molecule. The spatial
distribution of the IE peaks is similar to that of the 7 orbital of
the Pc ligand.

However, we have to distinguish whether this excitation is
originated from vibration-related or spin-related excitation.
There are several vibrational modes in this energy range,
including the Pc ligand’s breezing mode and hindered
translational mode along the surface. To judge whether the
peak originated from the phonon and the spin excitation, we
have to apply a magnetic field that can lift the degenerated spin
multiples. However, we have to note that, different from the
metal surface, the electronic state of the superconductor
surface changes with the magnetic field application; the SC gap
might collapse with the applied magnetic field, and the
sharpness of the final state will be much affected.

We show the variation of the STS spectrum with the
application of the magnetic field B obtained at the positions of
the center and the lobe of the TbPc species. We see the IETS
peaks marked by IE; and IE; become less apparent with B due
to the collapse of the superconducting state with the magnetic
field. The spectrum change with B observed at the substrate
part is shown in Figure 7(c). We can identify an intriguing split
of IE;, and IE; with B despite the shape changes. For that
purpose, we repeated the B cycle more than 10 times and
improved the signal-to-noise ratio. The breaks of the IE, state
with B at the center and the lobe positions are illustrated in
Figures 7(d,e), respectively, with two eye-guide lines. The
statistical summary of the magnitude of the energy split is then
plotted in Figure 7(f) with the linear fitting result, which shows
a slope of 235 pV/T. The error bars are calculated from the
deviation from cycle to cycle. The separation of the IE; and
IE; with the B application indicates that the peak is derived
from the spin excitation.

We consider the spin-excitation energy and the origin of the
peak split by the outer magnetic field, B. The total Hamiltonian
in the presence of the external magnetic field can be expressed

like the following1 !

A AT

eff ~ Tb APc A Pc
H =H + ]exS -J

b ~ Tb
+ HZeeman + HZeeman

2)

The term HTY represents the ligand-field split among the
substates of ] = 6. For the TbPc, molecule, ], = +6 is assigned
to the ground state. The energy difference between +6 and +5
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Figure 7. Variations of STS with an application of B. The tip
position on the center (a) and on the lobe position (b) of the TbPc
species shown in Figure 1(d). (c) Reference-B-dependent STS on
the NbSe, surface. (d,e) Magnified plot focusing on the split of the
inelastic excitation feature with the B application for the center (d)
and the lobe (e). (f) Summary of the split energy vs B.

is calculated to be larger than 70 meV.”” However, it is not
clear whether this energy relation is conserved for the TbPc
species, since it was reported that ], = £S5 is the ground state
for some Tb complexes: for example, the polyoxometalate
(POM)-based double-decker lanthanide complex
[LnPW3,0,,0]">~ (Ln** = Tb, Dy, Ho, Er, Tm, and Yb)*’
and, more recently, the [M™(Pc)(PW,;055)]*~ (M =Y, Dy,
Tb) double-decker.*’

The term of ]eXSPC‘jTb corresponds to the intramolecule E,,
between the 7 radical of the Pc ligand (spin 1/2) and the
angular momentum of the Tb atom expressed with the
quantum number of J™. Pederson and co-workers reported a
theoretical calculation that estimates the E,, for the TbPc,
molecule. In such a case, the antiparallel orientation of the Tb
angular momentum and the Pc ligand spin is calculated to be
more stable than the parallel one through the exchange
interacgiox}81 Their numerical estimation should represent ],
and J,.87J™ as 0.1 and 1.01 meV, respectively. A more recent
calculation taking into the spin-polarization effect of the #
system was reported by Huang et al,”” in which the authors
claim to have produced the same result. The inelastic
excitation energy estimated in our experiment was slightly
larger than the value of 1.01 meV but in the close range. As
stated above, there is a possibility that the ground state for
TbPc is not J, = +6. However, we consider that the effect of ],
variation for the total E,, is small.
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I:I%Eeman + ﬁ;ﬁeman corresponds to the Zeeman energy when (a)
an external magnetic field is applied. We can explain the ®
mechanism of the split of the excitation peak and its amplitude S, E2 E3
. . . . . . o '“7
more easily with the graphical diagram shown in Figure 8. In -
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Figure 8. Energy diagram of the exchange interaction between the
combined state of the Tb angular momentum and the spin of the
radical ligand and the Zeeman effect with an applied magnetic field
B.

