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Bis(phthalocyaninato)lanthanide (LnPc,) double-decker-based devices have recently attracted a great

deal of interest for data encoding purposes. Although the 4f-electrons of lanthanide ions play a key role

in the experimental methodology, their localized character, deeper in energy compared to the 3d elec-

trons of transition metals, hampers a detailed investigation. Here, our approach consists of the follow-up

of the entanglement process with other molecules and with the substrate electrons by means of space-

resolved detection of the Kondo resonance by scanning tunneling spectroscopy (STS), using different

substrates (from weak to strong interaction). It is found that TbPc, molecules firstly interact with their

environment by means of the n-radicals of the ligand. The radical spin of TbPc, can be identified by STS

on a weakly interacting substrate such as Au(111). In the case of a Ag(111) substrate, we are able to analyze

the effect of an electron transfer on the molecule (pairing-up of the radical spin) and the subsequent

quenching of the Kondo resonance. Finally, on a strongly interacting substrate such as Cu(111), a signifi-
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1. Introduction

The careful control of the interaction between a single-mole-
cule and a metal contact is a major concern for achieving
efficient single-molecule spintronic devices." In this context,
bis(phthalocyaninato)lanthanide (LnPc,) double-decker mole-
cules, deposited on a variety of electrode materials, have
attracted much interest over the last two decades.” This inter-
est was mainly triggered by their molecular magnetic pro-
perties originating from the large magnetic moment of f-elec-
trons associated with a high magnetic anisotropy barrier.” Due
to their robust structure, they have been successfully deposited
on substrates and characterized by various techniques,* " in
addition, they have proven to be most effective in single mole-
cule data encoding.®” Among the many different properties of
these molecular magnets, it was soon discovered that LnPc,
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cant rearrangement of electrons takes place and the Kondo screening of the 4f electrons of the Tb ion of
TbPc, is observed. By comparative STS measurements on YPc,, that has empty 4d and 4f shells, we prove
that the Kondo resonance measured in the center of the TbPc, molecule indeed stems from the 4f-elec-
trons. At the same time, we provide evidence for the hybridization of the 4f states with the = electron.

double-deckers bear a radical spin on their ligands.*® The
radical was also found to survive the formation of monolayer
films on Au(111) substrates.”® Indeed, it is commonly
admitted that the Kondo resonance observed in the STS
spectra of LnPc, on Au(111) originates from the unpaired elec-
tron of the upper Pc ligand.”'*"*'® In the case of 4f lantha-
nides in the middle of the series, the neutral LnPc, complex
therefore comprises two spin systems: a central high-spin
system arising from the Ln 4f-electrons and an S = 1/2
n-radical delocalized over the two Pc-ligands. This situation
describes well what is observed for TbPc, on Au(111), where
the interaction between the molecule and the substrate is
weak. As a result, in the neutral molecule [TbPc,]’, only the
singly occupied molecular orbital (SOMO) delocalized over the
two Pc-ligands, contributes to the Kondo resonance, the Tb**
4f-electron moment does not contribute, due to insufficient
screening by the substrate. Nevertheless, conductance measure-
ments in molecular transistors and spin valve devices could evi-
dence the important role played by the radical of the Pc-ligands
in mediating the electronic/magnetic coupling of the 4f-electron
of LnPc, and the substrate.*” In these setups, the radical can be
used as a read-out quantum dot for the Ln electron state.

The large monolayer domains of such molecules have been
studied extensively.>®%'%1>1872% In particular, defective TbPc,
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molecules, whose upper Pc-ligands are tilted, and embedded
inside large monolayer domains, have been studied.'® In this
way, some correlated (orbital) variations of the Kondo reso-
nance have been observed for each of the eight lobes of the
molecules. As was shown later, this is no general trend over
the domains since only one lobe over two lobes show a Kondo
resonance on a pristine 2D assembly.'® In a recent study,
Amokrane et al.'® succeeded in assembling molecular clusters
by STM manipulation, demonstrating that the resulting elec-
tronic and magnetic properties expressed by the Kondo effect
are driven by the nearest-neighbor n-orbitals SOMO pairing-
up. They also showed that clusters of a size below a few tens of
molecules undergo transition towards a different symmetry
compared to the one of the semi-infinite 2D networks (ruled
by parallel and staggered relationships between molecules).

The absence of the Kondo effect on the Pc-ligand of TbPc,
when the molecule is residing on the Cu(111), Co/Ir(111) or
Ag(111) substrate was rationalized by a much stronger molecule
substrate interaction in these systems.*''® In a simple view, the
appearance of the Kondo resonance (or not) is ruled by charge
transfer from the substrate to the molecule. The additional elec-
tron on the molecule pairs up with the electron in the n-orbital
of the Pc ligand and thus quenches the Kondo effect. Conversely,
the observation of a Kondo effect originating from the 4f-elec-
trons of LnPc, on the surfaces remained an uncertain issue for
many years. Up to now, all experimental attempts failed to evi-
dence a Kondo-screening of the localized 4f-electron moments of
TbPc, on metal substrates. Fahrendorf et al. argued that a larger
ionic radius with more delocalized 4f-electrons is necessary to
induce significant hybridization with the Pc-ligands and thus
investigated NdPc, on Cu(100)."" They failed however to evidence
a Kondo screening on the central Nd ion.

