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ABSTRACT By using scanning tunneling microscopy (STM), we studied the

heteroleptic double-decker
complex TbNPcPc

heteroleptic double-decker complex TbNPcPc (NPc = naphthalocyaninato and -

4 gsurface Ch’

Pc = phthalocyaninato), where two different planar ligands sandwich a Th(lll) ion and an
unpaired 77 electron causes Kondo resonance upon adsorption on the Au(111) surface.
Kondo resonance is a good conductance control mechanism originating from interactions

between conduction electrons and a localized spin. Two types of adsorption geometries

appear depending on which side contacts the substrate surface, which we call Pc-up and NPc-up molecules. They make intriguing molecular assemblies by
segregation. In addition, different adsorption geometries and molecular assemblies provide a variety of spin and electronic configurations. Pc-up and NPc-
up molecules both showed the Kondo resonance when they were isolated from other molecules, but their Kondo temperatures were different. A one-
dimensional chain composed of only NPc-up molecules was found, in which the d//dV plot showed a conversion from the Kondo peak to a dip at the Fermi
energy. In addition, a two-dimensional lattice with an ordering of Pc-up and NPc-up molecules in an alternative manner was observed, in which no Kondo
peak was detected in the molecule. The absence of the Kondo peak was accounted for by the change of azimuthal rotational angle of the two ligands of
both molecules. The results imply that a molecule design and adsorption configuration tailoring can be used for the spin-mediated control of the electronic
conductance of the molecule.
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single-molecule magnet

olecular spintronics devices utilize
the freedom of charge as well as
the spin of electrons.! Using mol-

ecules in such devices makes it possible to
control precisely the spin distribution via
molecule synthesis and/or control of the
molecule ordering in films. For instance,
much research has gone into the synthe-
sis of molecules linked by noncovalent
bonding.>* For a control of molecule order-
ing, the use of characteristic features of
surfaces has been developed. When a mo-
lecule is adsorbed on a surface, it loses the
freedom of flipping. Thus, identical planar
molecules can adsorb on a surface face up
and down, which have different chemical
natures.
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In this report, we synthesized the hetero-
leptic double-decker complex TbNPcPc (NPc =
naphthalocyaninato and Pc = phthalocyaninato),
in which two different planar ligands
sandwich a Tb(lll) ion with a 1/2 spin &
radical in the ligands, and studied its
structure and spin properties by using
low-temperature scanning tunneling micro-
scopy (STM). Upon adsorption on a surface,
two types of adsorption geometries appear
depending on which side contacts the sub-
strate surface. The molecule whose NPc
ligand is in the vacuum side is called the
NPc-up molecule. The mixture of NPc-up
and Pc-up molecules makes intriguing mo-
lecular assemblies by segregation, including
straight chain consisting of only NPc-up
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Figure 1. (a,b) Models of the TbNPcPc double-decker mo-
lecules. “I” and “O" in b specify the position of the outer
phenyl rings. (c—f) STM images and DFT simulated images
of isolated Pc-up and NPc-up molecules. (g) STM image of
aggregates. White bars in (c), (d), and (g) are 1 nm.

molecules and a film in which NPc-up and Pc-up
molecules alternate. In dI/dV spectra, a Kondo reso-
nance, which is a good conductance control mecha-
nism originating from interactions between conduction
electrons and a localized spin,4 was detected when the
STM tip was over ligands of isolated NPc-up and Pc-up
molecules. The Kondo peak was converted into a dip at
the Fermi level in the 1D chain and disappeared in the
2D film. The results imply that a molecule design and
adsorption configuration tailoring can be used for the
spin-mediated control of the electronic conductance
of the molecule.

RESULTS AND DISCUSSION

The structure of a 2,3-naphthalocyaninato phthalo-
cyaninato Tb(lll) double-decker complex (TbNPcPc)
molecule is shown in Figure 1a, in which Pc and NPc
ligands sandwich a Tb(lll) ion. In the model, the smaller
Pc and larger NPc ligands stack parallel to each other.
As can be seen in the side view, Pc and NPc ligands
adopt a bent configuration with respect to each other.
Top views of both ligands are shown in Figure 1b. The
difference between the Pc and NPc ligands is the four
phenyl rings marked with an “O” in the figure extend-
ing from “I". Upon adsorption on a Au(111) surface, the
freedom of the flipping is lost. Thus, adsorbed mo-
lecules can have two distinct adsorption configurations.