the figure, antiparallel alignment between the Tb angular
momentum and the ligand 7 radical spin is expressed as a more
energetically stable state than that of the parallel one,®' whose
energy splits are represented as 1.5 meV based on the result of
this experiment. The combination of the angular momentum
and the spin state of Tb and the Pc radical ligand is expressed
as 1], s,>. We consider the ground state of the system. Due to
the ambiguity of the ground state for the angular momentum,
we express it as ], (J, > 0). Thus, the following four cases are
considered: |i]g, +1/2>.

The pair of |—]g, +1/2> and |+]g, —1/2> is energetically
more stable than the other pair of +],, +1/2> and I—],, —1/2>.
The energies of each pair degenerate at the B = 0 condition.
The excitation energy detected in our experiment should
correspond to |—]g, +1/2> — |—]g, —1/2> and |+]g, —1/2> = |
+g +1/2>.

Although the energy positions of both the Tb angular
momentum state and the radical spin state shift with the
application of B, the change of the excitation energy is derived
only from the radical part. As illustrated in Figure 8, the energy
of the excitation for |-J,, +1/2> — I-J, —1/2> and I+],, —1/
2> — I+]J, +1/2> will decrease and increase with B
application, respectively. Then, the two excitation paths do
not degenerate anymore and should show a split state, whose
energy difference is 2g.4i3B, where g, and py correspond to the
g factor for the spin 1/2 system and the Bohr magnetron,
respectively. In a numerical estimation, the energy split is given
by 232 ueV/B and shows a good coincidence with the slope
given above.

Bonding Configuration and Intramolecule Exchange
Interaction Variation. We discuss a statistical distribution of
E., For this purpose, we measured the inelastic excitation at
the lobe positions of more than 100 molecules and made a
histogram of Figure 9(a). We omitted lobes for which the
inelastic peak was absent in the counting. We can fit the
distribution with three Gaussian distributions and illustrate the
fit results by the solid curve. The energies of the center
position are 1.3, 1.6, and 1.9 meV, which we named E1, E2,
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Figure 9. (a) Histogram of exchange interaction energy after the
excitation energies observed for more than 100 lobes of TbPc
species are summarized. (b) Topo images of TbPc. Ligand lobes
L1-L8 are marked. (c) Illustration of the tilt and torsion of the
species as a possible origin of the contrast variation. (d) Position-
dependent exchange interaction energy variation expressed with
color mapping; the x-axis is the energy, and the y-axis is the lobe
position for the TbPc of (b).

and E3, respectively. We consider that the discrete three
groups of the E, should be derived from the bonding
configuration together with the intrastructure change of TbPc.

First, we check the asymmetric topo image of Figure 9(b).
The lobe pairs (L1, L2) and (L3, L4) appear higher than those
of (LS, L6) and (L7, L8), which are due to the canted
configuration. The tilt of the TbPc is depicted in Figure 9(c),
for which the bonding should cause a single Tb atom attached
to the Se atom. In addition, among the dark lobe groups, LS
and L8 are further lower than the L6 and L7, derived from the
indole’s torsion effect, shown in Figure 9(c).