It was not before the work on DyPc, on Cu(100) that some
evidence emerged on a Kondo resonance above the central
lanthanide ion.'® The Kondo temperature however was found
to be constant across the molecule (ligand and ion), equal to
Tx = 33 K. The results were explained by the strong hybridiz-
ation of the metal substrate and the ligand state of the mole-
cule. Therefore, it was concluded that despite its confinement,
the magnetic moment in the late 4f-lanthanides can be directly
accessed in electrical transport by the controlled electronic
coupling of the molecule to the metal substrate.

In this work, we go a step further and show that contrary to
the early statement, TbPc, on Cu(111) is indeed well adapted
for the observation of a clearly differentiated Kondo resonance
on the Tb ion and on the Pc ligand. To consolidate these find-
ings, we also investigate the interaction between n- and f-elec-
trons in lanthanide double decker molecules deposited on
weakly interacting substrates, such as Au(111), more appropri-
ate to evidence subtle effects involving the ligands. Two types
of double-deckers, namely TbPc, and YPc, and their assembly
on surfaces have been considered and thoroughly studied by
LT-STM/STS. Although TbPc, is the most interesting of the two
molecules because of its single molecule magnet behavior due
to f-electrons, YPc, provides an interesting system to compare
with since the Y*" ion has an empty 4d and 4f-electron
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shell.>*?* 1t is therefore possible to evaluate the role of the
n-electrons in the electronic interaction among molecules, and
to find out to which extent they impact on the f-electrons. In
addition, we exploit the fact that the molecule-molecule inter-
action on Au(111) can be tuned carefully (overlapping mole-
cular orbitals) due to different growth processes. For the
purpose of comparison, we also use different substrates to
analyze the effect of electron donation on the r-radical.
Although we focus on the experimental approach to compare
the different molecule-substrate systems, the state of the art
density functional theory (DFT) calculation on unsupported
molecules is used occasionally as an additional input to conso-
lidate the views provided by the experiments.

2. Results and discussion
Self-assembly of YPc, and TbPc, on Au(111)

The case of lanthanide double-deckers deposited on a weakly
interacting substrate is analyzed first; it is also the situation
that preserves the radical of these complexes, as shown in
earlier Kondo measurements.”'® YPc, and TbPc, were de-
posited under ultrahigh vacuum (UHV) conditions onto a pris-
tine Au(111) surface held at room temperature by means of a
homemade evaporator. Prior to deposition, the crucible with
the powder sample was heated overnight just below the evapor-
ation temperatures for purification. The Au(111) surface was
kept at room temperature during deposition. All measure-
ments were performed in a low-temperature (LT) STM operated
at a temperature of 4.5 K under UHV conditions. A careful
examination of Fig. 1a-d (see also Fig. S1}) shows that each
molecule is visualized in the STM images by the 8 lobes of its
upper ligand originating from the n-orbitals in coherence with
the single molecule studies, where 8 lobes associated with the
upper ligand are clearly visible.”'®

The growth of the monolayers of YPc, and TbPc, double-
decker molecules on Au(111) leads to the observation of two
types of domains by STM, named I and II hereafter. Phase I
domains involve the overlapping of the molecular orbitals of
the upper Pc ligand (four lobes out of eight) with neighboring
molecules, whereas in Phase II domains, the molecules are
arranged side by side (no overlap). The domains are character-
ized by square unit cells as illustrated in Fig. 1a-d for YPc,
and TbPc,. Fig. 1a and b show simultaneously the superim-
posed crystallographic models with their unit cells corres-
ponding to Phase I and Phase II for YPc,. A very similar situ-
ation is obtained for TbPc, as shown in Fig. 1c and d. The
square network of Phase I in Fig. 1a is characterized by the
unit cell vectors a; = a, = 1.43 + 0.06 nm, whereas the square
network of Phase II in Fig. 1b is characterized by the unit cell
vectors b; = b, = 1.50 + 0.06 nm. As a result, the density of
molecules is higher in Phase I than that in Phase II, namely
0.49 nm? compared to 0.44 nm™2, in full agreement with the
fact that due to the orbital overlap, Phase I is more compact
than Phase II. Interestingly, these values are the same for YPc,
and TbPc, domains within experimental errors.

This journal is © The Royal Society of Chemistry 2019
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Fig.1 STM images (5 nm X 5 nm) of molecular layers on Au(111) recorded at I+ = 90 pA for (a) domain | (Vs = —0.6 V) and (b) domain Il (Vs = -1.2V)
YPc, molecules; (c) domain | (Vs = —0.8 V), and (d) domain Il (Vs = —1.0 V) TbPc, molecules. Schematic models for the unit cells showing the upper
Pc's (blue) and bottom Pc's (red) together with the substrate structure for (e) Phase | and (f) Phase Il. Arrows are showing the direction of the

compact atomic rows of the Au(111) substrate.