Pc-up and NPc-up molecules can be distinguished
in STM images, as shown in Figure 1¢,d. On the basis
of the length of the diagonal (~1.5 and ~2.0 nm for
Pc and NPc, respectively), we assigned the images in
Figure 1c,d to Pc-up and NPc-up molecules, respec-
tively. This was further confirmed via comparisons
with simulated STM images created by using density
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Figure 2. (a,b) dI/dV spectra over an isolated molecules of
(@) Pc-up and (b) NPc-up. Solid lines were fitted using a
Lorentzian function. (c) Spin-resolved PDOS vs energy plots
of the carbon atoms of Pc and NPc ligands of TbNPcPc,
indicated by arrows. Red and black lines are for major and
minor spin components.

functional theory (DFT). Simulated STM images of Pc-
up and NPc-up molecules are shown in Figure Tef,
respectively, with the marks of “I” and “O”".

Although an ordered film could not be obtained via
deposition at room temperature, small clusters were.
Figure 1g shows aggregates of Pc-up and NPc-up
molecules. The separation between Pc-up and NPc-
up molecules was determined to be ~1.7 nm. The
lobes of the Pc-up molecules dominate those of the
NPc-up molecules when they are close to each other
due to the difference in the DOSs of the lobes.

In the di/dV spectra of TbNPcPc molecules, a
Kondo resonance was observed near the Fermi level.
Kondo peaks have been observed in spectra of
single atoms,”'° single molecules,’'® and quantum
dots.'® We have reported a Kondo feature as a zero-
bias peak (ZBP) near the Fermi level in the dI/dV spectra
of the single-molecule magnet (SMM) TbPc,, which
originates from the unpaired spin in the s orbitals of
the Pc ligands."” Similar ZBPs were observed in the
spectra of both Pc-up (Figure 2a) and NPc-up mo-
lecules (Figure 2b) when the STM tip was placed over
the lobes of the ligands. The origin of the Kondo peaks
was attributed to an unpaired sz orbital for both
molecules, which was supported by the electronic
structure calculated using a spin-resolved DFT method.
The results of the spin-resolved DFT calculations are
shown in Figure 2¢, in which the partial density of
states (PDOS) was calculated at the positions indicated
by the arrows. At the Fermi level, a singly occupied
state for both molecules was observed, which supports
the existence of spins on both ligands. In addition, the
plots of the PDOSs for the two molecules are similar,
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indicating that, when phenyl O is added to |, the
energies of the eigenstates barely change and that
the distributions of the corresponding molecular orbi-
tals are extended. The latter is consistent with the
distribution of the bright areas in Figure 1e,g.

However, the widths of the Kondo peaks of Pc-up
and NPc-up molecules observed at the lobes were
different. Figure 2a,b shows fitted Kondo peaks with
Lorentzian functions. The widths of the main peaks
were determined to be ~8 and ~12 mV for Pc-up and
NPc-up molecules, respectively. The widths can be
converted to Ty by using a formula for the temperature
dependence of the Kondo peak width (I'(T)), which is
based on Fermi liquid theory:'® T'(T) = 2((wkgT)* +
2(ksT)?) "2, where kg is the Boltzmann constant. The
values of T were calculated to be ~32 and ~48 K for
Pc-up and NPc-up molecules, respectively. The differ-
ence in Tk is explained below.

We analyze the difference of Ty observed at NPc-up
and Pc-up molecules by considering the distance
between the vacuum side ligand and the Au substrate.
For the TbPc, molecule, we previously reported that
the unpaired 7 orbital, that is, the origin of the Kondo
resonance, is distributed in the vacuum side ligand."”
This is also the case for the current molecule. As already
mentioned, this molecule has a bent configuration. The
estimation of the absolute height of the vacuum side
ligand from the substrate is not possible since DFT
calculation cannot calculate the dispersion force of the
van der Waals interaction. However, it is possible to
argue the height difference of the NPc-up and Pc-up
from the results of the DFT calculation for an isolated
molecule in the vacuum. The NPc ligand has a larger
size than the Pc ligand, and both have a similar bent
angle. Thus, we estimated that the vacuum side ligand
of the Pc-up molecule is higher than that of the NPc-up
molecule by ~1 A.

