
KOMEDA ET AL. VOL. 8 ’ NO. 5 ’ 4866–4875 ’ 2014

www.acsnano.org

4866

April 28, 2014

C 2014 American Chemical Society

Variation of Kondo Temperature
Induced by Molecule�Substrate
Decoupling in Film Formation of
Bis(phthalocyaninato)terbium(III)
Molecules on Au(111)
Tadahiro Komeda,†,§,* Hironari Isshiki,†,‡ Jie Liu,†,‡ Keiichi Katoh,‡,§ and Masahiro Yamashita‡,§

†Institute of Multidisciplinary Research for Advanced Materials (IMRAM, Tagen), Tohoku University, 2-1-1, Katahira, Aoba-Ku, Sendai 980-0877, Japan,
‡Department of Chemistry, Graduate School of Science, Tohoku University, Aramaki-Aza-Aoba, Aoba-Ku, Sendai 980-8578, Japan, and §JST, CREST, 4-1-8 Honcho,
Kawaguchi, Saitama 332-0012, Japan

T
hemolecularmagnetismof adsorbates
is attractive for its possible application
in molecule spintronics,1 where single-

molecule magnets (SMMs) and radical mol-
ecules play important roles.2,3 However, when
these molecules are transferred to a metal/
semiconductor surface, the electronic inter-
action between the molecule and substrate
might degrade themagnetic properties.4 The
characteristic sharp electronic states of mol-
ecules can be lost during electronic interac-
tionwith themetal surface, making the use of
these molecular functions difficult.
At the same time, adsorbate�substrate in-

teractions can create intriguing phenomena.

For example, at low temperatures, an adsor-
bate with an unpaired spin triggers the
formation of a spin-correlated state with
the substrate electrons, which is known as
a Kondo state.5 The Kondo effect causes
a change in conductance and has been
observed in single atoms6�11 and single
molecules.12�24 The Kondo state detection
should contribute to the understanding of
localized spins. Moreover, the ability to tune
the Kondo effect of SMMs would be useful
for spin control applications.25,26

To realize the designed functions of mo-
lecule films, many studies have fabricated
an additional layer between the molecule
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ABSTRACT We demonstrate that the lattice formation of an

adsorbed molecule decouples the molecule�substrate interaction to

change the Kondo resonance, which occurs due to interactions between

conduction electrons and the molecule's unpaired spin. The double-

decker bis(phthalocyaninato)terbium(III) complex, which is single-

molecule magnet and forms a Kondo resonance on a Au(111) surface

through an unpaired π-radical spin, is studied using scanning tunnel-

ing microscopy/spectroscopy (STM/STS). In the STS spectra, an unusual

sharp, strong peak (peak A) is found only for the molecule in a film. The

peak position of peak A (εA) cyclically shifts by several hundred millivolts as the STS tip position shifts along the outer circle of the molecule, reflecting the

tilting of the upper phthalocyanine (Pc) ligand from the flat-lying lower Pc ligand. The Kondo resonance, which is detected as a sharp peak at the Fermi

level, also shows cyclic variations of the peak width and intensity. As εA approaches EF, the Kondo temperature (TK) increases. We propose a model that

peak A originates from the singly occupied molecular orbital state whose energy is shifted by an unscreened final state effect due to a decrease in the

molecule�substrate chemisorptive interaction. We further examine this model using density functional theory calculations, confirming a decreased

molecule�substrate interaction for molecules in the film compared to that of isolated molecules. Further calculations of a tilted upper Pc ligand

configuration show a site-dependent, cyclic variation of the molecule�substrate interaction within a molecule.

KEYWORDS: scanning tunneling microscopy . scanning tunneling spectroscopy . Kondo resonance . phthalocyanine .
single-molecule magnet . unscreened final state
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and substrate, which tunes the molecule�substrate
interaction. The spacer layers include oxides,27,28 alkali
halides,29,30 and nitrides.31 In addition, some studies
explored the fabrication of spacers inside of the
molecule.32,33 From this point of view, a double-decker
phthalocyanine (Pc) lanthanoid complex is an in-
triguing molecule, in which the lanthanoid atom is
sandwiched between the two Pc ligands. It shows a
SMM behavior with a high-blocking temperature,34�36