Based on the assumption that all lower Pc-ligands of the
films must have the same crystallographic orientation on
Au(111),> two molecular models that are compatible with the
experimental findings for Phases I and II (Fig. 1a and b) are
shown in Fig. 1e and f respectively. In configuration I (Fig. 1e),
the upper Pc’s adopt a checkerboard configuration of alternate
azimuthal angles of 45° and 30° with respect to the lower Pc’s,
whereas in configuration II (Fig. 1f), all the molecules have the
same orientation and adopt only one azimuthal angle of 45°
between upper Pc and lower Pc. A remarkable fact is that the
molecules in Phase II show eight inner lobes that are clearly
visible in Fig. 1b and d. The inner lobes are not resolved for
the molecules of Phase I that only show their eight outer
lobes. The fact that inner lobes are usually only imaged prop-
erly on isolated molecules of YPc, or TbPc, on Au(111) con-
firms the weak interaction between molecules in Phase II.
Finally, it must be emphasized that the symmetry of the semi-
infinite lattice, whether type I or 11, is clearly distinct from the
one of the clusters of TbPc, molecules on Au(111).®

This journal is © The Royal Society of Chemistry 2019

Local spectroscopy on TbPc, in comparison with an empty 4d
and 4f shell molecule

Two types of double-deckers have been considered above,
namely TbPc, and YPc,. The latter provides an interesting
system to compare with the former since the Y** ion has an
empty 4d and 4f-electron shell. In particular, if the Y** ion is
only a spectator in the radical-radical interaction between two
molecules, by comparison, we expect to find out to which
extent the 4f-electrons impact the radical-radical interaction in
TbPc,. It has been shown that the properties associated with
the n-radicals can be described by considering the distribution
of the lobes from STM images,'® either overlapping or dan-
gling; this is also the position adopted here. For clarity, a sche-
matic view of the orbital lobes is shown in Fig. 2a and b for
Phase I and Phase II respectively. The red and blue color
corresponds to overlapping and dangling lobes respectively.
From Fig. 2a, it can be concluded that molecules of Phase I
domains of YPc, and TbPc, possess a different chirality

Nanoscale, 2019, 11, 21167-21179 | 21169
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Fig. 2 (a) and (b) Schematic representations of the lobe distribution observed in Fig. 1, showing the location above the molecules where the dI//dV
have been recorded on Phase | and Phase Il respectively. (c) and (d) d//dV spectra recorded above the blue, red and black spots in the YPc, network.
(e) and (f) dI/dV spectra recorded above the blue, red and black spots in the TbPc, network. Set point parameters: Vs = —0.4 V, I+ = 100 pA and
modulation voltage: 10 mV (rms). T = 4.5 K. The spectra have been vertically shifted for clarity.

induced by the overlap. The molecules of either chirality are
slightly miss-oriented with respect to each other and form
racemic domains. Fig. 2b shows the side-by-side configuration
of type II domains where all the molecules have the same
orientation and do not overlap.

In Fig. 2c-f, the local electronic structure was investigated
by low-temperature, high-resolution STS on different locations
above the molecules of domains I and II as shown schemati-

21170 | Nanoscale, 2019, 11, 21167-21179

cally by the red, blue and black spots in Fig. 2a and b.
Noteworthy, in the case of TbPc,, are the pronounced peaks at
—1.0 eV and +1.0 eV, for both upper ligand and center, see
Fig. 2e and particularly 2f. This by itself is an indication of a
partial hybridization between the two states. Other features, in
the vicinity of the Fermi level, are more sensitive to the
environment. As can be deduced from the blue spectra of
Fig. 2c and d for YPc,, Phase I shows a larger gap of 1.25 eV

This journal is © The Royal Society of Chemistry 2019
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compared to the 0.50 eV gap of Phase II. This tendency is also
found in TbPc, self-assembled domains, where Phase I
(Fig. 2e) has a gap of 0.65 eV, whereas Phase II only shows a
gap of 0.30 eV (Fig. 2f). The larger gap of Phase I makes it a
more stable structure, consistent with the fact that it is also a
more abundant phase on the surface. At overlapping lobes (red
spectra), this gap is further reduced, as expected. Notice that
the overlapping lobes of TbPc, and YPc, molecules in Phase I
show very similar features, see the red spectra of Fig. 2c and e.
It is interesting to note that the spectrum measured above the
dangling lobes of Fig. 2d (blue), especially the peaks at —0.30
eV and +0.15 eV, compare well with the PDOS calculated for
the C and N ligand-atoms of the same system.>’ The same
remark holds for Fig. 2f (blue) and therefore the features on
both sides of the Fermi level can be assigned to the ligands of
weakly interacting molecules of TbPc, and YPc, in Phase II.

Relevant differences only appear in the spectra recorded on
the molecule centers (black dots in Fig. 2a and b) and allow
reasoned comparisons between central ions such as Tb**
bearing 4f-electrons and “empty” f-electron ions such as Y**.
From Fig. 2¢ and d, it is noteworthy that the spectra recorded
on the central atom appear very much the same on Phase I
and II for YPc,, whereas a different spectroscopic signature is
observed between the two phases for TbPc, in Fig. 2e and f. In
particular, the two peaks on either side of the Fermi level are
separated by 0.20 eV in Phase I and 0.70 eV in Phase II respect-
ively, referring to the fact that the lateral interactions of mole-
cules have an incidence on the spectral features of the central
Tb atom. This result can only be due to the interaction
between the 4f-electrons and the n-electrons in TbPc, since
this interaction is absent for YPc,.

