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Recent scanning tunnel microscopy experiments on transport through CoPc and TBrPP-Co molecules ad-
sorbed on metallic surfaces have produced several interesting results: (i) a Kondo temperature much higher

than that typically observed on undressed magnetic atoms adsorbed on metal surfaces, (ii) a Kondo resonance
that shows up either as a Kondo peak (CoPc) or as a Fano dip (TBrPP-Co), (iii) in the CoPc/Au(111) system,
the Kondo resonance shows up once the molecule has been distorted by cutting out eight peripheral hydrogens,
and, (iv) in TBrPP-Co/Cu(111) the Kondo temperature depends strongly on the molecule conformation (either
planar or saddle) and on the number of molecules around and close to the one through which the current flows.

The aim of this work is to discuss these experiments within the framework of a simple model recently proposed
by the authors which, capturing the main features of the inner structure of the molecule (four lobe orbitals plus
a strongly correlated orbital), offers a physical interpretation for most of these observations.
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I. INTRODUCTION

One of the key issues in molecular electronics and spin-
tronics is the reproducible control of electronic and spin cur-
rents. In recent years several possibilities of controlling the
electronic conductance in systems showing a Kondo
resonance> have been demonstrated.>8 Of particular rel-
evance are the studies of the Kondo effect in transport
through organic molecules containing a magnetic atom (XPc
and TBrPP-X, X=Co or Fe). It has been shown that the
Kondo temperature may be varied by distorting the
molecule* or by changing the number of neighboring
molecules.” In addition, whether the Kondo effect manifests
either as a Kondo peak or a Fano dip’ may significantly
depend on which molecule we are dealing with*® and on the
adsorption configuration of a given molecule.® Kondo tem-
peratures in the range 130-600 K have been reported.*¢-3

The theoretical study of such systems needs to tackle two
challenging problems: the complexity of the molecular elec-
tronic structure and the many-body effects derived from the
presence of a magnetic atom. Taken into account exactly
these two features is, at present, not feasible. Therefore, it is
necessary to develop models that capturing the essential
physics of the system simplify the description of the many-
body interactions!® and of the molecular -electronic
structure.!! Recently, two of us have proposed a simple
model'? that allowed to analyze the experiments on CoPc/
Au(111) (Ref. 12) and on TBrPP-Co/Cu(111) (Ref. 13) under
the same framework. The model describes in a simple way
the internal structure of the molecule. As argued below the
minimal Hamiltonian that may account for the molecule in-
ner structure of both CoPc and TBrPP-Co should include
four one-orbital sites (describing the four molecular lobes,
see below) plus a site with local correlations representing the
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magnetic atom (Co). Of course the model does also incorpo-
rate some additional one-orbital sites that represent the scan-
ning tunnel microscope (STM) tip and the metallic surface
on which the molecule is adsorbed. The aim of the present
paper is to discuss in depth the main features of this model
showing how, varying some of its key parameters in accor-
dance with the experimental information, most of the experi-
mental observations on those two systems find a natural,
physical, and simple explanation. Besides the usefulness of
presenting old material'>!3 from a unified point of view, a
detailed analysis of the effects of molecule conformation on
the Fano dip in TBrPP-CO/Cu(111) (Ref. 6) is presented;
again the simple model of Ref. 12 seems to work adequately.
Proposals for further experimental studies that may help in
improving our understanding of these systems emerge from
this analysis.

The rest of the paper is organized as follows. In Sec. II the
experiments on which our analysis is focused are described
in detail, highlighting the differences and similarities be-
tween the two molecules (Secs. I A and II B). The following
Sec. II C is devoted to discuss the characteristics of the
model Hamiltonian which are to a large extent based upon
the experimental facts discussed in the previous subsections.
The methods used to calculate the conductance are discussed
in some detail in Sec. II D. Results are presented and dis-
cussed in Secs. III and IV. In Sec. IIT A the essential role
played by the internal structure of the molecule in the trans-
mission across it is highlighted both in what concerns the
existence of the Kondo resonance as on whether the reso-
nance manifests as a peak (CoPc) or as a dip (TBrPP-Co).
Two additional subsections are devoted to an in-depth analy-
sis of those two cases separately. Additional issues related to
the system TBrPP-Co/Cu(111) are discussed in Sec. IV
which in turn is subdivided in two subsections devoted to the
effects of neighboring molecules, and the differences among
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the two conformations that the molecule adopt when ad-
sorbed on the metal surface. In the final Sec. V the main
findings presented and discussed in this work are summa-
rized.

II. EXPERIMENTAL OBSERVATIONS AND MODEL
HAMILTONIAN

A. Summary of experimental observations

In this subsection we focus attention on the main features
of the experiments on transport through CoPc adsorbed on
Au(1,1,1),* and through TBrPP-Co adsorbed on Cu (1,1,1).%7
In the first experiment,* manipulation of the Kondo reso-
nance was achieved by modifying the chemical surroundings
of the Co atom through selective dehydrogenation of the
molecule. In the initial state the topological conformation of
the molecule consists of four well defined lobes, symmetri-
cally disposed forming a square cross around the central Co
atom and with no overlap between them. In this situation the
system has no Kondo effect. Dehydrogenation is done by
applying electrical pulses at the peripheral hydrogens of the
molecule. In this way eight hydrogen atoms are cut away
from the molecule. Concomitantly with this dehydrogenation
process the molecule distorts in such a way that, once re-
moved the eight hydrogens, the four lobes observed by STM
merge into a single circular cloud surrounding the Co atom.
When this occurs, the Co atom shifts up from the metal
surface, while the lobes move down approaching the metal
surface. In this situation the system shows Kondo effect with
an abnormally high Kondo temperature (Tx~200 K). The
Kondo effect is observed as a zero bias wide peak in the
curve of differential conductance versus bias voltage. Aiming
to provide a sound explanation for the experimental observa-
tions, the authors carried out density-functional theory
calculations.? They found that, while no magnetic moment
was present in the undistorted molecule, the magnetic mo-
ment inherent to isolated Co was recovered upon dehydroge-
nation. From this result, however, the deeper conclusion one
can derive is that, in the distorted molecule, the Kondo effect
may show up.

