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Abstract

Cerium intermetallics have raised a lot of interest for the past forty years thanks
to their very unusual and interesting electronic and magnetic properties. This can
be explained by its peculiar electronic configuration of Ce (4f!) that allows different
oxidation states leading to singular behavior such as quantum phase transitions, heavy-
fermion behavior and Kondo effect. In this work, we used a mixed-valence molecular
analogue to study the Kondo effect down to the atomic scale by means of scanning
tunneling microscopy/spectroscopy (STM/STS) for which new many-body effects are
expected to emerge due to reduced dimensionality and specific chemical environment
of the 4f-ion. For that purpose, double-decker molecular complexes hosting a Ce ion

were synthesized and adsorbed on Ag and Cu (111) surfaces forming two-dimensional
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lattices. As a result, we observed a zero-bias conductance resonance on Ag only in-
dicative of a Kondo effect arising from the coupling between a molecular spin and the
conducting electrons of the metallic surface. The emergence of the Kondo effect is
discussed in terms of intermolecular and molecule/substrate interactions. This work
expands the little knowledge to date on the structural and related electronic properties
of Ce-based molecular systems on surfaces. In particular, it shows that Ce-based dou-
ble deckers are good platforms to get insight into 4f-induced many-body effects down
to the nanometer scale and in two-dimensional lattices. Moreover, this outcome has
a strong impact for future applications of molecular devices in which both metals are

commonly used as electrical contacts.

Introduction

The lanthanide series is characterized by the progressive filling of the 4 f shell with the general
configuration [Xe]df"6s%. As 4f states are strongly localized, they do not contribute to the
chemical bonding and lead to localized magnetism. Among this series, cerium exhibits a pe-
culiar electronic configuration with a single electron in the 4 f-shell ([Xe]4f15d'6s?) and the
most spatially extended 4 f-atomic orbital favoring valence instability. As a result, Ce-based
intermetallic compounds reveal unusual and intriguing properties such as valence fluctua-
tions, heavy-fermion behavior, unconventional superconductivity.! These unusual electronic
properties result from the large Coulomb interaction between 4f states and can be quali-
tatively described in the framework of the single impurity Anderson model (STAM).? This
model is characterized by charge energy scales (a few eVs for Ce) corresponding to the en-
ergies of the relevant electronic configuration 4f°, 4f! and 4f2 and the hybridization with
the conduction electron which couples these different 4f configurations. The main charac-
teristic of the STAM is the existence of an emergent energy scale, the Kondo energy or the
Kondo temperature (Ex =kpTg), which is usually several order of magnitude smaller than

the charge energy scales and governs all the thermodynamical properties of the system. For
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example, the Kondo effect is associated with the screening, below the Kondo temperature,
of the magnetic moment of the Ce impurity by the conduction electrons leading to a non
magnetic ground state. Electron spectroscopy like photoemission or STS are powerful tech-
niques to probe the Kondo effect because, the Kondo energy scale is reflected in the spectral
function by a narrow many body structure at the Fermi energy whose intensity, spectral
width and temperature dependence obey universal scaling behaviors as a function of T .34
In the past decade, the Kondo physics has undergone a revival by the development
of nanosciences. Studies on the nanoscale could provide insight in the Kondo effect by
showing deviations from the standard Kondo picture as shown in quantum dots,”% carbon
nanotubes,” intermetallic nanoparticles® or single-molecule devices.? Recently, molecules
with magnetic properties adsorbed on metallic surfaces have been used as platforms to
explore the Kondo effect in low dimensions by scanning tunneling microscopy /spectroscopy
(STM/STS) such as the family of sandwich-type Ln complexes with phthalocyaninato (Pc)
and porphyrinato (Por) ligands.'® '3 They have been synthetized, successfully evaporated
under UHV environment and self-assembled on metallic surfaces. 42!
In the past few years, it was shown that the understanding of Kondo effect in these

22

systems is not trivial and remains elusive due to intramolecular 4f-7 interactions* and

Published on 04 April 2018. Downloaded by Freie Universitaet Berlin on 10/04/2018 18:59:26.

hybridization of the ligand states to the metal substrate. '®2! Moreover, probing 4f-states for
late Ln centers with local probe is difficult since 4f-orbitals are spatially localized around
the nucleus and lie deep in energy. Although Ce-4f orbital is the most extended in the
lanthanide series lying close to the Fermi level, and cerium centers have a mixed-valence?324
promising original effect, studies on double-decker complexes with cerium centers on surfaces
are scarce. %2 Despite their promising properties, Kondo resonance has not been evidenced
yet for Ce-based molecular complexes on surfaces.