In the Kondo physics, it is known that Tx can be
expressed by the following formula, Ty o< exp(—el/mT),
where T is the peak width of the spin impurity originated
from a hybridization with the surface, ¢ is the energy
relative to Er, and m is the degeneracy of the orbital.’?°
I" decreases with anincrease of the distance between the
vacuum ligand and the substrate due to the decrease
of the hybridization between the two. Thus, with the
increase of the distance, lower Ty is expected. This can
account for the lower Ty for the Pc-up molecule than that
for the NPc-up molecule since the ligand of the former
case is ~1 A higher than that of the latter case.

For a NPc-up molecule, there often appeared addi-
tional peaks on both sides of the Kondo peak. They
are depicted by black solid lines as a fitting line in
Figure 2b. Two spectra were obtained at the lobe
positions of different NPc-up molecules. The energies
of peaks were read at —7 and 19 mV for upper and
lower spectra, respectively. They were seldom ob-
served for Pc-up molecules. Side bands of the Kondo
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peak were reported by Torrente et al. for a TTF-TCNQ
molecule whose origin was attributed to a vibration-
assisted Kondo resonance and off-resonant inelastic
tunneling process of a vibration excitation.'> We spec-
ulate that a similar vibrational excitation is a mechan-
ism for the appearance of the side bands in our
experiment. A previous report showed the energy of
the metal—N stretching mode at 18.5 mV,?' and the
lower peak at 7 meV can be assigned to a substrate—
molecule vibrational mode.

However, their intensity is not symmetric around the
Kondo peak. This should be related to the yield of
vibration excitation process which depends on the
coupling between initial and final electronic states of
tunneling and the vibrational mode.'®*??® Thus the
peak intensity that is related to the vibration excitation
should be affected by the distribution of the PDOS
of these electronic states which do not have to be
symmetric around the Fermi level.

In addition, the inelastic excitation is not limited to
the excitation of vibrational modes. For example, spin
excitation of the center Tb atom can be coupled to the
Kondo resonance that should appear in a few tens of
millielectronvolts.* It requires further study to make a
clear assignment of these side peaks.

In the aggregates of Pc-up and NPc-up molecules
like that of Figure 1g, although the distance between
the molecules is shorter, the Kondo peaks were
scarcely different from those of the isolated molecules.

When TbNPcPc molecules were deposited on a
slightly annealed substrate at ~80 °C, ordered chain
structures formed, as shown in Figure 3a. Intriguingly,
the chain is composed of only NPc-up molecules, as
illustrated in Figure 3b. A detailed model of the ad-
sorption configuration is shown in Figure 3c. The chain
was parallel to the direction which can be expressed
as —4s + 9t using the unit vectors of substrate s and t
(see Figure 3c), which are slightly tilted from the [112]
direction. The chains were preferentially formed at the
face-centered cubic sites sandwiched by the soliton
wall of the Au(111) reconstructed surface,”® and the
centers of the molecules were separated by ~2.2 nm.
The symmetry line was tilted by ~75° from the [112]
direction (see Figure 3a), which can be explained by
a model that the lower NPc symmetry line is parallel to
the [110] direction and upper and lower ligands are
rotated 45° from each other.

The dl/dV spectra of the chain molecules are
shown in Figure 3e, whose measurement positions
are indicated by the arrows in Figure 3d. The spectrum
obtained over an edge molecule (plot | in Figure 3e)
showed a protrusion similar to that obtained over an
isolated molecule, but the peak width was broadened
and a higher Ty (~60 K) was estimated.