The second series of experiments discussed here was car-
ried out on TBrPP-Co/Cu (1,1,1). In its stable geometry (pla-
nar) the molecule does also show four lobes around the Co
atom symmetrically disposed on a square. The authors of
Ref. 7 highlighted their presence in the molecule (see Fig. 1
in Refs. 6 and 7) remarking that they provided higher current
in the STM images. However, the lobes are not as cleanly
defined as in the case of CoPc indicating that the overlap
among them may be significantly higher. As regards to trans-
port through this system, we note that the Kondo effect
showed up as a Fano dip at zero bias in the curve of differ-
ential conductance versus bias Voltage,é'7 instead of the
Kondo peak observed in the case of CoPc/Au(111).* The
width of the dip gives a measure of the Kondo temperature
of the system and, as shown in Ref. 7, it can be modified by
changing the number of nearest-neighbor molecules around a
given one. It was argued that a neighboring molecule locally
removes the Cu(111) surface state,'* thus reducing the den-
sity of states through which the current can flow and, hence,
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FIG. 1. (Color online) Cluster of atoms utilized to describe
TBrPP-Co or CoPc adsorbed onto a metallic surface. The four sites
on the square account for the four molecule lobes, while the atom at
the center represents Co. The upper (lower) atom accounts for the
apex of the tip of the STM microscope (metallic surface). To cal-
culate the conductance a constant self-energy was attached to the
top atom, the metallic atom, and the lobes (see text).

diminishing the Kondo temperature. In addition, the authors
investigated the performance of a metastable conformation
of the molecule, named saddle, as opposed to the planar
stable conformation. In the saddle conformation the lobes
ends lie at the corners of a rectangle, instead of the square
observed in the planar conformation, and the highest STM
current goes through two regions that are in between the two
lobe pairs that are closer. In the saddle conformation the Co
atom moves away from the metal surface. The main results
derived from transport measurements are as follows:®’ (i) in
both conformations a Fano dip is observed at the Fermi level
characterized by a Kondo temperature that is higher in the
planar conformation, and, (ii) the conductance through the
planar conformation shows two peaks at bias voltages of
approximately 0.7 V.

B. CoPc and TBrPP-Co: differences and similarities

These two molecules, although largely different, have two
outstanding similarities: (i) both have the Co atom in the
their geometric centers, and, (ii) their STM images show four
clearly defined lobes.*® Although the geometric conforma-
tion of both molecules is similar, the atomic neighborhood of
Co in both cases is different. As a consequence the energy of
the active d,» Co orbital is different in the two molecules. In
the CoPc it has an energy around —0.15 eV, while it is much
deeper in TBrPP-Co, around —0.7 eV. Due to this fact the
coupling of the Co orbital with the tip and the metallic sub-
strate orbitals is weaker in TBrPP-Co than in CoPc. As dis-
cussed below this has important consequences on the elec-
tronic conduction in these systems. Finally, as noted above,
the fact that the four lobes appear to be less clearly defined in
TBrPP-Co suggests that in this molecule the interaction
among lobes is greater.
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C. Model Hamiltonian

The model Hamiltonian used in this work (essentially an
Anderson-Hubbard impurity Hamiltonian'>!%) is based on
the atomic arrangement depicted in Fig. 1 (Ref. 12): a central
site (Co atom) with a single atomic orbital and a strong on-
site repulsion, surrounded by four molecule lobes each one
described by a single atomic orbital. Two additional sites,
with one atomic orbital each, located above and below the
Co atom are included to represent the apex of the STM tip
and an atom on the metal surface, respectively. Then, the
Hamiltonian takes the form

H=2 €clcipt 2 fi,jC;}}Cja*‘ Uncoincol (1)
io (ijy,o

where ciT(r creates an electron at site i and spin o and ng,,, is
the occupation operator acting on the Co orbital. 7;; is the
hopping between atomic orbitals located on sites i and j (the
symbol ( ) indicates that i # j). Each orbital has an energy e;
and U is the local Coulomb repulsion on Co. The hopping
matrix elements included here are as follows:'? 7¢,, (Co/
STM tip), tc,,, (Co/metal surface), 7c,; (Co/molecule lobes)
1,, (interlobe hopping), 7;,, (lobes/metal surface), and ¢, (tip/
lobes). We assume that all orbitals, but that of Co, lie at the
Fermi level, i.e., €,=0. As regards the d > Co orbital we work
in the symmetric case, namely, ec,=—U/2. We have checked
that small variations in the orbital energies around those val-
ues do not qualitatively affect the main results. One of the
leads is attached to the atom above Co and describes the
STM tip, while the other lead (describing the metal surface)
is attached to the atom below Co and to the lobes. Both leads
are described by energy independent self-energies. A remark
is in order: most of the calculations discussed here corre-
spond to excessively large values of the couplings STM tip/
lobes and STM tip/Co orbital (note that STM works in most
experiments in the tunneling regime). This important issue is
addressed in some detail in Sec. III B where it is argued that
in most cases the effects of reducing those couplings is just a
rescaling of the conductance.'”