In this work, we use adsorption of a mixed valence double-decker complex with a Ce

ion as a host on Ag(111) and Cu(111) surfaces in order to investigate the molecular Kondo

effect at the atomic scale by means of STS. First, we describe the molecular arrangements


http://dx.doi.org/10.1039/c7nr08202a

Published on 04 April 2018. Downloaded by Freie Universitaet Berlin on 10/04/2018 18:59:26.

Nanoscale

View Article Online
DOI: 10.1039/C7NR08202A

obtained on both substrates since chemical environment may play a non negligible role on
this effect. Second, we report on the observation of a Kondo resonance. This conductance
peak is solely observed when the molecules are adsorbed on the Ag surface. The observed

metallic substrate dependency is discussed in details.

System

Our first attempt was to evaporate a bis(phthalocyaninato)cerium complex, CePcy in order
to make direct comparison with other studies on adsorbed LnPcy. However, all CePcy were
decomposed inside the heated crucible and could not be evaporated as intact double-decker
molecules onto the surface as discussed below. Therefore, another cerium complex was syn-
thesized where one of the two Pc ligands was replaced by a tetraphenylporphyrin TPP ligand
(Fig.1(a)). A schematic drawing of the CePcTPP compound is reported in Fig.1(b).%6 2% Ac-
cording to previous structural studies, 2%’ the skew angle ¢ that is the rotation angle of one
coordination square made by pyrrole nitrogen atoms with respect to the other is about 40°

as depicted in Fig. 1(c) and the square-to-square separation distance is about 2.7 A 242930

Figure 1: Schematic molecular structures of (a) a metallated Ce tetraphenylporphyrin and
(b) a mixed (phthalocyaninato)(porphyrinato) cerium double-decker complex CePcTPP, (c)
projected view of CePcTPP showing the skew angle ¢.
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XANES

In order to determine the valence of the Ce ion in the double-decker complex, we recorded
the XANES spectrum of the synthesized CePcTPP powder at the Ce Lj;-edge displayed
in Fig.2 together with two references which valence is three (CeCuySiz) and above (CeQOs,).
The Lj;-edge spectrum of the trivalent compound exhibits a white line whereas the one of
the mixed valence compound exhibits a double-peaked shape arising from 2p — 4f15d and
2p — 4f°5d transitions. The experimental analysis of CeO, spectrum led to a valence of
about 3.5.3 The CePcTPP absorption line exhibits two peaks as well, that is a fingerprint
of a mixed valence system. We quantitatively determine the valence of CePcTPP to be
fractional and equal to 3.57 £ 0.02 using a fitting analysis described in the experimental
section (see also Fig.S1 in supplementary information). This is in very good agreement
with the results obtained on other Ce-based double-decker compounds.?*?432 Based on this

absorption lineshape, we expect a very large Kondo temperature T, typically of the order

of 1000 K.

:
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Figure 2: Ce Lj;-edge XANES of CePcTPP as a powder. Insert: reference standards for
tri- and tetravalent compounds.
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Structural properties

Fig.3 displays STM images recorded after evaporation of CePcTPP on Cu(111) for cover-
ages lower than a monolayer. At large scale in Fig. 3(a), different species are observed:
low-apparent height isolated molecules and high-apparent height molecular self-assemblies
composed of CePcTPP. Isolated species are single-decker molecules (Pc and TPP) originating
from the cracking of CePc¢TPP upon thermal annealing of the crucible used for evaporation.
Complementary experiments have been performed to rule out any decomposition at the
surface. The cracking of double-decker molecules is a well-established fact and has been
reported for most studies using thermal evaporation as deposition technique. !5:18:19:33:34 The
effect is even expected to be stronger for early Ln-based double-decker compounds since the
thermal stability decreases with increasing ionic radius and might also depend on the nature
of the ligands. In the case of homoleptic CePcsy, for example, all double-decker molecules
were decomposed at temperatures below the sublimation temperatures resulting in a surface
covered only by single-decker molecules (see Supplementary Information Fig. S2). The sta-
bility of heteroleptic CePcTPP is increased in comparison with CePcy probably due to the
larger cavity size of the porphyrin macrocycle. Among the decomposition products, metal-
free 2HTPP and metallated TPP (MTPP) were observed. 2HTPP have been identified by
comparing STM images and ST'S spectra with those of 2HTPP /Cu(111) obtained in situ and
in previous works.3%3% Metallated porphyrins are the highest single-decker molecules with
an apparent height of 2.54 + 0.19 A (under scanning conditions: Upr=-1.8V; I =0.2nA).
Although it was shown that self-metallation can occur when 2HTPP is adsorbed on Cu(111)
surfaces, 3”38 MTPP are not CuTPP. Indeed, we have never observed Cu self-metallation
when 2HTPP is adsorbed at room-temperature and subsequently characterized at 5 K. More-
over, the overall appearance of the molecule in STM images recorded under different scanning
conditions (see for example the insert of Fig.3(b)) does not match the one of CuTPP 3%:36:38
but rather matches other metallated porphyrin derivatives.3%4? Therefore, MTPP is most