Variations of width and shape of a Kondo peak with
an approach of additional spins have been examined in
many systems. Wahl et al. showed a variation of Kondo
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Figure 3. (a) STM image of NPc-up chain. White bar = 1 nm.
(b,c) Schematic models of the structure of the chain in (a).
(d) High-resolution STM image of the NPc-up chain. White
bar = 1 nm. (e) dI/dV spectra measured at | and Il in (d).
(f) Model of 1D chain of NPc-up molecules used for DFT calcula-
tion (free-standing). (g) PDOS vs energy plots for isolated NPc-
up molecule (top, black) and for NPc-up 1D chain level. (f) Spin-
resolved PDOSs vs energy plots calculated over Pc-up and NPc-
up molecules. (g) Change in the peak positions of the SOMO
and HOMO levels versus azimuthal angle between upper and
lower ligands, which are determined by using DFT calculations.

peaks of a Co atom on Cu(100) by controlling the
coupling between the spins of individual cobalt ada-
toms with their surroundings.’ Though compact dimer
Co suppresses the Kondo resonance due to strong
ferromagnetic coupling between Co atoms, the spec-
trum on the next nearest neighbor dimer shows a
distinct Kondo resonance at the Fermi level, whose
peak width is broadened compared to that of the
isolated Co adatom. The broadening was accounted
for by an antiferromagnetic coupling between the two
Co adatoms. Tsukahara et al. have shown the Kondo
variation of a FePc molecule on Au(111) with a forma-
tion of a two-dimensional lattice. A sharp Kondo peak
appears in the single-impurity regime, which broadens
and splits as the lattice builds up, which was related to
Rudermann—Kittel—Kasuya—Yosida (RKKY) coupling
between the molecular spins.?

The broadening of the Kondo resonance observed
at the edge molecule of the 1D chain in our
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experiment originates from the spin—spin inter-
action.

On the other hand, the spectra obtained over the
molecules inside of the chain (plot Il in Figure 3e)
showed a dip around the Fermi level, whose width
was ~30 mV at the half-maximum. We consider a
mechanism of the appearance of the dip. First we
examine the Fano resonance. In the STM configuration,
electrons tunnel from tip to substrate either directly
or by interacting with the spin impurity. They show a
quantum interference to cause a dip in STS, which
is known as Fano resonance and has been studied
theoretically'®%”~2° and experimentally.'%3%3

The spectrum of Fano resonance was analyzed using
the following equations:'8282°

e+q)? eV —¢

dI(V)/dVoc% and ¢ = TO
where q is the Fano parameter, &, is the peak position,
and I is the width of the peak. From the fitted curve in
plot Il of Figure 3e, I and g were determined to be
12 mV and 0.012, respectively. The estimated T of
~48 K, deduced from I' = kT, is almost same as that of
an isolated NPc-up.

The fitting result was not satisfactory. First, the fitted
curve does not quite reproduce the observed plot,
which seemingly consists of two components. Second,
a small value of g, 0.012, is obtained. In the Fano dip
arguments, small g is often attributed to the case
where the direct tunneling from the tip to the substrate
dominates the tunneling process.'"®?”~% Since the
Kondo resonance is caused by the unpaired 7 orbital
in the upper ligand for the current system, the dom-
inance of the direct tunneling seems unrealistic.

However, Hualde et al. demonstrated that the
ligand—ligand interaction can explain the dip forma-
tion.3273* To examine whether their analysis can be
applied to our system, we first investigate the ligand—
ligand interaction in the 1D chain observed in our
experiment.

Recently, the Berndt group have reported a signifi-
cant change of STS spectra of FePc molecules when
they formed a 6 x 3 superstructure.>® The origin was
attributed to the variation of molecule—substrate in-
teraction with the appearance of molecule—molecule
interaction in the 6 x 3 superstructure. In order to
estimate electronic configuration, they calculated elec-
tronic states of the FePc molecules both in the isolated
state and in the free-standing 6 x 3 film. The calcula-
tion in the vacuum was preferred since DOS of the
substrate obscured the direct visualization of the
molecule—molecule interactions.

Following their analysis, we executed electronic
state calculation for a free-standing chain of NPc
molecules. The model is depicted in Figure 3f, in which
the NPc molecules were separated by 2.2 nm parallel to
the chain direction and 3.5 nm perpendicular to that.
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The isolated molecule was modeled by expanding the
distance from 2.2 nm to a lager distance.