Kondo effect induced by the ligand radical: weak interaction
with the substrate

Additional information is obtained on the ligand from the
Kondo resonance measurement. As a matter of fact, the Kondo
effect is a signature of the presence of an unpaired n-electron
located on the Pc ligand of TbPc,.”'*'® As a result, the mole-
cular assembly plays an important role in the appearance (or
not) of the Kondo resonance. In the case where the molecules
interact weakly, Phase II (side-by-side molecules) exhibits a
Kondo resonance on all the 8 lobes of both, TbPc, and YPc, as
expected, whereas in the case of Phase I of TbPc,, a Kondo
resonance only appear on non-overlapping (dangling) lobes,
that is 4 lobes out of 8.'® We show that the same trend is also
observed on Phase I of YPc,.

When discussing Fig. 1b and d above, we already empha-
sized the presence of inner lobes in Phase II of both, TbPc,
and YPc,. This finding, not addressed in previous studies, has
prompted us to seek for unpaired radical spin on the inner
lobes. In Fig. 3, dI/dV(V) was examined along a line joining two
molecular centers. It clearly demonstrates the appearance of a
Kondo peak on the inner lobe, suggesting that the same
n-radical spin is responsible for the Kondo resonance of inner
and outer lobes of YPc, and TbPc, molecules. A clear confir-
mation is obtained from the Fano analysis below, where the

This journal is © The Royal Society of Chemistry 2019
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same Kondo temperature is obtained although the Kondo
peak is less intense on the inner lobe.

The shape of the zero-bias peaks observed at the Fermi
level in Fig. 3b and c for YPc, and TbPc, have been fitted by
the Fano function (red curve):*®

2
XD ithe =& 0

dI/dVocm 7

(1)
were E, and I are the position and temperature-dependent
half-width at the half-maximum of the Kondo feature and ¢ is
the ratio of tunneling into the resonance and the continuum.
The widths of the peaks are determined as I'; = 6.1 + 0.18 meV
and I', = 8.55 + 0.24 meV for the YPc, and TbPc, molecules
respectively. These values are used in eqn (2) *° to calculate the
Kondo temperatures corrected for thermal and modulation
voltage broadening:

r(T) = \/ (3.5kT)2—|—(\/EeVrms>2+2(kTK)2 (2)

where T is the experimental temperature, Vs is the RMS
value of the modulation voltage and T is the Kondo tempera-
ture. The Kondo temperatures obtained for YPc, and TbPc, are
Tx = 29 K and Ty = 41 K respectively. The same Kondo temp-
eratures are obtained for inner and outer lobes within experi-
mental errors, emphasizing that inner and outer lobes belong
to the same n-radical.

In addition, the fact that ¢ = 1.17 for both YPc, and TbPc,
shows that there is a roughly equal tunneling into the spin
center and the continuum,?” relevant for the weak interaction
of the upper Pc ligand with the substrate. As will be shown in
the following, this situation is quite different from the strong
interaction case of TbPc,/Cu(111), where the direct tunneling
into the spin center becomes dominant.

The fact that inner and outer lobes show the same Kondo
temperature may suggest that both ‘Kondo’ lobes belong to
one and the same spin center. We decided to investigate this
aspect in more detail. The first principles calculations of free
standing molecules within the DFT framework have proven to
describe well the interaction among TbPc, molecules on
Au(111)."® We therefore use the same approach here. As an
example, Fig. 3e shows the wave function corresponding to a
spin up state at —0.5 eV. This figure clearly shows that the
same spin polarized wave function contributes to both inner
and outer lobes. It is therefore not surprising that inner and
outer lobes show the same screening, thus the same Tk.
Furthermore, our results show that the inner lobes are geome-
trically very close to the molecule’s center and coincide with
the location of the nitrogen atoms of the Pc ligands (see
Fig. 3f). In addition, Fig. 3g represents the DFT calculation of
the spin-density distribution, showing the extension of the
spin polarization mostly on the Tb atom (red). Noteworthy is
also that the N and C atoms closest to the Tb ion are polarized
by the Tb which again provides strong evidence that the 4f
electrons of Tb are hybridized with the spin radical associated
with the spin polarized orbitals of the ligand.

Nanoscale, 2019, 11, 21167-21179 | 21171
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Fig. 3 (a) and (d) Topographic STM images of YPc, and TbPc, films within Phase Il, showing the places (black circles) where spectroscopic data
were acquired on inner and outer lobes. (b) and (c) Kondo resonances above the areas shown in the topography image in (a) and (d). Data acquired
with a modulation voltage of 1.5 mV (rms), at T = 4.5 K, fitted by a Fano function (red line). The spectra have been vertically shifted for clarity. (e) DFT
calculation of the wave function corresponding to a spin-up state at —0.5 eV evidencing the simultaneous contribution to inner and outer lobes. Red
and green colors correspond to positive and negative signs of the wave function. (f) STM image of two side-by-side TbPc, molecules on Au(111) and
the superimposed atomic structural model, upper Pc (white), lower Pc (black) and N (blue), showing that the inner lobes are positioned exactly on
top of the N atoms. (g) First principles spin density distribution for a single TbPc, complex at an isosurface value of 1 x 107> e A=3. The red and blue

colors represent the spin-up and spin-down density, respectively.