The lobes of LS—L8 show clear inelastic peaks. We illustrate
E,, variation with the color mapping in Figure 9(d), where the
red corresponds to the region of high intensity in IETS. E,, is
higher for LS and L8 than L6 and L7. The former and the
latter correspond to E2 and E1. We can simply understand that
the part of the molecular orbital with a smaller distance to the
NbSe, substrate exhibits a larger E,,. Boukhvalov and co-
workers showed that the intramolecule exchange interaction
changes with the ligand substitution, which is explained by the
charge distribution in the ligand and the metal—ligand
hybridization.** Similarly, the tilt and torsion of the molecule
make an uneven interaction between the indole and the
substrate in a local manner, which changes the charge
distribution and E. The important part is that such a site-
dependent difference of the ligand—substrate interaction
appears as an STS variation with an atomic-scale resolution.
We reported a similar phenomenon for TbPc,/Au(111)
system. When the Pc ligand is tilted, the Kondo feature from
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the 7 radical spin shows the variation of the peak width and the
intensity with the atomic-scale resolution.*” Similarly, E,,
shows atomic-scale intraspecies variation with the nonuniform
interaction with the substrate.

CONCLUSION

We investigated the spin property of the TbPc species, a
building block of SMM, TbPc,, by combining the observation
of the Kondo resonance, YSR states, and IETS spectra.
Combining STM topo images and DFT calculation, we
assigned the majority of the TbPc species adsorbed with the
Tb-down configuration, in which the 7 radical spin remains on
the ligand. The unpaired spin on the delocalized 7 orbital was
confirmed experimentally by observing the Kondo resonance
on the ligand at 11 K. We observed that the same spin
produces a YSR feature, which is one of few reports of the YSR
feature formed by a spin of the delocalized orbital. The YSR
features show an intriguing variation with bonding config-
uration. The STS obtained at the center of the Tb-down TbPc
shows an enhanced YSR peak close to the Fermi level for the
case in which Tb is aligned at the hollow site of the Se surface
(type II TbPc), which is absent for the on-top configuration.

The IETS measurement revealed the intramolecule ex-
change interaction energy (E,,) between the Tb atom and the
radical Pc ligand of TbPc species. We fit the statistical
distribution of E,, analyzed from more than 100 molecules
with a Gaussian distribution, which shows three peaks with
center energies of 1.3, 1.6, and 1.9 meV. The energy range is
comparable to the value of 1.0 meV deduced by a recent
theoretical calculation. The corresponding inelastic peaks in
IETS spectra show an energy split with applying the outer
magnetic field B. The energy split with B supports the
assignment of the inelastic peaks to the spin-excitation feature
of the antiparallel to parallel alignment of the Tb angular
momentum and the radical Pc spin. The variation of E,, is
correlated with the change of the bonding configuration.
Asymmetric bonding configuration forms atomic-scale local
charge rearrangement, which causes the spatial variation of the
exchange interaction energy, implying the possibility of tuning
such interaction with atomic-scale precision.

METHODS

The substrate NbSe, surface was prepared by cleaving the bulk crystal
in the vacuum condition to expose a mirror-like surface. The molecule
of TbPc, was synthesized by our group and was transferred onto the
cleaved NbSe, surface by the vacuum sublimation method, during
which we kept the sample temperature below 50 K. We employed
STM and STS, which work at the sample temperature of 400 mK
(Unisoku, Japan). A magnetic field up to 10 T can be applied in the
surface normal direction. The dI/dV spectra were measured using the
lock-in amplifier technique by superimposing the modulation voltage
of S0 4V rms onto the tunneling voltage.

The first-principle calculations were performed using the VASP
code, employing a plane-wave basis set and projector augmented-wave
(PAW) potentials to describe the valence electron behavior.***> A
generalized gradient approximation (GGA) was employed using the
Perdew—Burke—Ernzerhof (PBE) exchange-correlation potential.86
The kinetic energy cutoff for the plane-wave basis was set at 400 eV.
The positions of the atoms in the TbPc and the top two-unit layers of
the NbSe, slab were optimized without any constraint until the force
on individual atoms became less than 0.02 eV/A. W used the VESTA
application. The positions of the atoms in the TbPc species and the
top two layers of the NbSe, slab were optimized without any
constraint until the force on individual atoms became less than 0.02
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eV/A. All calculations were done with a spin-polarization activated.
We used the VESTA application for visualizing the models.””*”
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