D. Conductance calculations

The differential conductance was calculated by means
of a thoroughly tested finite U slave bosons (SB)
approach!>18-22 and by exact solutions of small clusters that
are finally embedded with the leads through appropriate self-
energies [“embedded cluster approximation” (ECA) see Ref.
23]. The SB approach is one of the few methods that allow
to: (i) catch elusive many-body effects such as the Kondo
resonance, and, (ii) work at finite bias voltages.'%?? At low
bias voltage, the Kondo effect dominates transport properties
of the system. It is not the case at large bias voltage, where
Coulomb blockade could be relevant and which is not prop-
erly captured by SB approach, but which, instead, is properly
described by ECA. This will be discussed in more detail
below. Since the SB method is essentially a single-particle
approach, one obtains the current / through the molecule at
bias voltage V by integrating the transmission probability:**
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where f(E—puy;) is the Fermi distribution for the left and
right electrodes whose electrochemical potentials are de-
noted by wuy and ug, respectively, and wy—puy =eV. The
transmission coefficient T(E,V) is given by

2
T(E,V) = %Tr[ﬂt]. (3)

In this expression, the matrix t:F%]/zG(”Fi/z, where I'j)
=i(S50) =300, 24, being the self-energies of the upper
(U) and lower (L) leads, STM tip and metallic surface, re-
spectively. Superscripts (+) and (—) stand for retarded and
advanced. The Green’s function, in turn, is written as2*

G(i) = ([G'St)]_l - [ngt) + 2:‘E,t)])_l > (4)

where Ggi) is the Green’s function of the isolated cluster
which depends on energy and bias voltage. The differential
conductance was obtained by differentiating the numerical
results for I(V) with respect to the bias voltage. As regards to
the second method (ECA) as all calculations correspond to
V=0, the conductance is directly obtained from the transmis-
sion in Eq. (3). All calculations were done at zero tempera-
ture. Whenever not specified (see below) all out-of-
equilibrium SB calculations were done assuming that the
whole applied voltage dropped at the STM tip/molecule in-
terface.

III. ORIGIN OF THE KONDO RESONANCE

This section is addressed to show the key role played by
the molecule lobes in, (i) taking the system in or out the
Kondo regime, and, (ii) determining whether the Kondo
resonance would show up either as a Kondo peak or as a
Fano dip. The results discussed hereafter clearly prove that
the key parameters associated to those two effects are the
lobe-lobe hopping and the lobe-tip hopping, respectively.
General remarks are included in the first subsection, while
the second and third are devoted to an in-depth analysis of
the two systems here considered.

A. Role of the molecule lobes

The results depicted in Fig. 2 obtained by either ECA or
SB methods (in Sec. III C it is shown that both give similar
results over a rather wide energy range) clearly illustrate the
relevance of the lobe-lobe coupling. We discuss first the re-
sults for zero lobe-tip hopping shown in the right panels of
the figure. This case may describe the CoPc/Au(1111) system
as, being the active d level of Co rather shallow, the direct
hopping from the lobes to the tip might be substantially
smaller than the Co-tip hopping. As remarked above, when
the molecule is undistorted, the four lobes are clearly defined
and one may safely assume that 7,,=0. The conductance in
this case shows no peak at the Fermi level, but rather two
broad peaks below and above it. Actually, the broad feature
peaked at around —0.15 eV might be that reported in Ref. 4
for the undistorted molecule. Note also that, when #,;,=0, the
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FIG. 2. (Color online) Transmission T(E) (in units of the con-
ductance quantum) versus the energy E (in eV) referred to the
Fermi energy, calculated by means of the SB method (see text). The
parameters used in the calculations are the following: U=1.6 eV
(upper panels) and U=2.3 eV (lower panels), #;,,=0.06 eV (left
panels) and 7,,=0 (right panels), 7,,=0.0 eV (black broken line),
1,,=0.05 eV (blue chain line), and 7,,=0.2 eV (continuous red
line). The rest of the model parameters are fc,,,=0.0 eV, fc, =
-0.14 eV, tc,,=0.08 eV, 1,,,=0.14 eV, and p,=5 eV~

results are weakly dependent on U, revealing the noninter-
acting nature of the broad peaks around Er. When the lobe-
lobe interaction is finite (distorted molecule) the system en-
ters into the Kondo regime and the conductance reaches the
unit of conductance, while the Kondo resonance is narrowed
as U is increased, indicating its many-body character. Al-
though the actual value of the conductance depends on the
ratio of Co-tip hopping to Co-lobe hopping, the physics is
qualitatively similar (see Sec. IV for a more detailed discus-
sion of this issue).

Results for finite lobe-tip interaction, #;,=0.06 eV, are
shown in the left panels of Fig. 2. It is clear from this figure
that the Kondo peak which characterized the previous case
for finite lobe-lobe coupling has been replaced by a Fano dip.
Now, when the lobe-lobe interaction is zero, the dip shows
up as a rather broad minimum in the conductance apprecia-
bly shifted above the Fermi level. Switching on the lobe-lobe
hopping fixes the conductance minimum at the Fermi level
and substantially decreases its width. The conductance mini-
mum that shows up for #,,=0 is a consequence of quantum
interference between the different paths going across the
molecule to the tip. This is essentially a one body effect, as
its weak dependence on the value of U suggests. Instead for
finite lobe-lobe hopping, the Fano dip shows a stronger de-
pendence on U, becoming narrower as U is increased. This
and the dip being fixed at the Fermi level are the hallmarks
of the Kondo regime. Therefore, manipulating the lobe-lobe
interaction, the position and the global shape of the Fano dip
can be modified. It is interesting to note that, in the Kondo
regime, while the Fano antiresonance coexists with a broad
peak below the Fermi level, the Kondo peak in the case of

FIG. 3. (Color online) Transmission 7 (in units of the conduc-
tance quantum) versus energy E (in eV) for the Co uncoupled from
the gold surface, i.e., ¢, ,,=0. The rest of hoppings are as follows:
tCOJZO.S eV, ZC0,1=1'25 eV, ll,mzl CV, and, tu=2 eV (red) ll,lz
-2 eV (black). The energy is referred to the Fermi energy.