The result of the calculation is shown in Figure 3g.
We can see a noticeable change in the energy range
between the blue bars of the Figure 3g, in which more
states were identified for the case of the chain com-
pared to that of the single molecule. This is rational
because the single-molecule state should be split into
multiple peaks when a molecule—molecule interaction
appears. The calculated integrated local DOS is de-
picted in Figure 3h for the energy region between the
blue lines. The isosurface clearly shows the overlapping
of the two NPc.

We further examined this model to check whether
the spin of the NPc-up molecule survives after the
formation of the 1D chain of NPc-up molecules. As
explained in the Supporting Information, the spin-
resolved DFT calculation showed that the unpaired
orbital spin remains after the formation of the 1D chain.

A similar PDOS variation and overlapping of wave
functions of molecules were reported for an isolated
and 6 x 3 FePc molecule assembly.3 In there, it was
claimed that the molecule—substrate interaction was
weakened with the increase of molecule—molecule
interaction, which was followed by a lifting of the
molecular layer. We consider that a similar situation
occurs in the 1D chain of our system; ligand—ligand
interaction appears which weakens molecule—substrate
interaction.

We like to return to the discussion of the molecule—
molecule interaction and Fano dip. Hualde et al. ana-
lyzed the effect of ligands for the Kondo resonance
observed for CoPc/Au(111)"" and TBrPP-Co/Cu(111)."?
Both molecules consist of a center Co atom and a
ligand with four lobes, but the Kondo resonances show
a large difference. For the former case, the Kondo peak
is absent for a nonperturbed molecule, but it appears
after the modification of the ligand by injecting tunnel-
ing electrons into the molecule. For the latter molecule,
a Fano dip was observed. They considered that quan-
tum interference between two tunneling paths, which
are tip/Co/metal substrate and tip/Co/lobe/metal sub-
strate, is crucial for the appearance and disappearance
of the Kondo resonance and switching between Kondo
peak and dip. Since the relative contribution of tip/Co/
lobe/metal substrate path is stronger in the case of
TBrPP-Co than that of CoPc, the Fano dip appears. They
concluded that the role of the molecular lobes is not
only to participate in the screening of the spin at the Co
atom, as the metallic surface does, but also contribut-
ing to change dips into peaks or even to drive the
system in/out of the Kondo regime 3234

If we compare our system to these cases, an un-
paired 7 orbital and neighbor molecules correspond to
the Co atom and the lobes, respectively. The appearance
of molecule—molecule overlapping in the 1D chain
corresponds to the enhanced Co—lobe interaction in
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Figure 4. (a) STM image of a TONPcPc film. Blue and red dots
correspond to Pc-up and NPc-up molecules, respectively.
White bar = 1 nm. (b) Schematic model of the film in (a).
(c) Model of the ordered structure on a Au(111) surface. Top
and bottom ligands are colored brown and gray, respectively.
(d) Simulated STM image from DFT calculations. Blue and red
dots correspond to those in (a). (e) d//dV spectra near the
Fermi molecule (lower, red). (h) Plot of isosurface of integrated
PDOS in the energy range between two blue lines of (g).

the TBrPP-Co molecule. Consequently, we can expect
the appearance of a Fano dip in the 1D chain if we follow
the above discussion which claims that the surrounding
ligand can change the peak and dip of the Kondo peak.
The appearance of spin—spin interaction at the edge
molecule and ligand—ligand overlapping effect for the
inside-of-chain molecule is switched by the relative
strength of those interactions. Larger contribution of
the latter interaction for the inside-of-chain molecule is
due to a higher coordination number, while the spin—
spin interaction cannot increase in a straightforward
manner with the coordination number as discussed by
Wahl et al.® In addition, we speculate that the effect of
spin—spin interaction also exists in the Fano dip, which
can split the peaks as Tsukahara et al. observed.?® This
effect might make the fitting of the dip by a single Fano
dip difficult.