Unfortunately, first principles calculations involving several
molecules of rare earth complexes in contact with a metal
surface require a computational effort and resources exceeding
our present availability. For this reason, we restrict the DFT
calculations to the estimation of the electronic/magnetic fea-
tures in the absence of a substrate, which in the scope of this
work is only acceptable for a substrate such as Au(111). These
calculations cannot be continued, for the moment, on more
intricate systems (under consideration in this work) such as
TbPc,/Ag(111) and TbPc,/Cu(111) with the same accuracy.

Effect of electron donation from the substrate

The Au(111) substrate is rather inert towards the TbPc, mole-
cule and therefore the n-radical of the molecule remains intact
upon adsorption on the surface. For the sake of comparison,
we also use the more reactive Ag(111) substrate and take
advantage of the adsorption induced charge-transfer'>° to get
a deeper insight into the single-molecule properties and mole-
cule-molecule interaction. Adsorption induced charging,

21172 | Nanoscale, 2019, 11, 21167-21179

leading to [TbPc,]”, may quench the ligand spin. The charge
transfer occurring from the Ag(111) substrate to the TbPc,
molecules in the first monolayer has recently been confirmed
by a total energy DFT calculation.?”

In this context, we would also like to address the fate of
second layer molecules that adsorb on top of the first mono-
layer. Second layer molecules are expected to show different
behaviors depending on whether the molecules are adsorbed
on Au(111) or Ag(111). On Au, a pairing-up of the double-layer
radicals is expected to quench the Kondo effect, whereas on
Ag, due to the electron donation from the substrate, the two-
molecule stacking on top of each other is expected to produce
a net spin-radical, thus leading to a measurable Kondo
screening.

Fig. 4a and b show the STM topography for 1.0 ML and 1.6
ML of TbPc, on Ag(111). A side-by-side configuration of type II
domains is observed in the first layer. Both the inner and
outer lobes of the upper Pc ligand of the molecules in the first
and second monolayer are clearly visible. In addition, the

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Topographic STM images of TbPc, grown on Ag(111) with a coverage of (a) 1 ML (70 pA, —1.0 V) and (b) 1.6 ML (25 pA, —1.0 V). The TbPc;
molecule in the second layer forms an angle of 45° with respect to its counterpart in the first layer. (c) d//dV spectroscopy performed above the area
shown in the topography image in (a) with the same color code; set point parameters: —0.4 V and 100 pA, modulation voltage: 10 mV (rms), T =
4.5 K. The inset in (c) shows a close-up of the spectrum acquired above an outer lobe of the molecule in the second layer with a modulation voltage
of 1.5 mV (rms), fitted by a Fano function (red line). The spectra in (c) have been vertically shifted for clarity.

molecule in the second layer is rotated by 45° with respect to
the one below. In other words, the top Pc of the second layer
molecule forms an angle of 45° with respect to the top Pc of
the first layer molecule (see Fig. 4a). In this respect, the situ-
ation is the same as that for LuPc, on Ag(111) and DyPc, on
Pb(111),** thus leading to a perfect n-r stacking at the inter-
face between the first and the second layer molecules. By
means of STM tip manipulation, we carefully checked that the
bright second layer molecule cannot be confused with Tb,Pc;
triple-decker molecules since these species can also form
upon deposition on Ag(111).>° By increasing the coverage of
TbPc, to 1.6 ML, the adjacent molecules arrange side by side,
as shown in Fig. 4b, all of them having the same orientation.
Fig. 4c shows the dI/dV spectra recorded above the ligands
of first- and second-layer TbPc, molecules on Ag(111), corres-
ponding to green and blue spectra, respectively. The green
spectrum shows the pronounced peaks at —0.7 eV and +0.6 eV
consistent with those mentioned previously’® and have been
ascribed to the HOMO and LUMO orbitals, thus leading to a
gap of 1.3 eV. From the green conductance spectrum of
Fig. 4c, it can be concluded that the Kondo resonance is
quenched in the first layer due to the electron donation from
the Ag(111) substrate. From the conductance maps of the iso-
lated molecules on Ag(111) (see Fig. S27), it can be ascertained
that the frontier orbitals are spatially localized on the Pc
ligand; the center of the molecule (above the Tb) appears dark.
The blue spectrum in Fig. 4c for the molecule in the second
layer shows a HOMO peak that is shifted upwards by 0.45 eV
compared to the green spectrum, leading to narrowing of the
HOMO-LUMO gap to about 0.75 €V, very close to the gap
measured on TbPc,/Au(111)."® Additionally, a well-defined
Kondo resonance appears again on the lobes of the second-

This journal is © The Royal Society of Chemistry 2019

layer TbPc, molecule due to the unpaired electron located on
the n-orbital. The TbPc, molecule adsorbed in the second layer
on Ag(111) thus behaves electronically very much like the
molecule adsorbed directly on Au (111). On Ag(111), the first
molecular layer can thus be considered to be a decoupling
layer due to the pairing-up of first layer radicals. The shape of
the resonance observed on the second layer molecule (inset of
Fig. 4c) is similar to the previously measured Kondo resonance
above the TbPc, grown on Au(111) (Phase II) which is well
described by a Fano function (eqn (1)). Accounting for thermal
broadening and voltage modulation (eqn (2)), this leads to a
Kondo temperature of Tk = 42 K.