CoPc does not (compare left and right panels in Fig. 2). This
result is in line with experimental observations and is further
discussed below.

The crucial role played by the lobe-lobe coupling is fur-
ther illustrated in Figs. 3 and 4. In the case of CoPc, chang-
ing just the sign of the lobe/lobe hopping, which depends on
the symmetry of the molecular orbitals, the maximum in the
conductance, which lies just below the Fermi level (#,,>0)
as observed in the experiments* is shifted upward; actually,
the transmission is changed to T(—E) when the lobe-lobe
hopping changes sign (see Fig. 3). The transmission in the
case of TBrPP-Co undergoes a more dramatic change when
the sign of the lobe-lobe hopping is changed. Specifically,
the Fano dip which shows up for #;,> 0 is replaced by a line
shape somewhat similar to that reported in Ref. 25, when the

T(E) (2¢°/h)
© o o o
[y} B N oo

(=)

h)

E) (2e

FIG. 4. (Color online) Transmission T(E) (in units of the con-
ductance quantum) versus the energy E (in eV) referred to the
Fermi energy, calculated by means of the SB method (see text). The
parameters varied in the calculations are 7,,=0.2 eV (continuous
red lines), #,,=—0.2 eV (broken red lines), and #c,,=0.0 eV (a)
and fc,,=0.08 eV (b). The rest of the model parameters are U
=23 eV, 1£,=0.06 eV, fco=—0.14 eV, 1c,,=0.08 eV,
=0.14 eV, and p,,=5 eV~

tl,m
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sign of #;; is changed (see Fig. 4). This effect is caused by the
nontrivial internal structure of the molecule incorporated in
our model, and has no relation with “external,” probe-
related, parameters such as tip-lobes and tip-Co hoppings.
Changing the relative sign of ¢;; and ¢;, hopping modifies the
level structure of the molecule and may change its net spin,
driving the system in or out the Kondo regime (somehow as
it occurs in CoPc when f,,=0 and the magnitude of #; is
varied). On the other hand, these changes in the line shape
are similar to results found for Co adsorbed on metal sur-
faces: (i) the oscillation of the tunneling DOS reported in
Ref. 26 as the distance from the tip to the Co atom was
varied, and, (ii) the changes in the conductance as the density
of states of the metal substrate is varied.>> Despite this simi-
larity, most of the present results cannot be described within
the simplest version of the Fano interference model, where
the impurity has no internal structure.

These results illustrate the most essential feature of our
work: the role of the molecular lobes is not only to partici-
pate in the screening of the spin at the Co atom, as the
metallic surface does,!” but also contributing to change dips
into peaks>»?® or even to drive the system in/out the Kondo
regime. The net spin of the molecule, when adsorbed on a
metallic surface that acts as a reservoir, is distributed over
the whole molecule, not only on the Co atom, inducing a
behavior that differs from that of the isolated Co atom.

B. CoPc/Au(111)

The results depicted in Fig. 5 are of particular value in
identifying the origin of the emergence of the Kondo reso-
nance upon distortion of the molecule.* As remarked above,
the fact that the active d_2 Co orbital is in this case closer to
the Fermi level implies that the lobe-tip hopping is likely
much smaller than the Co-tip hopping, and, thus, it can be
neglected. We have chosen a set of parameters that differs
substantially from that in the preceding subsection to illus-
trate the rather weak dependence of the main results on the
model parameters. In order to see the influence of approach-
ing the lobes to the metal surface, while the Co atom moves
away from it in the distorted molecule, the results in the
figure correspond to either the Co orbital [Fig. 5(a)] or the
lobes [Fig. 5(b)] connected to the gold surface. In addition
we assume either noninteracting lobes (green continuous line
curves) or a finite hopping between lobes (red dashed line
curves). The first case represents the undistorted molecule
and the latter the distorted one. For comparison we also show
the results for the standard Kondo effect in which the Co is
decoupled from the molecule lobes (black curves). In line
with the results of Fig. 2, the most appealing results are the
following: when the molecule lobes do not interact no Kondo
effect shows up, while when lobes interact among each other
Kondo effect shows up with a critical temperature (which is
proportional to the peak width) larger than in the case of an
isolated Co atom.

We proceed now to discuss in some detail the origin of
this remarkable result which is likely related to quantum
interference.>!11227-31 To illustrate this assessment the phase
difference between the direct path from the gold surface to
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FIG. 5. (Color online) Transmission 7 (in units of the conduc-
tance quantum) versus the energy E (in eV) referred to the Fermi
energy (A,B), phase difference ® between the direct path from the
gold surface to the STM tip going through the Co atom, and the
path that passes through the molecule lobes (c) (see text) and charge
into the molecule and spin-spin correlations between Co-lobes and
Co-tip versus the lobe-lobe hopping (d). A: 1,,=0, fco,=tcom
=0.25 eV and 7c,;=1.25 eV; 1,,=0 (green continuous line), and
1;=2 eV (red dashed line). B: 1¢,,,=0, tc,,=0.25 eV, t,,=1 eV,
and, 1c,,=1.25 eV; 1;,=0 (green), and 7,;=2 eV (red). The stan-
dard Kondo resonance, obtained with tc,;=0 and fc,,=tcom
=0.25 eV (black), is plotted in both (A and B). C: phase difference
calculated for the parameters used in A. D: spin-spin correlation for
Co/lobes (continuous line) and Co/STM tip (broken line) and total
charge on the lobes plus Co (continuous blue line) versus 7;,, for the
parameters used in A. In all cases U=8 eV.

the STM tip going through the Co atom, and the path that
passes through the molecule lobes was calculated. This phase
difference can be derived from the following element of the
Green’s function:

GP(m,1) = g (m,1) + 4¢M(m,Co)2(Co, )G (1,1), (5)

where 2(Co,/) is a many-body self-energy that accounts for
the lobes/Co coupling, and lower case “g” are the Green’s
functions in the case that lobes and Co are decoupled. The
results shown in Fig. 5(c) are just the phase difference be-
tween the two terms in the right-hand side of Eq. (5). When
there is no hopping between lobes, the phase difference is =
indicating that the two terms may totally cancel each other,
as actually occurs.