Deposition at a substrate temperature of ~80 °Cled to
the formation of a well-ordered two-dimensional (2D)
film, an STM image of which is shown in Figure 4a. We
identified two different molecules in the image, which
are marked with red and blue circles. The lattice vectors u
and v of the film were determined in relations to the unit
vectors of the Au(111) surface, s and t (see Figure 3c):
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assuming that molecules are at 0 and at the center of the
unit rhombohedra 2.5s + 4.5t in the unit cell.

The image of the blue molecule is identical to that of
an isolated Pc-up molecule (see Figure 1). The red
molecule corresponds to NPc-up molecule, although
the lobes corresponding to the “O” phenyl rings and
clearly observed in Figure 1g were missing. The outer
parts of the NPc-up molecules were not observed
when they were close to a Pc-up molecule.

A schematic model of the ordered film is shown in
Figure 4b in which NPc-up and Pc-up molecules alter-
nate. The nearest distance between the molecules was
~1.7 nm, which is smaller than that observed in the 1D
chain.

We optimized the model of the 2D assembly of NPc-
up and Pc-up molecules by using DFT calculations, the
results of which are shown in Figure 4c. The azimuthal
angles between NPc and Pc ligands (indicated by
the red and gray lines) of both NPc-up and Pc-up
molecules (37°) are 8° smaller than that of the iso-
lated adsorbate. A simulated STM image is shown in
Figure 4d. The eight outer lobes of the four “I” phenyl
rings dominate the image, and the lobes from “O” and
“I" of the NPc-up molecules are weaker. The simulated
STMimage reproduces the features of the experimental
one.

The Kondo feature observed over the film is different
from those over the isolated molecules and 1D chains.
Plots of the dI/dV data obtained at the lobes of NPc-up
and Pc-up molecules of the film are shown in Figure 4e.
Neither of the two plots shows a Kondo feature. We
believe that this is due to the loss of the 1/2 spin from
the molecules, which was supported by using spin-
resolved DFT calculations. Figure 4f shows calculated
plots of the PDOSs for up- and down-spin components,
which are shown as red and black curves, respectively.
Although in the plots in Figure 2¢, an unpaired spin was
observed in a 7 orbital, in Figure 4f, no spin polarization
was observed, explaining the disappearance of the
Kondo feature.

We have previously discussed a mechanism of the
disappearance of the 1/2 spin of TbPc, molecule when
the relative azimuthal angle of two Pc molecules (6)
is rotated from 45 to 30°."7 As 6 decreases from 45°,
the SOMO and HOMO become closer in energy.
We examine whether a similar mechanism works for
Pc—NPc ligands.

This can be estimated by a DFT calculation by
observing energy levels of SOMO and HOMO states
as a function of the relative azimuthal angle of NPc and
Pcligands. The result calculated for an isolated ToNPcPc
molecule in vacuum is shown in Figure 4g. The decrease
of the SOMO—HOMO gap with 8 can be seen, which is
similar to the case of the TbPc, molecule.'”” However,
the energy variation for the 6 change from 45 to 37° is
much smaller than that calculated for the TbPc, mole-
cule when 6 change from 45 to 30°. Instead of the
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Figure 5. (a) STM image of a film composed of a mixture of
TbNPcPcand H,Pc molecules. White bar = 2 nm. (b) Model of
molecular assemble. Violet and blue correspond to NPc and
Pc, respectively. See text for lattice vector b1 and b2. (c) dI/dV
spectra obtained at the ligand of the NPc-up molecule.

approach of the SOMO and HOMO levels, we consider
enhanced overlapping of molecules due to the smaller
molecule—molecule distance in the 2D lattice which
caused the disappearance of the spin as was demon-
strated in the spin-resolved DOS plot in Figure 4f.

Here we show that more variety of molecular assem-
blies can be formed by combining a family of phtha-
locyanine molecules. In Figure 5a, we show an STM
image of a film when a mixture of TONPcPc and H,Pc
molecules was sublimated onto a Au(111) substrate.
A pseudosquare ordering of NPc-up molecules can
be seen, in which the NPc—NPc distance is ~2.0 nm.
We constructed a model, which can reproduce the size
of the lattice of NPc-up molecules and the rotational
angle of the symmetry of NPc ligand, based on the
pseudosquare lattice commonly observed for FePc,3®
CoPc,*” and TbPc, molecules'” on the Au(111) surface.
The lattice of the TbPc, film can be expressed with the
vectors b1 and b2 shown in Figure 5b, in which b1 is
parallel to [110] with a length of 5a (a is the nearest
neighbor distance of Au atoms, a ~0.288 nm) and b2 is
parallel to [112] with a length of 34/3a.