Kondo effect induced by a 4f magnetic moment: strong
interaction with the substrate

Although previous examples lead to a good understanding of
the ligand Kondo effect, in terms of charge transfer, this picture
has to be revised again when the TbPc, molecules are sub-
mitted to a strong interaction with the substrate, as in the case
of TbPc, deposited on Cu(111). We show below that a Kondo
resonance is observed on both the metal ion and the ligand.

On Cu(111), the TbPc, molecules are not as mobile as on
Au(111) and Ag(111) due to their stronger affinity with the sub-
strate. At low coverage, the repulsive molecule-molecule inter-
action leads to the adsorption of isolated TbPc, molecules
exhibiting a well-defined orientation of the top ligands that are
aligned along the [110] and [112] crystallographic directions of
Cu(111) as shown in Fig. 5a. However, when the coverage is
increased, up to one monolayer, the molecules adopt other orien-
tations, namely along C; and C, in Fig. 5d where C; and C, make
an angle of 25° and 35° with respect to the [110] direction. As an
example, the molecule labeled 1 in the first monolayer is along

Nanoscale, 2019, 11, 21167-21179 | 21173
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Fig. 5 (a) STM topographic image (0.7 V, 20 pA) of an isolated TbPc, on Cu(111), crystallographic directions of the Cu (111) are indicated by arrows.
(b) dI/dV spectra measured above the ligand (red) and center (black) of the molecule. (c) Close-up spectra acquired above the ligand (red) and
center (black) of the isolated molecule with a modulation voltage of 1.6 mV (rms). (d) STM topographic image (-0.9 V, 30 pA) of TbPc, monolayer
grown on Cu (111). (e) d//dV spectra measured at molecule 1 (1°¢ layer): ligand (red) and center (black) and at molecule 2 (2" layer): ligand (blue) and
center (green). (f) Close-up spectra acquired above the ligand (red) and center (black) of the molecule in first monolayer with a modulation voltage
of 1.6 mV (rms). The spectra in (c), (e) and (f) have been vertically shifted for clarity and the superimposed blue lines in (e) and (f) are fits by means of

a Fano function.

C, and the shortest molecule-molecule distance is 1.82 =+
0.10 nm, larger than in the more compact structures examined
above. Second layer molecules, labeled 2 in Fig. 5d, have been
investigated as well. As described above, second layer molecules
are rotated by 45° with respect to the one underneath.

The dI/dV spectroscopic measurements acquired above the
center and the ligand of TbPc, are shown in Fig. 5b and e for
the isolated and self-assembled molecules respectively.
Contrary to the adsorption on Au(111) and Ag(111), a remark-
able trend for TbPc, on Cu(111) is the similarity of the wide-
range spectra recorded on the center and on the ligand. The
peaks centered at —0.7 eV and +0.7 eV can be assigned to the
HOMO and LUMO resonances. These features are also present
for the first layer TbPc, on Ag(111) (see Fig. 4c) which may lead
to a wrong conclusion that TbPc,/Cu(111) and TbPc,/Ag(111)
show similar behavior. To analyze the spatial distribution of
the electronic states more in detail, d7/dV maps were recorded
at occupied and unoccupied states above an isolated molecule
as shown in Fig. 6 together with the corresponding topo-
graphic images. At —0.7 eV, the dI/dV map of Fig. 6¢ shows
conductance localization above the central Tb ion of the mole-
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cule; no conductance contribution from the upper Pc is
observed at this energy. By contrast, the empty states at +0.7 eV
exhibit a strong conductance on the lobes, showing only a dim
contribution over the molecules center as shown in Fig. 6d.
This difference in the d7/dV maps is at the origin of another
remarkable fact related to the Kondo screening which is now
observed on both, center and ligand of TbPc, on Cu(111). The
isolated molecule shows quite high and distinct Kondo temp-
eratures of Tx = 97 + 5 K and Tk = 62 + 2 K for the center and
the ligand respectively (see Fig. 5¢). A careful analysis of the
Fano g-factors above the Tb ion g = 6 and above the ligand g =
1.8 provides crucial information. The probability of electrons
tunneling into the spin center compared to those tunneling
into the bulk continuum is therefore increased significantly
above the Tb ion, whereas the g-factor measured over the
ligand, is similar to the one g =~ 1.2 obtained before for TbPc,/
Au(111). This together with the significantly different Kondo
temperature speaks in favor of a different origin of spin
centers; 4f-electrons on the one hand and ligand n-electrons
on the other hand. This result also confirms that the mole-
cule-substrate interaction is dominant for TbPc, on Cu(111)

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) and (b) STM topographic image of an individual TbPc, on Cu(111) at —0.7 V and +0.7 V, respectively and / = 20 pA. (c) and (d) d//dV maps
in the bias of occupied states (—0.7 V) and unoccupied states (+0.7 V) respectively. Red: high conductance, blue: low conductance.

contrary to TbPc, on Au(111) which is ruled by the lateral
interactions, that is by intermolecular orbital overlaps as
shown above. These results are quite different from those
reported in the literature for DyPc, on Cu(100) where a con-
stant Tx = 33 K was measured both in the center and at the
ligand with ¢ ~ 1."® This may point towards a more efficient
screening in the case of TbPc,/Cu(111).