An alternative way to look at this issue is to calculate the
local density of states (LDOS) on the Co atom that is ob-
tained from the diagonal element of the Green’s function.
When there is a finite coupling between the molecule lobes,
the diagonal element of the Green’s function on the Co atom
is
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G™(Co,Co) = (w — €)g™(Co,Co)
X[(w - €) + 3*(Co,l)g*(Co,Co)]™", (6)

where g*)(1,1’) is the Green’s function of the coupled lobes
in the absence of Co/lobe coupling. When there is no cou-
pling between the molecule lobes the latter Green’s function
takes the form

1
gL =——8,, (7)
w— €
where w is the energy referred to the Fermi energy, ¢ is the
energy of the orbital lobes, and &, is the Kronecker & func-
tion;

G™(Co,Co) = (w — €)g™(Co,Co)
X[(w— €) +3*(Co,1)g™(Co,Co)]™". (8)

It is readily seen that when the lobe orbitals lie at the Fermi
energy (€=0) the Green’s function G*)(Co,Co) vanishes at
that energy and, thus, the LDOS at the Co atom. A null
density of states at the Fermi energy on the strongly corre-
lated Co atom implies that no Kondo resonance should show
up, in accordance with the phase analysis. Full cancellation
of the two terms in the right-hand side of Eq. (5) is removed
when the lobe orbitals do not lie exactly at Ef, a result that
can be derived from Eq. (6). In this case no Kondo peak is
present but the DOS at the Fermi level is different from 0.
The conductance will be nonzero but no zero bias peak will
be present. When coupling between lobes is switched on, the
phase difference is no longer 7 [Fig. 5(c)] and the Kondo
resonance shows up [Fig. 5(a)] (eventually, if lobe orbitals
had nonzero energies, the peak would be situated at an en-
ergy close but different from zero). This results from the fact
that switching on that coupling opens new paths for the elec-
trons to go from the lobes to Co that contribute to the phase
difference. Besides, the peak becomes significantly widened
with respect to the standard Kondo effect (black curve in Fig.
5(a)) despite the fact that the molecule lobes are not con-
nected to the gold surface. This is a consequence of the hy-
bridization of Co and molecular lobe orbitals that increases
the density of states on the Co atom leading to a Kondo
temperature significantly larger than in the isolated Co atom.

Figure 5(d) shows the spin-spin correlation for Co lobes
and Co tip (a similar result is obtained for Co-Au). Remark-
ably, switching on the lobe/lobe coupling shifts the antifer-
romagnetic correlation from the Co/lobes to the Co tip (in
the undistorted molecule the spin on the Co orbital is
screened by the spin on the lobes). In addition, six electrons
are localized in the undistorted molecule (Iobes plus Co). In
this structure, when #;;,=0, the atomic level of Co pushes
down the four noninteracting lobe levels becoming the mol-
ecule charged with six particles due to its coupling with the
leads. This indicates that when 7, is zero the net spin in Co
is screened by the lobes, occupied with five particles, pre-
venting its Kondo coupling to the leads. The molecule charge
is reduced down to five when the lobe/lobe coupling is
switched on [see Fig. 5(d)], because its effect is to push up
some of lobes levels. In this case the lobes, occupied with
four particles, cannot screen the spin at the Co atom, which
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is now Kondo coupled to the leads. These results are consis-
tent with the existence (absence) of a magnetic moment on
the distorted (undistorted) molecule derived from the ab ini-
tio calculations reported in Ref. 4. The net spin is distributed
over all the molecules. A similar result is obtained if a three
lobe, instead of four, configuration is considered, indicating
that the results do not depend on the number of electrons in
the cluster. We believe that the mechanism hereby put for-
ward for switching on and off the Kondo resonance may
apply to a variety of situations.

Cutting out the bond between Co and the gold surface,
and switching on those from lobes to gold, does not qualita-
tively change these results. Again, as shown in Fig. 5(b), in
the absence of lobe-lobe coupling, no Kondo effect shows
up. We note that even though the lobes-Au surface hopping
in Fig. 5(b) is much higher than the Co-Au surface hopping
used to obtain the results of Fig. 5(a), the width of the reso-
nance is similar, albeit the peak height is considerably
smaller (compare the red curves in those two figures). These
results suggest that providing more ways to hybridize the
atomic orbitals on the magnetic molecule to the continuum
states (as may be in principle occur due to coupling of lobes
to the gold surface) may not always be beneficial as far as the
Kondo effect is concerned. It is finally noted that, as opposed
to the results shown in Fig. 2, those depicted in Fig. 5 do not
show two peaks close and around the Fermi level. This is
probably due to the much larger relative value of the Co-lobe
hopping taken to obtain the latter results.

C. TBrPP-Co/Cu(111)

As remarked above, one of the most interesting aspects of
these molecules is that while in the case of CoPc a Kondo
peak was observed, in the experiments on TBrPP-Co the
conductance showed a Fano dip,9 as in isolated Co atoms
adsorbed on metal surfaces.!”%3233 One of the main goals of
our simplified model is to describe both systems in different
parameter regions, giving a clear insight of the physics in-
volved in each case. In this subsection we present results that
were obtained using ECA and SB methods mainly addressed
to further illustrate the origin of the Kondo effect in these
systems.