In the film of the mixture of TbNPcPc and H,Pc
molecules, the TbNPcPc molecules form a checker
board pattern occupying alternative sites, in which
the angle of the Pc ligand is equivalent to that of
H,Pc molecules. The STM images only the TbNPcPc
molecule.

The dI/dV spectra obtained over an NPc-up molecule
are shown in Figure 5c, which showed a dip at the
Fermi level. The shape of the dip was close to the one
observed for the 1D chain of NPc-up molecules. The
distance of neighboring NPc-up molecules were ~2.2
and ~2.0 nm for the 1D chain and TbNPcPc/H,Pc
mixture, which might have made a similar overlapping
between NPc ligands.
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CONCLUSIONS

We studied the heteroleptic double-decker complex
TbNPcPc (NPc = naphthalocyaninato and Pc = phtha-
locyaninato), in which an unpaired 7 electron causes
Kondo resonance upon adsorption on a Au(111)
surface. Two types of adsorption geometries appear
depending on which side contacts the substrate sur-
face, which are called NPc-up and Pc-up molecules.
Their mixture makes intriguing molecular assemblies
by segregation, including straight chains only of NPc-
up molecules, and a film in which NPc-up and Pc-up
molecules alternate.

In di/dV spectra, a Kondo resonance was detected
when the STM tip was over ligands of isolated NPc-up
and Pc-up molecules, which showed different Kondo
temperatures. The Kondo peak was converted into a

METHODS

A 2,3-naphthalocyaninato phthalocyaninato Tb(lll) double-
decker complex (TbNPcPc) was synthesized following a pre-
viously reported method, which is described in detail in the
Supporting Information.

We transferred the molecule to a substrate by using a
sublimation method in an ultrahigh vacuum (UHV). Substrate
cleaning, molecule deposition, and low-temperature STM
observations were carried out in UHV chambers, whose details
are described elsewhere3®3® The sample temperature was
~4.7 K for the scanning tunneling microscopy (STM)/STS ex-
periments described in this report. STS spectra were obtained
using a lock-in amplifier with a modulation voltage of 1 mV
superimposed onto the tunneling bias voltage.

First-principle calculations were performed by using VASP
code, employing a plane wave basis set and PAW potentials in
order to describe the behavior of the valence electrons.***'
A generalized gradient Perdew—Burke—Ernzerhof (PBE) ex-
change-correlation potential®® was used. The structures were
relaxed until the forces were smaller than 0.05 eV/A. Due to the
absence of dispersion forces in the local and semilocal ex-
change-correlation approximations, the molecule—surface dis-
tance of a weak bonding case such as van der Waals interaction
is still controversial, which is followed by an ambiguity of the
charge transfer from the substrate to the molecule. Never-
theless, the calculation results for the adsorbed molecule with
van der Waals interactions give an accuracy good enough to
understand the spin behavior if compared with the result
calculated for the molecules placed in the vacuum. The gold
surface was modeled as a five atom thick slab. The Tersoff and
Hamman theory*® was used to compute the STM images using a
previously reported method.**
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dip at the Fermi level in the 1D chain and disappeared
in the 2D film. Sublimation of double-decker com-
plexes with different ligands is a straightforward meth-
od to realize a segregation on surfaces. The simplicity
of this method will make it possible to form more
complex molecular assemblies by controlling the inter-
actions of the upper and lower ligands. Moreover,
domains with different spin properties, such Kondo
resonances, formed using this method. In other words,
the adsorption configuration controls not only a mo-
lecule ordered structure but also Kondo temperature
and the peak dip structure of Kondo resonance in d//dV
spectra. This implies that spin-mediated control of
the electronic conductance of the molecule can be
made by combining molecular design and adsorption
tailoring.
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