probably a CeTPP molecule (Fig.1(a)). Isolated MTPP molecules adsorb such that one pair
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of phenyl arms (diagonal of the molecule) align with one < 110 > direction of the substrate.
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Figure 3: CePcTPP adsorbed on Cu(111).(a,b) STM topographs. In (b), white arrows
represent < 110 > directions of the Cu surface. The insert is a zoom in one metallated
tetraphenylporphyrin, MTPP issued from the cracking of CePcTPP. Bottom panel in (b) is
the line profile along the black line in the top panel. Areas under the black curve filled in
blue (red) correspond to double (single)-decker molecule. (a) Upr=-1.65V; Iz =0.15nA, (b)
Ur=-1.8V; I =0.2nA.

The STM topograph in Fig.3(b) shows a CePcTPP molecular nanoisland which apparent

Published on 04 April 2018. Downloaded by Freie Universitaet Berlin on 10/04/2018 18:59:26.

height is about 4.524-0.20 A (under scanning conditions: Uy =-1.8 V; Iz =0.2nA) according
to the histogram of heights. The rim of the nanoisland is decorated with MTPP molecules.
High-resolution STM topographs (Fig.4(a) and see supplementary information Fig.S3(a))
show that molecules are imaged as 4 pairs of bright outer lobes and 4 pairs of inner smaller
lobes which is the usual appearance of upper Pc ligands in LnPcy, when imaged with a
STM. 1416718.21 Tt 1o0ks very different than STM images recorded on CeTPP, self-assemblies
showing upper TPP ligands.'® This observation leads to the conclusion that CePcTPP ad-
sorbs such as the TPP decker is in direct contact with the Cu surface and the Pc ligand is
facing the vacuum. Note that whereas outer lobes are always visible, the observation of the
inner lobes depends strongly on the tip state leading sometimes to a featureless blurred and

flat inner area (see Supplementary Information Fig. S4).
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The double-decker molecules arrange in a nearly square lattice with lattice parameters
a=194+0.04nm and b = 2.02+ 0.11nm (blue rhombus in Fig.3(b) and Fig.4). The unit

cell vectors are parallel to [110] and [112] directions of the Cu(111) surface.

Figure 4: (a) STM topograph recorded on a nanoisland of CePcTPP adsorbed on Cu(111).
Double arrows outline the orientation of two upper Pc ligand. Two sets of numbers from
1 to 8 denote the eight lobes of upper Pc ligands for the two CePcTPP molecules labeled
moll and mol2. (b,c) Schematic molecular model STM image in (a) showing (b) the visible
upper Pc ligands and (c) the bottom TPP ligands of CePcTPP. Scanning conditions: (a)

Upr=-1.8V; I =0.2nA.

A high-resolution STM image of the surface of a CePcTPP self-assembly is given in
Fig.4(a). The unit cell is composed of two kinds of molecules labeled moll, mol2 in the
figure. A missing molecule in the arrangement allowed us to determine the positions of the
outer lobes of these two adjacent molecules. These are indicated by two sets of numbers from
1 to 8 in the figure. Their upper ligands are rotated by ~26° with respect to one another in
the azimuthal plane as highlighted by double arrows. Such configuration where two adjacent
upper Pc ligands are rotated is also observed in smaller islands (Fig. S4 in supplementary
information.)

Such bimodal configuration of upper Pc ligands was also observed for self-assembly of
LnPc; on (111) surfaces. 9202233 Based on the fact that upper ligands can twist around the
azimuthal axis in densely packed Ln-based double decker complex assemblies while keeping

the lower ligand fixed in its optimal adsorption conformation, it was commonly assume that
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all bottom ligands are parallel. 1>17:19:22.25,34.41 Egllowing this reasoning and assuming that
only one molecule accomodate its skew angle, a tentative structure of TPP ligands is de-
scribed in Fig.4(c). As a result, TPP ligands would be arranged in a self-assembled network
governed by T-type interactions with a nearly square unit cell of lattice parameter equal to
1.40 £0.05nm (yellow dashed lines in Fig.3(b) and Fig.4).This would be consistent with the
fact that most metal TPP assemblies on (111) noble metal surface adopt a similar packing
scheme. 742744 Another possibility (not depicted here) would be that both kinds of molecules
accommodate their skew angle to a value ¢ and v — 26° where 1 is different than 40°. This
would not change the kind of interaction between TPP ligands, only their relative orienta-
tion with the substrate. Nevertheless, as the orientation of TPP ligands remains invisible to

STM, other configurations could also be envisaged.