As argued above, the fact that the active d,2 Co orbital is
much deeper in TBrPP-Co implies that its coupling to the
STM tip orbital is substantially smaller than in CoPc. As a
consequence, the coupling lobe-tip may become comparable
to the coupling Co tip and can no longer be neglected as
done in the case of CoPc. The consequences of this compe-
tition are further illustrated in Fig. 6. As shown in the figure,
that competition is actually responsible for the transition
from Kondo peak to Fano dip at zero bias. In order to make
more apparent the crossover and compare with the analysis
of Ref. 12, we took fc,,,=0 (more realistic results are ob-
tained taking a finite 7, ,, see Sec. IV). To further illustrate
this point we have calculated the nondiagonal elements of
the density matrix using the standard expression

G™(i.j;E)dE, )

—00

1
P(i.j) = Py

where G<(i,j;E) is the lesser Green’s function of the whole
system. The results shown in Fig. 6(c) indicate that P(Co,r)
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FIG. 6. (Color online) Upper panels: transmission 7(E) (in units
of the conductance quantum) versus the energy E (in eV) referred to
the Fermi energy, calculated by means of the SB (a) and the ECA
(b) methods (see text). Results for #;,=0 (violet chain line) 7,
=0.08 eV (continuous red line) are shown. (c) Nondiagonal ele-
ments of the density matrix versus 7;, as calculated by means of the
SB approach. (d) Spin-spin correlation versus #;, calculated by
means of the ECA method. The rest of the parameters used in the
calculations are f¢,,=0.08 eV, 1¢,;=-0.14 eV, 1¢,,,=0, 1;,=
-0.2 eV, 1,=0.14 eV, U=1.6 eV, and p,,=5 eV

is strongly reduced and tends to zero as the lobe-tip hopping
becomes f;,>1c,;, triggering the crossover from a Kondo
peak to a Fano dip. Therefore, the current flowing from Co to
the tip reduces significantly, because the direct processes
from Co to tip are suppressed. There is also a small reduction
in P(Co,l), that, however, remains significantly greater (in
absolute value) than P(Co,r) for #;,>1c,,. Consequently, a
destructive interference among the electrons going directly
from the tip to the metal through the lobes and those per-
forming the same trajectory but visiting the Co atom, is in-
duced, the last path being possible due to the Kondo reso-
nance located at the Co atom. The effect is somewhat similar
to that occurring in a correlation impurity side connected to a
linear chain.

The results for the spin-spin correlation calculated with
the ECA method shown in Fig. 6(d) clearly indicate that the
strong antiferromagnetic correlation between Co and the tip,
characteristic of the Kondo regime for ¢, ,>1;; (Ref. 12), is
destroyed as 7, increases. In this case the Kondo regime is
driven by the Co-lobe correlation that remains always anti-
ferromagnetic. It should be noted that the spin-spin correla-
tion changes abruptly because it corresponds to the isolated
cluster which is exactly diagonalized when the ECA method
is used. Results obtained by means of either SB or ECA
methods [Figs. 6(a) and 6(b)] only differ at a quantitative
level even away from the Fermi energy where, presumably,
the SB method may not to be a good approximation. This
indicates that at large energies, the relevant features of the
transmission are well described by molecular levels associ-
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ated to the noninteracting lobes rather than to the strongly
correlated Co atom. The noticeable technical differences be-
tween the two approaches make this agreement particularly
relevant. On the other hand, once confirmed that SB is reli-
able also at energies away from the Fermi level, this ap-
proach can be used for a simple implementation of out-of-
equilibrium Keldysh formalism.?* Thus, the results discussed
in Sec. IV were all obtained with that method. In the case of
the Fano dip, we note the presence of a broad peak at around
—0.5 eV. This peak almost coincides with that observed ex-
perimentally at —0.7 eV that was ascribed to the d,2 orbital,
the one probably responsible for the strong correlation ef-
fects discussed here. However, such broad peak seems not to
come from a pure Co level, as it is weakly connected to the
leads. As just mentioned, we believe its origin to be associ-
ated to the noninteracting lobe orbitals. It should be noted
that the latter peak shows up below E whenever both 7,; and
fco, are negative. If they are assumed to be positive the re-
sults change to T(—E) and if only one of them is negative the
transmission is modified resembling less the experimental
observations (a wider dip and a narrower peak below Ep, see
above).

IV. FURTHER ANALYSIS OF THE TBrPP-Co/Cu(111)
SYSTEM

A. Effects of neighboring molecules

In this subsection we analyze the effects of the density of
states at the substrate surface on the Fano dip.® As suggested
by the authors of Ref. 6, and already remarked above, mol-
ecules around a given one remove the Cu(111) surface state,
thus reducing the local density of states p,, available for
charge flow. Then, the larger the number of nearest neighbors
nn the smaller p,,. The Kondo temperature may also depend
on p,, in a way difficult to anticipate in such complex system.
The effects of varying p,, on the Fano dip are illustrated in
Fig. 7. In these calculations we have taken a value of 7, ,,
similar to that of f¢,, as it seems more realistic. Results for
the transmission versus energy are shown in the upper panel,
whereas the differential conductance versus bias voltage is
shown in the lower panel. The latter was calculated by
implementing Keldysh formalism into the SB approach.'® It
is noted that the two results are remarkably similar, as ex-
pected whenever the bias voltage is not very large.>* At large
voltages, peaks could be shifted, but qualitatively good
agreement is also found. This supports the validity of the
comparison of the transmission T(E) with the experimental
results. As shown in Fig. 7, increasing p,, widens the Fano
antiresonance, and thus increases the Kondo temperature, as
reported in Ref. 6. A rather different effect that is observed in
Fig. 4 is the shifting of the dip peak to higher voltages. This
shift was also observed in Ref. 6, although, unfortunately, a
well defined tendency was not reported. We also note
changes in the shape of the dip (particularly in the relative
height of the left and right shoulders) also observed in the
experimental study of Ref. 6. It should be noted that the
values chosen for the couplings of the tip with Co and the
lobes are surely too large; however, the shape of the curves
remains unchanged if both are equally rescaled!” [see dotted
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FIG. 7. (Color online) Transmission T(E) (a) and differential
conductance dI/dV (b) in units of the conductance quantum, versus
either the energy E referred to the Fermi energy or the bias potential
Viias (in €V) as calculated by means of the SB method. Results for
three values of the metal density of states p,, are shown. The rest of
the model parameters are f¢,,,=0.04 eV, t¢,,;=-0.14 eV, ¢,
=0.04 eV, 1,;=-0.2 eV, 1,,=0.14 ¢V, 1,=0.03 eV, and U
=1.6 eV. The dotted line in (a) depicts transmission results ob-
tained with p,,=6.25 eV~!, 1,,=0.006 eV, and t¢,,=0.008 eV (the
rest of the model parameters as above), amplified by a factor of 675.