below which one SMM molecule works as a quantum
magnet. In case the molecule is adsorbed on a surface
with a flat-lying manner, the lower Pc ligand of the
molecule blocks the direct interaction between the
lanthanoid atom and the surface, thereby acting as an
insulating layer.
In this study, we investigate the variation of

the Kondo resonance of a double-decker bis-
(phthalocyaninato)terbium(III) complex (TbPc2) ad-
sorbed on an Au(111) surface. It was examined with
using scanning tunneling microscopy/spectroscopy
(STM/STS) measurements, which were performed at
the sample temperature of 4.7 K, enabling the observa-
tion of both isolated molecules and molecules as-
sembled in a pseudosquare lattice.
The obtained STM image shows eight bright lobes in

the outer circle of the upper Pc, which is tilted ∼2.5�
from the flat-lying configuration. In the STS spectra, we
see an unusually sharp, strong peak (peak A) for the
molecule in a film, but the peak is absent when the
molecule is isolated. The peak position of peak A,
expressed as εA, cyclically shifts by several hundred
millivolts as the tip position changes around the eight-
lobed circle. We also detect a Kondo resonance as a
sharp peak at the Fermi level (EF), which originates
from the unpaired π-orbital of the upper Pc ligand.
We observe a cyclic variation of the peak width and
intensity for the Kondo feature, which was similar to
that of peak A. Furthermore, as εA approached EF, the
Kondo temperature (TK) increased.
We propose a model that peak A originates from the

singly occupied molecular orbital (SOMO) state whose
energy shifts from the effects of the unscreened final
state. In particular, the shift is caused by a decrease of
the chemisorptive interaction between the molecule
and the substrate. In order to examine the origin of this
interaction, we performed density functional theory
(DFT) calculations. As a result of these calculations, we
discovered the appearance of a new electronic state
near the SOMO level in the upper Pc ligandwhen TbPc2
is adsorbed on the Au(111) substrate, which indicates
ligand�substrate coupling. Interestingly, the adsorption-
induced state weakens when the molecules form a
pseudosquare lattice compared to that of an isolated
state. The results support the experimental findings
that peak A appears for the molecule in the film but
not for the isolated molecule because the unscreened
peak should form as a result of the weakened

molecule�substrate coupling. Further calculations for
a tilted upper Pc ligand demonstrate a cyclic variation
of the ligand�substrate coupling strength, which re-
produces the cyclic variations of both εA and the Kondo
temperaturewhen the tip position is shifted around the
eight lobes.

RESULTS AND DISCUSSION

In Figure 1a, we show a schematic of the TbPc2 mol-
ecule and provide a detailed image of the Pc ligand.
Figure 1b shows an STM image of an isolated TbPc2
molecule with eight bright lobes arranged in a circle.
When the molecule coverage is increased, they form
an island with a pseudosquare lattice (see Figure 1c).
When a large film is formed, we observe a checker-
board-like variation in the contrast, where the neigh-
boring molecules show a bright/dark contrast.17,37�39

As shown in Figure 1d, the top molecule is a bright
molecule (B) and the bottommolecule is a dark molecule
(D). Eight lobes, which are numbered for the two mol-
ecules shown inFigure1d, areobserved for eachmolecule.
Fromthe topographic image, lobes1, 3, 5, and7are shared
with neighboring molecules, while even-numbered lobes
belong only to a single molecule. Hereafter, the target
molecule lobes are numbered in this order.
Further investigation reveals that the lobe heights

in a given molecule are not equivalent, which can be

Figure 1. (a) Schematic side view of a TbPc2 molecule (top)
and a top view of the Pc ligand (bottom). (b�d) STM images
of (b) an isolated TbPc2 molecule and (c) a film of TbPc2
molecules, the latter of which is magnified in (d), where
lobes of bright (B) and dark (D) molecules are numbered.
All images were taken with Vsample = �800 mV and Itunnel =
0.3 nA, and the length bars correspond to 1 nm.
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visualized with a higher contrast image of the mole-
cule. As shown in Figure 2a, there is a clear height dif-
ference between the lobes. The height variation along
the white line in Figure 2a is shown in Figure 2b,
indicating that the Pc plane was tilted by ∼2.5� from
the flat-lying configuration.
The phthalocyanine family of molecules crystallizes