Fig.5(a-c) displays STM images recorded after evaporation of CePcTPP on Ag(111) for
coverages lower than a monolayer. As well as adsorption on Cu, different single-decker
molecular species issued from the decomposition of CePcTPP are observed on the surface
together with the self-assembly of intact CePcTPP molecules. Once again, STM studies of

base free single-decker molecules and a comparison with literature3®**% allowed to identified

Published on 04 April 2018. Downloaded by Freie Universitaet Berlin on 10/04/2018 18:59:26.

those moieties (see Fig.S5 in Supplementary Information). The nanoisland of single-decker
molecules (large top right island in (a)) is composed of 2HTPP and isolated molecules are
Pc forming a gas phase resulting from repulsive intermolecular interactions.® STM images
of single-decker molecules with intramolecular resolution are shown as inserts in the figure.

Contrary to Cu, no isolated MTPP is observed on terraces.
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Figure 5: CePcTPP adsorbed on Ag(111). (a-c) STM images. In (a), inserts are zoom
in monodecker molecular island (top panel) and monodecker isolated molecules dispersed
on terraces (bottom panel). White arrows represent < 110 > directions of the Ag surface.
Three stripes (see text) on the CePcTPP nanoisland are highlighted by black full lines.The
bottom panel in (b) is the line profile along the white line in the top panel. (¢c) MTPP and
CePcTPP molecules are labeled by letters a and [, respectively. Blue dotted line rhombus
outlines the unit cell of the molecular network. Black full line rhombus outlines the cell of
the TPP network and the black dashed rhombus is the TPP cell translated by vector ¢ as
defined in (d). (d) Structural model. Upper Pc ligands of CePcTPP (black molecules) are
omitted for clarity. Scanning conditions: (a) main image: Ur=1V; I =0.2nA; top insert:
Ur=-1V; I =0.2nA; bottom insert: Ur=-1.4V; Iy =0.2nA, (b) Ur=2V; I =0.2nA,
(¢) Up=-1.8V; Iz =0.2nA.

In Fig.5(a), the CePcTPP nanoisland exhibits an apparent ordered stripe-like structure
for which stripes are aligned along one < 110 > direction of Ag(111) (see also Fig.S6 in
Supplementary Information). Stripes, oriented along the three < 110 > orientations closed-

packed directions of the surface (rotated by 120°) are observed (examples are displayed in

10
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Fig. 5(a-c)). As discussed below, they result from domain boundaries. According to the
line profile drawn in Fig. 5(b), the apparent height of CePcTPP in the self-assembly is
4.4840.25 A (under scanning conditions: Up=-1.8V; I;=0.2nA). A zoom in the surface
of the nanoisland is shown in Fig. 5(c). Two molecules with different heights and overall
appearances, labeled o and ( are distinguishable. Molecule o can be identified as a MTPP
and molecule 5 as a CePcTPP. Indeed, molecule « is identical to MTPP shown in Fig. 3(b)
and its appearence matches simulated STM images of metallated porphyrin on Ag(111).3%:40
This moiety is expected to be on the surface considering it is evaporated as a decomposition
product from the crucible. The appearance of molecule § characterized by 4 pairs of outer
lobes and 4 pairs of inner lobes (see also Fig.S3(b) in Supplementary Information) is typical
of a upper Pc ligand in a double-decker molecule and indicates the presence of a CePcTPP
molecule with its Pc ligand facing upwards. One can conclude from the analysis of this high-
resolution STM topograph that (i) an ordered intermixed monolayer of MTPP/CePcTPP
is obtained, and (ii) CePcTPP adsorbs such that the TPP ligand is in contact with the Ag
surface similarly to adsorption on Cu.