line in Fig. 7(a)]. Such large values were taken to reduce
numerical errors due to the low values of the current.

B. Effects of molecule conformation:
Planar versus saddle conformations

In order to analyze the differences between the conduc-
tance through either the saddle or the planar conformations
reported in Ref. 6 and summarized above, we choose actual
numerical values of the parameters to reproduce the main
features seen in the conductance curve for the planar confor-
mation (see Ref. 13 for details). Then, we investigate the
effects of molecule conformation, leaving up to some extent
free a single parameter: the coupling between the four mol-
ecule lobes. In particular, while the lobe/lobe hopping for the
planar conformation was taken to be #,;,=0.2 €V, as in Ref.
13, this value was rescaled for the saddle conformation in
accordance with the changes in the lobe-lobe distance d re-
ported in Ref. 6 and assuming that the lobe orbitals were
p-like, that is, scaling hopping as d~3, see Ref. 35 (scaling
with a smaller power reduces the effects discussed here). The
constant self-energy attached to the STM tip, the metal site
below Co and the lobes was E(J‘Ez): F+0.2i eV (the only role
played by this parameter is to control the peaks widths in the
conductance and the density of states).

An important issue is the way the applied bias voltage
drops at the STM tip/molecule and at the molecule/metal
surface contacts, a question whose answer would require a
full ab initio calculation. Up to now we have assumed the
molecule (Co atom plus four lobes) to be equipotential and
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FIG. 8. (Color online) Differential conductance versus bias volt-
age V (in eV) at small (left panels) and large (right panels) voltage
scales. The potential was assumed to drop entirely at the tip/
molecule contact. Results for 7, ,,=0 (red broken lines) and fc,,
=0.2 eV (black continuous lines) are shown. Upper panels: planar
configuration (lobe-lobe hopping #,,=0.2 eV). Lower panels:
saddle configuration (lobe-lobe hopping #;,=0.56 eV and 0.13 eV,
see text). The rest of the model parameters are fc,,=1,=
-0.008 €V, 1¢,;=0.16 eV, and U=1.6 €V.

the whole voltage drop to occur at the STM tip/molecule
contact. Here we keep the assumption of an equipotential
molecule and explore three cases: (i) the whole drop at the
STM tip/molecule contact, (ii) one fourth of the drop at the
molecule/metal surface, and (iii) half drop at each contact.
We first discuss the results corresponding to case (i) mainly
for two reasons: (a) apparently this is the assumption most
consistent with a STM tip weakly coupled to the molecule,
and, (b) it gives a conductance versus voltage proportional to
the transmission versus energy at zero bias voltage.

Figure 8 shows the conductance versus bias voltage for
the molecule in the planar and saddle configurations. In order
to highlight the structure around the Fermi level, curves are
depicted over small and large voltage scales. Besides, results
for two values of the Co/metal hopping are reported. We first
note that the Fano dip at Er narrows when the molecule is
distorted. As shown in Ref. 6 the distortion occurs in such
way that the relative increase in the two noncontiguous dis-
tances is smaller than the relative lowering of the other two.
This means that, on average, lobe-lobe hopping has been
increased. Therefore, the levels of the four interacting lobes
become more separated after distortion, diminishing their
contribution to the density of states at the Fermi energy. As a
consequence, the width of the Fano dip decreases. Note that,
had the distortion been the opposite (a relative lobe-lobe dis-
tance increase larger than the relative decrease) the Fano dip
had widened. We have verified this result, which is one of the
predictive conclusions of our model.

Another relevant observation derived from Fig. 8 con-
cerns the role played by the coupling between Co and the
metal surface: the results indicate clearly that it is not an
important parameter of the model. The large conductance
peak at around —0.5 eV corresponds to conduction through
hybridized Co-lobes orbitals. It is noticeably decreased and
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FIG. 9. (Color online) LDOS versus energy at Co (left panels)
and lobes (right panels) orbitals. Upper panels: planar configuration
(lobe-lobe hopping 7;;=-0.2 eV). Lower panels: saddle configura-
tion (lobe-lobe hoppings —0.56 eV and —0.13 eV, see text). The
rest of the parameters are fc,,,=0.04, 1¢,,=1;,=-0.008 €V, t¢, ;=
-0.16 eV, and U=1.6 eV.

shifted to lower energies when the molecule is distorted, no
matter the actual value of the Co/metal hopping. Apparently,
Co is tightly bound to the molecular lobes, which in turn are
always bound to the metal surface (this is so even when the
link between Co and metal surface is weakened). Therefore,
shifting and depleting this peak in the conductance strongly
depends on the inner structure of the molecule, and only
slightly on the direct coupling between Co and metal surface.