as a variety of polymorphs, and phases such as R(�),
R(þ), and β have been reported.40�42 The polymorphs
are differentiated by the angle between the plane of
the molecule and the stacking axis. In the R(þ) phase,
the line connecting the center of the molecule (C-line)
is tilted with respect to the normal direction of the
molecular plane toward the L1 direction of the Pc
ligand (see Figure 1a). When amultilayer film is formed
with the C-line normal to the surface, the molecular
plane stacking should change from the flat-lying con-
figuration to a tilted configuration (see Figure 2c). The
tilted configuration has been reported for several Pc
families. In particular, Takada et al. reported a multi-
layer of CoPc molecules on a Au(111) surface, in which
the molecular plane is tilted from the surface normal
direction by∼3 and∼4� in the second and third layers,
respectively.43 Smykalla and co-workers investigated
LuPc2 molecules adsorbed on graphite and claimed
that, even though the first layer molecules are in the
flat-lying configuration, subsequent layers show an
increasing tilt out of the surface plane.44 We consider
a model in which the top Pc ligand of the TbPc2
molecule monolayer is tilted approximately 2.5� from
the flat-lying configuration (see Figure 2d). The bottom
Pc ligand attached to the Au(111) substrate is assumed
to be nontilted with respect to the substrate.
Next, we show the measurement of the electronic

structure of the molecules using STS. Two types of STS
were measured. First was the one in the energy range
from�1 to 1 eV, and dI/dVwas detected by the lock-in
amplifier using modulation voltage of Vrms = 8 mV.

Second, we measured high-resolution STS near the
Fermi level, focusing on a sharp zero-bias peak (ZBP),
in which Vrms = 1 mV was used.
In Figure 3, we show the STS spectra obtained at a

lobe position of an isolated TbPc2 molecule (“isol”) and
of two different B molecules in the film (“m1” and
“m2”). The features marked I and II are observed as
small peaks for all three cases at the energy positions
of�840 and 800mV, respectively. We see similar peaks
in previous reports of adsorbed metal phthalocyanine
molecules45,46 and assign peaks I and II to highest
occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO), respectively.
In addition to peaks I and II, we observe a sharp,

strong peak for m1 and m2 in the occupied state,
which we hereafter call “peak A”. Peak A has a stronger
intensity and a sharper peak width than that of peaks I
and II, and peak A is not observed in the isol spectra.
The energy position of peak A, εA, in m1 and m2 is
observed at �470 and �130 mV, respectively, corre-
sponding to an energy shift of 340 mV.
We observe the energy shift of peak A and the

Kondo resonance variation at each of the lobes in
a single molecule. Figure 4 shows a comparison of
STS (Figure 4a,b) and ZBP spectra (Figure 4c,d) se-
quentially obtained on the eight lobes of two differ-
ent B molecules. In particular, the spectra shown in
Figure 4a,c were obtained from one molecule, while
the spectra in Figure 4b,d were obtained from a
different molecule.
In our previous study, we assigned the ZBP of TbPc2/

Au(111) to the Kondo resonance. In there, we studied
the temperature and magnetic field dependence of
the ZBP of TbPc2/Au(111), which is required to assign
and measure the ZBP to the Kondo peak.17 The results
showed the reasonable temperature dependence of
the peak width and intensity and peak broadening
with the magnetic field, which is the proof of the
Kondo resonance. In addition, we observe a strong

Figure 2. (a) STM image of a TbPc2molecule in the filmwith
enhanced contrast. The height variation along the white
line is shown in (b). (c) Schematic of Pc layer stacking. (d)
Model with a tilted upper Pc ligand that is tilted∼2.5� from
the flat-lying configuration.

Figure 3. dI/dV spectra obtained for different TbPc2 mol-
ecules at lobe positions. Here, “m1” and “m2” were ob-
tained for two different molecules in a film, while “isol”was
obtained for an isolated molecule.
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Kondo peak in B molecules, but the peak intensity is
much weaker for D molecules.17 The intensity differ-
ence is due to the different gap between the SOMO
and the HOMO levels for the B and D molecules.17