Fig.5(c) shows an STM image of a local region of the intermixed MTPP/CePcTPP

monolayer around two domain boundaries highlighted by white dotted lines. Inside the

Published on 04 April 2018. Downloaded by Freie Universitaet Berlin on 10/04/2018 18:59:26.

central domain, it is possible to define a unit cell (blue dotted line) which motif is composed
of one MTPP and one CePcTPP. The lattice parameters are: a = 2 4+ 0.15nm and b =
2.1 £ 0.2nm with angle of about 90°. As in the case of adsorption on Cu(111), one can
reasonably consider TPP ligands of CePcTPP are surface-fixed and aligned with MTPP
molecules such that all TPPs form a molecular network with a smaller unit cell outlined by a
black rhombus line in Fig.5(c). This smaller unit cell is almost squared with @ = 1.440.05 nm
and b = 1.45 + 0.05nm. The sides of the unit cell are aligned with the [110] and [112] of
Ag(111). A tentative structure is depicted in Fig. 5(d). TPP molecules are rotated by about
15° with respect to the surface. As well as on Cu(111), this network is stabilized by a T-type

interaction.

11
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At a boundary between two domains, neighboring molecular rows composed of a sequence
of MTPP-CePcTPP are shifted by about 0.57 4+ 0.2nm in the Ag-[112] corresponding to the
vector ¢ drawn in Fig.5(d). This arrangement can also be understood using two TPP net-
works: one described by the black square unit cell in Fig.5(d) governed by T-type interactions
and another one described by a parallelogram unit cell (green rhombus in Fig.5(d)) where
TPPs interact via m — 7 interactions. The coexistence of similar phases was also observed
for NiTPP on Au(111).47

Inside a domain and away from the boundary, all molecules exhibit the same orientation of
the upper Pc ligand. However, along domain boundaries, pairs of neighboring molecules are
composed such that one upper Pc ligand is rotated by about 36° with respect to the other
molecule in order to optimize the intermolecular interaction while the lower TPP ligand
remains with unchanged orientation. The proximity of the two upper ligand leads to an
increase in the tunneling current: one pair of lobes is imaged higher in the STM topograph.
As a consequence, stripes along domain boundaries appear on large-scale STM topographs
(Fig. 5(a,b)).

As a conclusion, we observed strong differences between CePcTPP adsorption on the two
substrates. In both cases, molecular single-decker moieties issued from the decomposition
inside the crucible are found on the surface such as 2HTPP, MTPP and Pc. In particular,
the presence of MTPP strongly affects the growth of double-decker molecules on the Ag(111)
surface since an intermixed MTPP/CePcTPP overlayer is observed. On the contrary, the

Cu(111) substrate acts as a phase separator allowing the formation of densely-packed nanois-

lands of CePcTPP.

12
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Electronic properties

HOMO-LUMO

In order to explore the electronic states of CePcTPP adsorbed on Cu(111) and Ag(111)
surfaces, high-bias range dI/dV spectra are recorded with the tip positioned over the center
of the molecule as shown in Figure 6. The overall appearance of the spectra are similar
regardless of the substrate. The first feature is located in the occupied region at around -
1eV and two features are observed in the unoccupied region at around +0.65eV and +1.3eV
yielding an apparent gap of about 1.55eV and 1.65eV on Ag and Cu, respectively. It is of
the same order of magnitude than Ce-based and other rare-earth double-decker molecules
adsorbed on noble metal surfaces. 8214849 The small energy gap difference between the two
substrates is not significant since small variations of the HOMO energy peak position in
the range of 100-200 meV are observed depending on the exact location of the tip above
the molecule. As a conclusion, dI/dV curves do not reveal any significant influence of the
substrate on the molecular electronic states that can be probed by STS. This could be
understood by the fact that probed states originate only from the upper Pc ligand as in

some other cases?' and therefore do not reflect the interaction with the substrate.

Published on 04 April 2018. Downloaded by Freie Universitaet Berlin on 10/04/2018 18:59:26.
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Figure 6: Experimental dI/dV spectra acquired over the center of a CePcTPP molecule
adsorbed on Cu (red) and Ag (blue). Full vertical lines delimit the range of the energy gap.
The tip is stabilized at: Up=1V; I =0.2nA.