When going from the isolated molecule to the full TbPc,
monolayer environment, corresponding to molecule 1 of
Fig. 5d, only a small change of the Kondo temperature (see
Fig. 5f) is observed with Tx = 85 + 4 K and Tk = 68 + 4 K above
the center and the ligand respectively, leading to the conclusion
that the lateral environment only has small effects on the
Kondo screening. We notice that the HOMO above the center is
shifted upwards by about 0.1 eV compared to the ligand, in
both isolated and self-assembled molecules. From Fig. 5e, it
can be concluded that the first monolayer environment pro-
duces a small upwards shift of the LUMO leading to a HOMO-
LUMO gap of about 1.4 eV, whereas this gap is larger (>1.8 eV)
for the second layer molecule. Furthermore, it is found that the
Kondo resonance is quenched above molecule 2 in the second
layer. The molecular spin-spin interaction between the first-
and second-layer molecules could be responsible for the dis-
appearance of the Kondo effect above molecule 2, most likely
driven by an indirect interaction (superexchange) via the Pc-
ligands and mediated by the n—= stacking at the interface.

3. Discussion and conclusion

The Tb 4f-electron states, which together with the strong spin-
orbit coupling of Tb*" are responsible for the single molecule

This journal is © The Royal Society of Chemistry 2019

magnet properties of TbPc, are little affected by molecular
adsorption on the metal surface.”® It is therefore reasonable to
assume that upon adsorption, the 4f electrons of Tb still con-
tribute with S = 3 and L = 3. On the other hand, from earlier
theoretical predictions, a large gap (600 K) is expected between
the ground state J, = +6 and the first excited state J, = +5 with
solely the ground state doublet being populated at low temp-
eratures.® It may therefore look surprising that a Kondo effect
appears at all on Tb, in the case of TbPc,/Cu(1111), since the
condition to initiate the virtual switching process is to couple
degenerate states with Am = +1. In the case of a strong adsorp-
tion on a substrate, however, the above picture must be reexa-
mined. It was shown for example that ligand oxidation or
reduction can lead to significant modifications of the coordi-
nation space of Tb*" responsible for the barrier height.?® As a
matter of fact, from the molecular spin valve measurements of
TbPc, molecules adsorbed on a carbon nanotube, it is con-
cluded that the effective gap between the ground and the
lowest transition state may not be larger than 2 K (see the ESI
of ref. 6). A strong hybridization with the substrate as is the
case here is likely to bring the first exited state within the
reach of the ground state, thus meeting the condition Am = +1
for the Kondo interaction to occur. Conversely, this may also
explain why no Kondo effect is observed above the molecules
center when TbPc, is in weak interaction with the substrate as
in the case of Au(111).

The important role of molecular ligands in mediating the
electronic (magnetic) coupling of LnPc, with various sub-
strates has been often emphasized.''®'”*' In the case of
TbPc,/Cu(111), our spectroscopic data show that the Kondo
screening of the 4f moment of Tb by the substrate electrons is
most probably achieved through a chain of interactions invol-
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ving the sp ligand states which are in turn hybridized with the
substrate conduction electrons by the lower Pc, as proposed on
similar systems on the basis of DFT simulations."® The screen-
ing of the 4f moment by the conduction electrons of the sub-
strate is therefore achieved by channeling the spin information
through the ligand. In the following, we discuss the various
interactions that are likely to shape the Kondo resonance of 4f-
electrons of LnPc, on surfaces.

Although we have provided additional evidence, above, for
the 4f-electrons and radical hybridization on TbPc,/Au(111),
the case where a substantial rearrangement of electrons occurs
must be analyzed separately. Particular attention must be
given to the charge transfer of electrons upon adsorption that
may lead to a filling of specific molecular orbitals with strong
charge-spin correlation on the ligands and on the metal center
that may impact the intensity and localization of the Kondo
effect.>>*° In this respect, a simple situation occurs when a
single electron is transferred from the substrate to the mole-
cule as exemplified in the case of TbPc,/Ag(111). The radical
then pairs up with the transferred electron leading to cancella-
tion of the net spin on the ligand and simultaneously to
quenching of the Kondo resonance.