In Figure 4a, the minimum value of peak A is
observed at lobe 1 as εA = �525 mV. As the measure-
ment position shifts sequentially from lobe 1 to lobe 4,
peak A shifts 185 mV toward EF and reaches the max-
imum value of εA = �340 mV at lobe 4. As the
measurement position shifts sequentially from lobe 5
to lobe 8, peak A shifts away from EF, reaching
�495 mV at lobe 8. As we see, the position shift of
the peak A energy is monotonic and cyclic. Further-
more, we find that the peak A intensity is stronger for
even-numbered lobes and weaker for odd-numbered
lobes. This intensity variation may occur because the
odd-numbered lobes are shared by neighboring dark
molecules in the topographic images.
We then examine the width and intensity of the ZBP

at the corresponding lobes. However, because the
odd-numbered lobes are shared by neighboring dark
molecules, we only analyze the ZBP at even-numbered
lobes. As shown in Figure 4c, the strongest Kondo peak
is observed at lobe 4. If we trace the lobes shown in
Figure 1d in the counterclockwise direction, the Kondo
peak becomes weaker at lobe 6 and reaches a mini-
mum value at lobe 8, which is followed by an increase
of the intensity at lobe 2 and returns to the maximum
at lobe 4. Likewise, the broadest full width at half-
maximum (fwhm) occurs at lobe 4, where the fwhm

is 7.3 mV, and the narrowest fwhm is observed at
lobe 8.
We find a similar correlation between the peak A and

ZBP spectra in Figure 4b,d. As in Figure 4a, we observe
the minimum peak A position at lobe 1 where εA =
�330 mV, and the maximum peak A position, which is
closest to EF, is observed at lobe 4where εA =�125mV.
Note that the center of energy is shifted ∼200 mV
closer to EF than that in Figure 4a. Similarly, the
intensity of the Kondo peaks shown in Figure 4d is
stronger than those of Figure 4c. The strongest and
broadest peak occurs at lobe 4, where the fwhm is
9.1 mV.
The spatial behavior of peak A can be visualized

more clearly with dI/dV mapping. We focused on the
molecule whoseminimum value of εA among the eight
lobes was�500 mV and measured the dI/dVmapping
around it. In Figure 5a,b, we show the simultaneously
obtained topographic and dI/dV mapping images,
respectively. In the dI/dV mapping image, the high-
lighted area would appear when the sample voltage
coincides with εA. Because εA changes for each mole-
cule in the plane, the highlighted area appears only for
a single molecule of the eight equivalent molecules
studied. As shown in Figure 4, εA shifts between the
lobes of a single molecule. This εA shift produces the
crescent-shaped bright area in the mapping image,
which suggests that εA changes smoothly around the
ligand.
It is not likely that the large shift of the STS peaks of

several hundred millivolts is induced only by the
variation of molecular orbital energy. In order to con-
sider the mechanism, we examine previous reports for
weakly adsorbedmolecules onmetal surfaces in which
the energy shift and intensity change for a specific
peak in the STS spectra are reported. First, Torrente
et al. reported that the LUMO level of a C60 molecule
adsorbed on a Au(111) surface shows an energy shift
of several hundred millivolts when the isolated C60
molecule is lifted from the surface by coadsorbed
molecules. At the same time, the peak intensity sig-
nificantly increases compared to that of other STS
features.47 The origin of the peak shift is attributed to
the screening effects of the anion state where the
LUMO state is filled by a tunneled electron. When the
charge is poorly screened, the spectrum resembles

Figure 4. Comparison of (a,b) STS spectra and (c,d) ZBP
spectra obtainedat the lobes of eachof twomolecules. Note
that the lobe numbers are illustrated in Figure 1d. Here, the
spectra in (a) and (c) were obtained from one molecule,
while that in (b) and (d) were obtained from a different
molecule.

Figure 5. (a) Topographic image and (b) dI/dV mapping of
the TbPc2 film. The bright area in (b) corresponds to an area
of high dI/dV for the sample voltage of �500 mV.
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that of a gas-phase molecule and the peaks shift away
from the Fermi level for both the occupied and un-
occupied states. The hole/electron charge is screened
by the image charge in the metal substrate. The image
charge energy is proportional to e2/2r, where e is the
charge of an electron, and r is the distance between the
molecule and substrate.
Second, Gopakumar and co-workers reported peak

shifts observed for multilayers of FePc molecules on a
Ag(111) surface, in which systematic energy shifts of
the LUMO level of the molecule are observed for the
first, second, and third layers.48 They examined several
mechanisms for this phenomena: (1) voltage drop in
the FePc layer; (2) screening effect of the final state
either by the polarization of the neighboringmolecules
or the image charge. The authors claimed that the
screening effect is the major effect.48