Kondo effect

Next, we focus on the detection of a Kondo resonance by STS. Figure 7 shows dI/dV curves
for a bias range around the Fermi level for CePcTPP on Ag (full line) and Cu (markers).
The dI/dV curves obtained on top of CePcTPP/Ag(111) clearly reveals a sharp zero-bias
peak. The overall lineshape and the peak position, strongly suggest that this resonance
arises through the Kondo effect. To unambiguously prove the Kondo nature of the zero-bias
peak, a temperature and/or magnetic field dependence of the STS spectra or spectral func-
tial should be measured. However, according to the width of the resonance, the magnetic
field needed to observe a significant splitting of the resonance is very high and cannot be ex-
perimentally achieved in any existing STM setups.®® Resonant photoemission was performed
to measure the temperature dependence. Unfortunately, molecules were damaged under the

photon beam in a timescale smaller than the acquisition time.
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Figure 7. Experimental dI/dV spectra on CePcTPP molecule adsorbed on Cu (markers) and
Ag (full lines). In the case of adsorption on Ag, spectra were acquired at different locations
as indicated by the corresponding full circles in the inset. In the case of adsorption on Cu,
the spectrum was recorded over the center of the molecule. The inset is a topographic image
of CePcTPP/Ag(111). The Fano fit is displayed as smooth black curve. The parameters of
the fit are in the figure. Spectra are vertically shifted for clarity.

By taking advantage of the high spatial resolution of STS, we recorded dI/dV spectra at

different locations. A peak is observed when the tunneling tip is located at the center and

Published on 04 April 2018. Downloaded by Freie Universitaet Berlin on 10/04/2018 18:59:26.

over the rest of the molecule. In order to get a quantitative analysis of the Kondo resonance,

the so-called Fano function® was used to fit the peak:

(g+e€)? eV —-E
(1+€2)) €= 1—\ (1)

dl/dV

with I" the half width at half maximum such that I' =kgTx. A Gaussian peak was added
in order to account for the extra bump located around +40 — 50 meV. This peak is related
to molecular vibrations. Indeed, in the absence of Kondo resonance, a two-steps-like dI/dV
curve can be recorded on CePcTPP as well as on base free phthalocyanine 2HPc adsorbed on
Ag(111) (see supplementary information Fig. S7). Such a shape in STS spectra is a direct

signature of vibrational modes. The fit of the curve recorded over the center of the molecule
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(full red line in Fig.7) yields an interference parameter of ¢ ~ 6 and a Kondo temperature
of Tk ~ 90 K considering experimental broadening of the curve. The ¢ value slightly above
1 means that the tunneling path directly into the localized states is favored. The Kondo
temperature is much higher than the Kondo temperature obtained for Ce single adatoms on
Cu(100) and CuN.5? However, it is much smaller than one could expect from the XANES
measurements (see section XANES measurements). These results demonstrate the strong

influence of the metallic substrate on the electronic properties of the molecules.

The origin of the Kondo screening is not straightforward and should be cautiously dis-
cussed. It has been shown that in metallated phthalocyanine single and double-deckers
molecules adsorbed on noble metals surfaces, the Kondo effect can be caused by an unpaired
7 orbital of the Pc ligand.!*®® It was only recently that a 4 f-driven Kondo resonance has
been evidenced in a molecular compound.?! In that case, it was shown that the unpaired
7 spin expected for DyPcy in gas phase is quenched upon adsorption on Cu(100) as also
demonstrated for NdPcy/Cu(100) due to charge rearrangment with the surface.!® Thanks to
DFT calculations, the origin of the Kondo resonance was therefore understood to occur via
the coupling between the Dy 4f moment and the Cu electrons bath mediated by a strong
hybridization between Dy d and f orbitals. In the case of CePcTPP, a formal oxidation state
of 4+4 resulting from the donation of 4 electrons to both Pc and TPP 2- anions would lead
to a 4f° electronic configuration and no unpaired 7 electron. In that case, no Kondo effect
is expected. A formal 3+ oxidation state would result in one electron in the 4 f orbital and
one unpaired electron in a 7 radical state. This could lead to a ligand-spin-induced Kondo
resonance as shown for CuPc.%® In the case of intermediate valence, the interpretation of
the Kondo origin is complicated since we have to consider a mix of the two configurations.
Although STS measurements can not solely demonstrate the origin of the Kondo resonance,
the analysis of its location and the fitting parameters of the Fano profile can give a hint.

When the Kondo effect arises from an unpaired 7 electron, the resonance at zero-bias is ex-
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clusively located at the lobes positions. Moreover, the q parameter is such that ¢ >> 1. In
our case, the zero-bias resonance is located throughout the molecule even at the center and
the q factor has a moderate value as in the case of DyPcy/Cu(100). Those features are in
favor of a 4 f-driven Kondo resonance. Nevertheless, theoretical and experimental evidences

are needed to fully understand molecular states involved in the process.