This behavior is reflected also in the LDOS at Co and at
the lobes (see Fig. 9). The four levels associated to the lobes
when they are not coupled to the Co orbital are (we write
only the sign of the weight of each state on each lobe): a
fully symmetric level (FS)(+,+,+,+) with energy 2#1,,,
two antisymmetric levels (AS)(+,0,-,0) and (0,+,0,-)
with energy 0 and a fully antisymmetric level (FAS)(+,—,
+,-) with energy —2:¢;;. Only the FS wave function is hy-
bridized with Co orbital at —U/2 (see LDOS on Co at the left
panels in Fig. 9) and contributes to the conductance. It is thus
the origin of the broad peak around —0.5 eV in the differen-
tial conductance for the planar configuration. In the distorted
molecule this peak shifts down and becomes wider, as can be
seen in the lower panels of Fig. 9. This is so, because the
mean lobe-lobe distance is reduced upon distortion, increas-
ing the mean lobe-lobe hopping probability and reducing the
DOS at the Fermi level. Note also that the Kondo peak at Co
becomes narrower as the molecule is distorted. In addition,
the symmetry of levels associated to lobes changes in such a
way that their coupling to tip and Co is reduced. Conse-
quently, the peak in the transmission curve is also reduced.
An inverse distortion of the molecule (i.e., decreasing the
mean value of the lobe-lobe hoppings) would have had the
opposite effect, namely, shifting up the broad peak below the
Fermi level and widening the Kondo resonance.

The above results differ from the experiments in that only
the peak at —0.5 eV shows up (see Fig. 8). If our analysis is
correct, the symmetry in the experimental results (peaks at
+0.5 eV) may indicate a more symmetric distribution of the
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FIG. 10. (Color online) Differential conductance versus bias
voltage V (in eV) for the planar (black continuous lines) and saddle
(red broken lines) configurations. Left panel: the bias voltage drops
75% at the STM tip/molecule junction and 25% at the metal/
molecule junction. Right panel: the bias voltage drops equally at the
STM tip/molecule and metal/molecule contacts. In the planar con-
figuration all lobe-lobe hoppings are 7;;,=0.2 eV, while in the
saddle the two hoppings are 0.56 eV and 0.13 eV (see text) The rest
of the parameters are f¢,,,=0.04, f¢,,=1;,=-0.008 eV, 1y,
=0.16 eV, and U=1.6 eV.

voltage drop. Thus, as we do not know how the actual drop is
(it would require a full ab initio calculation) we hereby re-
port and discuss results for other potential drops and in par-
ticular for the symmetric one. Results obtained in the latter
case are shown in the right panel of Fig. 10. A two-peak
structure, similar to that observed in Ref. 6, results. This
structure would be a consequence of the symmetric drop of
the bias potential along the metal-molecule and molecule-tip
junctions. These broad peaks are shifted down and up for the
saddle configuration. Note that, although qualitatively simi-
lar to the results shown above, the effect of the molecular
distortion is amplified when the bias voltage drops symmetri-
cally (compare shiftings in Fig. 10 right panel with right
upper and lower panels in Fig. 8). Finally, Fig. 10 shows
results for the differential conductance when the voltage
drops 75% at the tip/molecule and 25% at the metal/
molecule contacts, to further illustrate the strong dependence
of the results on the voltage distribution.

V. CONCLUDING REMARKS

Summarizing, a simple model has allowed us to account
for the main features of the Kondo regime observed either as
a Fano dip in TBrPP-Co/Cu(111) or as a Kondo peak in
CoPc/Au(111). They are mostly consequence of the internal
structure of the molecules which is incorporated into our
model in a simplified way. In the case of CoPc/Au(111) we
have been showed'? that (i) quantum interference between
STM tip/Co/lobes/metal surface and STM tip/Co/metal sur-
face paths controls the entrance into the Kondo regime, and,
(ii) hybridization of the Co atomic orbital with the molecular
lobes increases the DOS on the Co atom, thus leading to a
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Kondo temperature significantly larger than in the case of
isolated Co. Our results are compatible with those obtained
in Ref. 4 by means of ab initio calculations, particularly in
what concerns the introduction of a net spin in the molecule
that dehydrogenation produces. TBrPP-Co/Cu(111) results to
be more complicated: the plausible higher value of the STM
tip/lobes hopping (in relation to the STM tip/Co hopping),
due to a different atomic environment of Co in this molecule,
opens an additional path that increases the number of agents
playing a role in quantum interference. However, the role of
the lobes is crucial in both cases. We showed that changing
the sign of the lobe/lobe hopping it is possible to change a
Fano dip into a Kondo resonance, even when Co/tip and
lobes/tip hoppings are of the same order of magnitude. The
sign and magnitude of these parameters are determined by
the electronic structure of the molecule, therefore allowing to
simulate different kinds of molecules and behaviors within
the same framework. It is worth pointing out that these ef-
fects are a consequence of the internal structure of the mol-
ecule incorporated in our simple model and could never be
accounted for by the simplest version of the model used to
discuss Fano interference.

The model not only allows to discuss the physics around
the Fermi level in the Kondo regime, but also accounts for
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features in the experimental conductance below and above
the Fermi level that coexist with the Fano dip, or does not
exist when the transmission shows a Kondo peak. These fea-
tures are associated to the noninteracting orbital structure of
the molecular lobes (with some weight on Co orbital) rather
than to levels fully localized at the Co atom. We have also
been able to confirm the role of the surface density of states
in defining the shape of the Fano dip suggested in Ref. 6.
Our analysis illustrates the usefulness of simple models in
systems where strong correlation effects preclude full ab ini-
tio studies.
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