Following these studies, peak A is derived from the
SOMO level due to the less-screened final state, andwe
consider the fluctuation of the energy position be-
tween the gas-phase value and the perfectly screened
case. Due to the tilted configuration of the molecule,
the distance between each atom in the molecule and
the substrate changes. However, the variation of the
image charge screening energy, which is proportional
to e2/2r, is too small to account for the variation of the
observed εA. Assuming an average lobe�substrate
distance (r) of 8 Å and a maximum lobe�substrate
distance variation of ∼0.5 Å, the energy variation is
estimated to be ∼10 meV. This cannot account for the
εA shift of several hundred millivolts observed in our
experiment, and an additional mechanism should ex-
ist, which shifts the STS peaks.
We examine a model where the unscreened final

state is caused by a decrease of the chemisorptive
interaction between themolecule and the substrate. In
particular, because peak A only appears for the mole-
cule in a film, we consider a mechanism where the
molecule�molecule interaction in the film causes a
weakening of the molecule�substrate interaction.
The variation of the molecule�substrate interaction

induced by a change of the molecule�molecule inter-
action was previously reported. Gopakumar reported
that the formation of a 6 � 6 ordered FePc molecule
structure decouples the molecular electronic structure
from that of the Ag(111) substrate,48 due to the result-
ing increase in molecule�molecule interaction. More-
over, the simulated z-position of the molecule in the
ordered structure is lifted to the vacuum side from that
of the isolated molecule, which also contributes to
decouple the molecule�substrate interaction.
We utilized DFT calculations to estimate the varia-

tion of the electronic structure with the presence of
molecule�substrate and molecule�molecule interac-
tions. We consider two models: (1) a molecule lattice
for which we expect strong molecule�molecule inter-
action, and (2) an isolated molecule for which we

expect negligible molecule�molecule interaction. In
our previous report, we analyzed the internal structure
of TbPc2 molecules in the film, focusing the azimuthal
angle between the two Pc ligands.17 Here, we briefly
describe how they are determined. The lattice of the
film is the one commonly observed for H2Pc and a
variety of MPc2 molecules. Consequently, it is assumed
that the bonding configuration of the lower Pc ligand
of TbPc2 is the same as that of H2Pc/Au(111). For the
TbPc2 crystal, X-ray diffraction shows that the azimuthal
rotation angle between the lower and upper Pc ligands
(θ) is 45�.49 Combining theses conditions, the model of
θ = 45� in Figure 6a is formed that can reproduce the
STM image of the bright molecule well. Likewise, it is
judged that the dark molecule corresponds to θ = 30�
shown in Figure 6a.17

For the model (2) of an isolated molecule, we
simply remove the θ = 30� molecules from the
lattice of Figure 6a, as shown in Figure 6b. Here, the
distance between molecules should be sufficient to
make the molecule�molecule interaction negligible.
The DFT calculations were performed with the

Vienna ab initio simulation package (VASP) code,50�54

Figure 6. (a) Model of TbPc2 molecule film on Au(111)
optimized in the DFT calculation. The molecules at θ = 45
and 30� alternate in the model, which correspond to the
bright and dark molecules in the STM image, respectively.
(b)Model used for an isolated θ= 45�molecule, inwhich the
θ = 30� molecules are removed from the model in (a). (c)
Partial density of states (PDOS) of the carbon atom in the
phenyl of the upper Pc ligand, calculated (III and IV) with
and (I and II) without the Au(111) substrate. Here, PDOS I
and III are calculated for the molecule in the film, while
PDOS II and IV are calculated for the isolated molecule.
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and the coordinates of the optimized structures are
shown in the Supporting Information. We calculate the
partial densities of state (PDOS) for the carbon atom in
the phenyl of the upper Pc ligand of the θ = 45�
molecule. We summarize the results in Figure 6c.
Plots I and II are calculated without the Au substrate

and represent the results for the lattice molecule and
the isolatedmolecule, respectively. Two clear peaks are
visible in Figure 6c. The peak with the highest energy is
the SOMO, which corresponds to an unpaired π-orbital
and is the origin of the Kondo resonance. The lower
energy peak near ∼�350 meV is the HOMO. The
energy position shows a discrepancy from that of the
peak I of Figure 3 but rather close to the HOMO level
reported for CoPc/Au(111) of �500 mV.45 A part of
the possible causes for the discrepancy is the voltage
drop due to the high resistance of the molecule. In our
previous study, we demonstrated that the energy
positions of the STS features of the triple-decker
Y2Pc3 molecule shift away from the Fermi level in both
occupied and unoccupied states if compared with the
corresponding peaks of the double-decker YPc2.