By contrast to adsorption on Ag(111), the dI/dV spectrum on Cu(111) in Fig.7 is fea-
tureless over the entire bias range and this regardless of the tip, the orientation of the upper
Pc ligand (moll or mol2 type, see Fig. 3(c)) or the position of the measurement inside the
molecular nanoisland. It is noteworthy that the absence of a conductance peak means either
the quenching of the magnetic moment of the molecule or a Kondo temperature that is much
smaller than the measurement temperature (5K).

The difference between the two substrates regarding Kondo effect is not straightforward
since the characteristics of the metal, intramolecular and molecule/substrate interactions
as well as intermolecular interactions resulting from the formation of a 2D lattice might
play a significant role. In the following, we discuss them into detail. Beforehand, the

nature itself of the substrate must be taken into account. Indeed, it is well established

Published on 04 April 2018. Downloaded by Freie Universitaet Berlin on 10/04/2018 18:59:26.

that the Kondo is related to the density of states (DOS) of the conducting electrons of the

~1/DOS(Er)J where J is the exchange coupling

metallic host at Fermi level such as Tx « €
between the spin of the adsorbed impurity and that of the metal.>® For both metals, the
DOS in the vicinity of Er is dominated by bulk sp bands since bulk d bands lie several
eV below Ep leading to very similar DOS at (Ep). However, both (111) surfaces exhibit
well-known surface states which contribute to the DOS at Er. Although early works show

55,56 (and

discrepancy in the influence of the surface state electrons on the Kondo resonance
references therein), more recent works have shown their crucial importance in the case of
adatoms as well as molecular assembly. In particular, lancu et al. showed that the Cu(111)

surface state vanishes upon two-dimensional molecular self-assembly of TBrCoPP leading
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to a reduced Kondo temperature for molecules inside the island.” In addition, the step
in STS spectra related to the onset of the surface state has been shown to disappear upon
adsorption of porphyrin adlayers on Ag(111)1%2758 leading to the conclusion that this surface
state vanishes when porphyrin adlayers are adsorbed. Based on these previous results, it
is reasonable to assume that Ag and Cu(111) surface states do not remain upon CePcTPP
self-assembly. Hence, as the surface state does not play a role and the bulk DOS at Er are
similar for both surfaces, the origin of the change in Kondo behavior must lie somewhere
else. Strong hybridization of molecular orbitals and substrate states could result in the
quenching of the molecular spin leading to no Kondo effect. It was shown in several Pc-
based molecules that charge rearrangement at the interface causes the magnetic moment
of the ligand to vanish.!®21%9 Different adsorption geometries are also known to have an
influence on the coupling strength J with the substrate and by extension on T .5 However
molecular apparent heights are almost equal on Ag and Cu, thus ruling out differences in
the adsorption geometries of the molecules. Next, it has been shown the magnetic properties
of heteroleptic double-decker molecules are related to their skew angle ¢.'? In particular,
Komeda et al. revealed in their study on 2D assembly of molecular double-deckers on
Au(111) the importance of the skew angle ¢ (Fig.1(b)) on the appearance of the Kondo
peak.?260 The authors showed that Kondo behaviour can even be switched off for variation
of ¢ as low as 8°. In our case, molecular double-deckers moll on Cu(111) and molf on
Ag(111) have the same skew angle. Nevertheless, moll does not exhibit any Kondo peak.
Changing ¢ by 26° in the molecular arrangement on Cu(111) leads to mol2 and does not
switch on the Kondo effect. On Ag(111), it was possible to evidence the Kondo resonance for
two ¢ angles rotated by 37° with respect to each other as displayed in Fig.S8 (Supplementary
Information). Both kind of molecules exhibit a Kondo resonance regardless of their skew
angle. From these results, we can conclude that the skew angle has only little influence on
the Kondo effect and can not explain the absence of a Kondo peak on Cu(111).

Finally, as inner properties of the substrate and molecules have been discarded as pos-
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sible origin for the quenching of the Kondo effect on Cu(111), we now have to consider
intermolecular interactions such as ligand-ligand and spin-spin interactions inherent of the
2D self-assembly since it was shown in the past for single atoms and quantum dots that they
have a tremendous influence on the Kondo physics. 7% Ligand-ligand interactions have been
shown in phtalocyanine-based molecules to reduce molecule-substrate coupling via the modi-
fication of the molecule/substrate distance or charge transfer and therefore to reduce or even
quench Tg .55 Due to different packing on Cu and Ag, the intermolecular bonding scheme
is different. The main difference lies in how the upper Pc ligands interact with each other
since the packing scheme of the lower TPP ligands is the same on both substrates. Indeed,
on Cu, CePcTPP are arranged in a closed-packing scheme with a double-decker molecules
nearest-neighbor distance of ~ 1.4nm whereas on Ag, CePcTPP are surrounded by four
single-decker MTPP molecules (away from domain boundaries marked as dashed lines in
Fig.5) leading to a larger CePcTPP nearest-neighbor distance of &~ 2nm thus limiting the
upper Pc interactions to none. When increasing the number of CePcTPP nearest-neighbors
nyy on Ag(111) separated by about 1.4nm as in Fig.S8, the Kondo effect persists. Fi-
nally, the Kondo resonance of an adatom has been shown to be modified by the coupling

of a neighboring site.%27% In a two-impurity Kondo problem, the Ruderman-Kittel-Kasuya-