As a result, even though the radical may not survive the
molecular adsorption, it is clearly demonstrated that the
ligand can act as a mediator between the 4f-electron moment
and the electronic states of the substrate. The Kondo screening
of the central 4f electronic moment in TbPc,/Cu(111) however
involves even more drastic changes in the balance between spd
state hybridization. In this context, it is informative to remem-
ber that the coupling between 4f moments and a magnetic
substrate occurs through indirect exchange interaction via the
orbitals of the Pc ligand instead of direct dipolar coupling'’
thus leading to a similar conclusion as far as the participation
of the ligands is concerned. In the scope of earlier work on
transition metal phthalocyanines (TMPc’s), this observation
seems to have more general relevance.’'?

Although intramolecular as well as molecule-substrate
interactions have been analyzed above, it may be of advantage
to look at molecule-molecule interactions as well. Interactions
may occur by direct lateral- (ligand to ligand) as well as indirect-
(via the substrate) interactions. Experiments and simulations
have demonstrated that two TbPc, molecules may become
entangled as a dimer, sharing the same wave function and thus
quenching the Kondo resonance of the w-radicals.'® This inter-
action was also shown to play an important role when radicals
survive the adsorption as is the case of Au(111), see above.
However, in the case of the side by side molecules on Cu(111),
the shortest molecule-molecule distance is 1.82 nm; it is there-
fore unlikely that the molecules interact via their ligands in the
absence of an orbital overlap. It can be anticipated that com-
pared to strong adsorption effects, the lateral entanglement of
molecules would show negligible incidence on Cu(111).

Another way to estimate the robustness of the Kondo
screening is to assume a spin-spin coupling through an indir-
ect interaction by means of the RKKY (Ruderman-Kittel-
Kasuya-Yosida) coupling via the conduction electrons of the

21176 | Nanoscale, 2019, 11, 21167-21179

View Article Online

Nanoscale

substrate.**** The information concerning RKKY when the iso-
lated molecules condense into a 2D phase is in principle avail-
able from the spectra of Fig. 5. A strong magnetic coupling
among spins would mean that the screening is not effective
anymore. However, as can be observed, the Kondo effect per-
sists. Furthermore, the differences in the Kondo resonance
between isolated molecules and molecules in a 2D network are
not significant enough to conclude in favor of a measurable
magnetic molecule-molecule interaction (no line broadening
due to AFM coupling of spins) under the conditions of the
experiment (T = 4.5 K). These observations are instead in favor
of an efficient screening (Kondo cloud) of the 4f-electrons in
the 2D network of molecules. The calculation necessary to
demonstrate this assertion, for an assembly of lanthanide
double-deckers adsorbed on a substrate, would become very
tedious however and a competition between Kondo and RKKY
is not to be excluded.****

In summary, we have employed high resolution STM
imaging of molecules exhibiting molecular magnet properties.
Together with the space-resolved detection of the Kondo reso-
nance by scanning tunneling spectroscopy, these data lead to
a comprehensive picture for the Kondo screening in various
situations (2 different molecules and 3 substrates), from the
weak interaction where the ligand Kondo dominates to the
strong interaction leading to the 4f moment Kondo screening.
Our finding consolidates the picture after which the robust
adsorption of TbPc, on Cu(111) is modifying the crystal field
environment of Tb inducing an efficient spin-related charge
redistribution, which is not the case on Au(111). As a result, an
efficient screening of the 4f magnetic moment of Tb by the
itinerant sp electrons from the Cu(111) substrate via the
d-orbitals of Tb and the lower Pc-ligand takes place.

4. Methods

Experimental details

All sample preparations were carried out using an ultrahigh
vacuum (UHV) system with a base pressure of 1 x 10™'° mbar.
The single crystalline of the Au(111), Ag(111) and Cu(111) sub-
strate was cleaned by Ne' sputtering and annealing cycles. The
powder of YPc, and TbPc, molecules (synthesized by the Ruben
group at the Karlsruhe Institute of Technology) was first
degassed in vacuo, at a temperature slightly below the sublima-
tion temperature for several hours. Deposition of TbPc,
occurred at a sublimation temperature of 600 K onto the sub-
strates kept at room temperature. Molecule sublimation was
performed in a side chamber of the UHV system; during this
operation, the pressure was kept below 1 x 10™° mbar. All STM/
STS data were acquired at 4.5 K. STS spectra were measured
using lock-in detection with a modulation between 1 mV and
10 mV (rms) depending on the features to be resolved.

Computational methods

We resort to first principles simulations within the density
functional theory®® (DFT) framework as implemented in the
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CPMD" code. The Becke exchange®' and the Lee-Yang-Parr
correlation®® functional have been used to describe the
exchange and correlation contributions, complemented by the
exact exchange®® (B3LYP). Core-valence interactions have been
described by norm-conserving Troullier-Martins** pseudopo-
tentials (PPs) for N, C, and H, while for Tb we make use of a
Goedecker-Teter-Hutter*® semicore PP. Valence electron
orbitals were represented in a plane wave (PW) basis set with a
cut-off energy of 80 Ry. To eliminate the problem of period-
ically repeated images, typical of standard PW approaches, an
isolated cell*® with an edge of 47.7 A was used. A spin-unrest-
ricted approach is adopted in all the simulations and van der
Waals interactions were included according to Grimme’s D2
formula.”” All structures have been fully optimized until
residual atomic forces are smaller than 10~* Hartree per Bohr.
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