55

In addition, the shift is larger for the peaks whose
energies are more separated from the Fermi level. This
phenomenon can be explained well by assuming a
voltage drop between the top and middle Pc ligand
and the following decrease of the actual tip-molecule
voltage. Consequently, we assume a similar voltage
drop between the upper and lower Pc ligands of the
TbPc2 molecule, which makes the apparent HOMO
level shift away from the EF.
Despite the large difference in the molecule�

molecule distances between Figure 6a,b, we find little
difference between plots I and II. This suggests that the
direct molecule�molecule interaction has little effect
on the PDOS of the molecule.
Plots III and IV are calculated with a Au(111) sub-

strate and represent the results for the lattice molecule
and the isolated molecule, respectively. Plots III and IV
are clearly different than plots I and II. First, due to the
hybridization of the molecule and the metal electronic
states, the SOMO and HOMO peaks of III and IV are
broader than those of I and II. Second, a new peak
appears in both III and IV, indicated by “M” in Figure 6c,
which is absent from the PDOS of themodels without a
Au(111) substrate. In addition, by checking the PDOS of
the substrate, we confirm that III and IV contain a large
contribution from the Au atomic orbitals. Thus, we
believe that the M feature corresponds to a hybridiza-
tion state of the molecule and the Au substrate. More-
over, the peak intensity of the M feature can be a good
indicator of the coupling between the upper Pc ligand
and the Au(111) substrate.
TheM feature is significantly different between plots

III and IV. In order to clarify this, the peak M shape of
plot III is superimposed in plot IV with a thin gray line.
The integrated area of M of plot III (lattice molecule) is

about one-half of that in plot IV (isolated molecule).
The reduced metal-induced state suggests that the
interaction between the upper ligand and the Au(111)
substrate decreases when the lattice is formed. This
interaction is related to the molecule�molecule bond
formation in the lattice as the ligand�ligand distance
decreased for a change in the upper ligand plane.
The decoupling of the ligand from the substrate
with the formation of the ordered lattice is consistent
with the study of Gopakumar.48

Furthermore, this is consistent with the experimen-
tal results described in this paper. Because peak A
originates from the unscreened final state effect, peak
A should appear when the ligand is decoupled from
the substrate. The results of the DFT calculation further
indicate that the decoupling should appear in the
lattice rather than in the isolated molecule. This coin-
cides with the finding that peak A is observed for the
film and was not observed for an isolated molecule in
the STS spectra.
We further executed VASP calculations to investi-

gate the systematic shift of εA when the STS is cyclically
measured on each of the eight lobes around the
perimeter of the tilted molecule. For this purpose,
we examine how the ligand tilt changes the chemi-
sorptive interaction between the ligand and the sub-
strate. We construct a tilted molecule model by tilting
the upper Pc ligand of the 45� molecule of model III,
while the lower Pc ligand and the Tb atom are fixed at
their original positions. The upper Pc ligand is rotated
by 2.5� about the specified line in Figure 7a. The height
of the carbon atoms after the rotation are depicted by
Z(i) for atom i. For the atoms in Figure 7a, we see that
Z(1) > Z(2) > Z(4) > Z(3).
The calculated PDOS near the Fermi level for carbon

atom 1 is shown in Figure 7b. The positions of
the HOMO, SOMO, and M peaks are almost identical
with those calculated for the flat-lying molecule (see
Figure 6c). However, the intensity of all three peaks
varies for different target carbon atoms as shown in
Figure 7c,d for both SOMO and HOMO features.
The peak intensities of SOMO andM decrease as the

phenyl in the ligand approaches the substrate. If the
ligand�substrate interaction is determined only by
the distance, the substrate contribution should in-
crease as the ligand approaches the substrate, which
is contrary to the calculated results. Thus, molecule�
molecule interaction is more significant in determining
the hybridization of the electronic states of the mole-
cule and substrate than the direct molecule�substrate
interaction.
We note that the gap between the θ = 45�molecule