Published on 04 April 2018. Downloaded by Freie Universitaet Berlin on 10/04/2018 18:59:26.

Yosida (RKKY) coupling depends on the spin-spin separation.% In the ferromagnetic (FM)
RKKY coupling, the Kondo resonance sharpens whereas in the antiferromagnetic (AFM)
coupling, it broadens and splits. %% The competition between Kondo effect and RKKY cou-
pling has been also recently demonstrated in 1D and 2D molecular lattices.%®” According to
these results, molecular spin-spin interaction could also be responsible for the disappearance
of Kondo effect on Cu(111). In future experiments, in order to better understand the rela-
tive influence of intermolecular interactions, nyy should be varied. In particular, following
the variation of the width of the Kondo peak as a function of nyy would give insight in

molecular spin interactions.
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Conclusions

In summary, we investigated the self-assembly of the cerium-phthalocyaninato-porphyrinato
molecules CePcTPP on Ag(111) and Cu(111) surfaces together with their electronic prop-
erties by STM/STS at 5K. We demonstrated a substrate-dependent Kondo effect. The
resonance is only observed on Ag surface. Intermolecular and molecule/substrate interac-
tions were considered to account for the disappearance of the Kondo resonance on Cu(111).
In order to fully understand the role of molecular ligands and their hybridization with the
ion and the substrate, further theoretical support could be useful. Therefore, we highlighted
that the choice of the electrode metal is of crucial importance in the view of fabricating

molecular devices.

Experimental section

Preparation of CePcTPP. A mixture of Ce(acac)3.nH,0O (100 mg, 0.24 mmol) and dilithium-
phthalocyanine (125mg, 0.25mmol) in 1,2,4-trichlorobenzene (8 mL) was heated at 120°C
during 4 h under nitrogen. After cooling at room temperature, Tetraphenylporphyrin (61 mg,
0.1 mmol) was added and then the mixture was refluxed under nitrogen during 16h. The
mixture was cooled at room temperature and 20mL of CH,Cl, was added. The mixture
was purified by column chromatography (Silica gel, CH5Cly and Hexane (1:1) then 100%
CH,Cly) in order to eliminate unreactive precursors and 1,2 4-trichlorobenzene. A green-
dark solid was obtained. This solid was recrystallized in 120 mL of a chloroform-methanol
(2:1) mixture. The pure double decker is isolated as a green powder. 1H NMR (300 MHz,
CDClg, 25°C): d = 6.40 (d, 3J=11 Hz, 4H), 7.17 (t, 3J=11 Hz, 4H), 7.30 (d, 3J=11 Hz, 4H),
7.58 (t, 3J=11 Hz, 4H), 7.70 (t, 3J=11 Hz, 4H), 8.32 (m, 16H).

STM/STS experiments. All microscopy and spectroscopy measurements were performed

at 5 K. The STM images were recorded at a tunneling current /7 and a bias voltage Uy where

20


http://dx.doi.org/10.1039/c7nr08202a

Page 21 of 27

Published on 04 April 2018. Downloaded by Freie Universitaet Berlin on 10/04/2018 18:59:26.

Nanoscale

View Article Online
DOI: 10.1039/C7NR08202A

its the sign corresponds to the voltage applied to the sample. STS spectra were acquired with

a Ptlr tip and a lock-in detection in open feedback loop conditions at a frequency 1100 Hz.

The peak-to-peak bias voltage modulation is 5 mV in Fig.7 (Fig.6), respectively. Note that

in Fig.6, the bias voltage step is comparable to the Kondo resonance width explaining why

it is not observed on the large range energy scale STS spectrum on Ag(111).

XANES Spectroscopy The zero relative energy corresponds the inflexion point of the L,

edge. The valence was extracted by first substracting an arctangent function and then fitting

the difference with two Lorentzian functions to take into account two valent states.
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Kondo effect in Ce-based double-decker molecular self-assembly
can be observed or not depending on the substrate.
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