and its neighboring θ = 30�molecule decreases when
the ligand is tilted and a carbon atom approaches the
substrate. This molecule�molecule distance decreases
because the Pc ligands of the θ = 30� molecule are
located lower than that of the θ = 45�molecule, which
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originates from the smaller bend in the Pc ligand of the
θ = 30� molecule compared with that of the θ = 45�
molecule. Thus, if the upper ligand of the 45�molecule
is tilted, the smallest distance occurs between carbon
atom 3 in Figure 7a and the neighboring Pc ligands
(θ = 30�). The interaction decouples the upper Pc
ligand�substrate interaction, and peak A appears as
the strongest feature for carbon atom 3 among the
four carbon atoms. The effect is localized, and the cyclic
variation of the peak A intensity shown in Figure 4 can
be reproduced.
The change in the degree of the hybridization

between the molecules and metal substrate due to
the variation of the molecule�molecule interaction
also causes a variation of the Kondo resonance. The
width and intensity of the Kondo peaks are plotted
with respect to εA in Figure 8. The measured fwhm of
the ZBP peak is the convolution of the intrinsic peak
width and the thermal broadening, which can be
expressed by 2[(πkBT)

2 þ 2(kBTK)
2]1/2.56 At T ∼ 4.7 K

used in our experiment, the width can be approxi-
mated as 2

√
2TK. In Figure 8, the measured fwhm is

linear in the energy region between EF and �400 meV
and becomes constant at larger energies. The deduced
TK values are 30.3 and 38.0 K for εA of �400 and
�100 meV, respectively. We perform a least-squares
fit in the energy range between �400 and �100 meV,
showing that TK changes with the energy according to

TK� exp(�0.85|εA|), where εA is expressed in volts. This
relationship is depicted in Figure 8a by a red line.
In a standard model considering the magnetic im-

purity of a single spin 1/2 orbital, the Kondo tempera-
ture has the following relationship57

TK ¼ D exp(�jεj=2Γ) (1)

where D is one-half of the substrate conduction band-
width, Γ is the hybridization function deduced from
the interaction between the molecule and the sub-
strate, and ε is the energy position of the molecular
orbital responsible for the 1/2 spin relative to EF. This
variation of TK with respect to Γ accounts for the
relationship between TK and εA shown in Figure 8a.
The increase in the molecule�substrate interaction,
corresponding to an increase of Γ, causes εA to
approach the Fermi level. With an increase of Γ, TK is
expected to increase as observed in Figure 8a.
Korytar et al. compared TK measured for the CuPc

molecule adsorbed on a Ag surface and TK deduced
from the DFT calculation parameters.58 We would
rather treat�|ε|/Γ as a DFT parameter that can provide
a practical value for TK. Introducing a typical D value
of ∼10 eV, we can reproduce our observed TK ∼ 30.3
and 38.0 K (corresponding to the cases of εA ∼ �400
and �100 mV) by assuming �|ε|/2Γ ∼ 8.25 and 8.02,
respectively. From this consideration, |εA| does not
directly correspond to |ε|. If we assume a constant
Γ, |εA| increases by 4 times, while |ε| changes by a mere
∼3%. Instead of attributing the origin of the εA shift to
the chemisorptive interaction between the molecule
and the metal substrate, the εA shift should be directly

Figure 8. (a) Plot of fwhm of ZBP and TK with respect to εA,
where the vertical axes are both represented in the log
scale. (b) Peak intensity of the Kondo featurewith respect to
εA, where the peak intensity is shown in the log scale and
normalized to the zero-bias conductance.Figure 7. (a) Model of the TbPc2molecule used for simulating

the tilted upper Pc ligand configuration. The lower ligand
attached to the Au(111) substrate was fixed, while the upper
Pc ligand was rotated about the gray line by 2.5�. (b) Calcu-
lated PDOS for the tilted upper Pc ligandmolecule of (a). (c,d)
Intensity variation of peaks a, b, and M specified in (b).

A
RTIC

LE



KOMEDA ET AL. VOL. 8 ’ NO. 5 ’ 4866–4875 ’ 2014

www.acsnano.org

4873

correlated with the change of Γ. We thus deduce that a
small ∼3% decrease of Γ causes εA to shift from �100
and �400 meV, demonstrating the sensitivity of εA to
changes in Γ.
We further analyze the intensity variation of the

Kondo peaks. The Kondo peak intensity is estimated
by measuring ΔG/G0, where ΔG is the height of the
Kondo peak after subtracting the background, and G0

is the conductance at the EF estimated from the back-
ground. The intensity variation exponentially increases
when εA approaches EF, which is similar to that shown
in the TK variation. The linear least-squares fitting
results for εA between �400 mV and EF shows
ΔG/G0 � exp(�1.6|εA|), where εA is expressed in volts.
The increase of the Kondo peak intensity when εA
approaches EF can be partially explained by the in-
crease of TK. The proposed empirical relation between
ΔG and TK isΔG(T) =ΔGz((TK

02)/(T2þ TK
02))s, whereΔGz is

ΔG at zero temperature and TK
0
= TK/(2

1/s � 1)1/2.59

When TK changes from 30 to 40 K, ΔG is estimated to
increase by ∼5% assuming the empirical parameter
s = 0.2, and the sample temperature is ∼4.7 K.
However, the observed intensity almost doubles when
TK changes from 30 to 40 K. A complete understand-
ing of the Kondo peak intensity change is beyond the
scope of this report, but we expect that it is closely
related to the mechanism enabling the shift of TK with
respect to εA.

CONCLUSIONS

We investigated a double-decker bis(phthalo-
cyaninato)terbium(III) complex adsorbed on a Au(111)

surface using STM/STS. In the STS spectra obtained for
a TbPc2 molecule in the film, we observe a sharp and
strong peak in the occupied state (peak A) in addition
to the Kondo feature at the Fermi level. Peak A is
observed for the molecule in a film, but it is absent
for an isolated molecule. The peak position of peak A
(εA) cyclically shifts by several hundred millivolts as the
tip position changed on the eight-lobed circle. The
Kondo resonance, which is detected as a sharp peak at
the Fermi level, also shows a cyclic variation of the peak
width and intensity. As εA approaches EF, the Kondo
temperature (TK) increases. We believe that peak A
originates from the SOMO state whose energy is
shifted by an unscreened final state effect, which is
caused by a decrease in the chemisorptive interaction
between the molecule and the substrate. We further
examine this model using DFT calculations, which
shows a decrease in the molecule�substrate interac-
tion for molecules in the film compared to that of an
isolated molecule. A further calculation for a tilted
upper Pc ligand configuration shows a site-dependent,
cyclic variation of molecule�substrate interaction with-
in a molecule, which can account for the cyclic variation
of both εA and the Kondo feature. This experiment
shows that a slight change in the ligand configuration
can cause a variation in the molecule�substrate inter-
action, resulting in the formation of unscreened final
state effect and the variation of the Kondo resonance
formed by an unpaired π-spin and the substrate con-
duction electrons. Our results suggest the possibility of
molecular designs for the control of a new function
caused by the molecule�substrate interaction.

METHODS
The double-decker bis(phthalocyaninato)terbium(III) com-

plex molecules were synthesized following a previously re-
ported procedure.17 In Figure 1a, we illustrate the side view of
the double-decker structure of TbPc2 and the top view of a Pc
ligand. In the side view, a Tb atom is sandwiched by two Pc
planes, both of which are bent outward. The top view of the
Pc ligand is shown as a plane ligand to indicate the directions of
L1 and L2, which are commonly used for describing the crystal
structures of the Pc family of molecules. In this experiment, L1
and L2 should be equivalent.
We transferred the molecule to a substrate using a sublima-

tion method in ultrahigh vacuum (UHV). Substrate cleaning,
molecule deposition, and low-temperature STM observations
were performed in UHV chambers, whose details are described
elsewhere.39,60 For the STM/STS experiments described in this
study, the sample temperature was ∼4.7 K. The dI/dV spectra
wereobtainedusing a lock-in amplifierwithamodulationvoltage
of 4�8 mV (1 mV) superimposed onto the tunneling bias voltage
for wide-range (near the Fermi level) STS measurements.
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.52,54 A generalized gradient Perdew�Burke�
Ernzerhof (PBE) exchange-correlation potential was also used.61

The structure optimization was repeated until the forces were
less than 0.05 eV/Å. Due to the absence of dispersion forces in
the local and semilocal exchange-correlation approximations,

the molecule�surface distance of weak bonding such as the
van der Waals interaction is still controversial. This results in
ambiguity of the charge transfer from the substrate to the
molecule. Nevertheless, the calculation results for the adsorbed
molecule with van der Waals interactions are sufficient to
understand the spin behavior when compared with the results
calculated for molecules in a vacuum. The gold surface was
modeled as a 5 atom thick slab.
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