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Intramolecularly resolved Kondo resonance of high-spin Fe(II)-porphyrin adsorbed on Au(111)
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Using cryogenic scanning tunneling microscopy, we measured the electronic states and Kondo resonance of
single Fe(II)-porphyrin molecules adsorbed on a Au(111) surface with intramolecular resolution. We found that
the Fe(Il) ion introduces a spin-polarized molecular state near the Fermi level. Tunneling spectroscopy revealed
that this state gives rise to Kondo resonance exhibiting characteristics different from those of the Fe(Il) spin
state. Spin-polarized density functional theory calculations revealed that the molecule was weakly adsorbed on
the surface, yet still switches its spin configuration from S = 1 to 2. The spin switching was found to be driven
by three effects: a structural distortion of the macrocyclic ring from planar to saddle shaped, a weak chemical
bonding between the Fe and the Au surface atom underneath, and weakened Fe-N bonds due to Au(111)-molecule

charge transfer.
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I. INTRODUCTION

Ferrous porphyrins Fe(I)P have attracted intensive atten-
tion because of their potential technological applications and
their structural similarity to chlorophyll and hemoglobin [1].
In gas phase, Fe(Il) in FeP or Fe-phthalocyanine (FePc) is
at an intermediate spin state of S = 1 [1-4]. The spin state
of the ferrous porphyrins can be switched under changes of
external environment such as temperature, pressure, light, and
external ligands [4]. An alternative approach to achieving
spin switching is to adsorb the molecule on a substrate.
The underlying mechanisms include chemical interaction
between Fe ion and substrate, by which the substrate forms
a chemical bond with the Fe ion [5,6] and charge transfer
[7,8]. Attachment of an axial ligand at Fe may also induce
spin switching [9,10]. Recently, Bhandary et al. predicted that
a strain-induced change of the spin state from S = 1 to 2 takes
place in FeP when the molecule is adsorbed at a divacancy
site in graphene [11,12]. The effect relies on a strong binding
between the FeP and the substrate through the defect site.
Here, we report on a different but simple way of realizing spin
switching in FeP : to adsorb the molecule on a flat Au(111)
surface. We demonstrate that although the FeP molecule does
not form a strong chemical bond with the substrate and the Fe
ion preserves its 3d% configuration in the adsorbed molecule,
the Fe(Il) spin state still switches from S = 1 to 2. We found
that the spin switching was driven cooperatively by multiple
mechanisms, including (1) deformation of the macrocyclic
ring, (2) Fe — Au(111) interaction, and (3) weakened Fe-N
bonds, when the molecule is adsorbed on the surface.

Experimentally, the spin states of surface-adsorbed FeP and
FePc have been probed by spin-polarized scanning tunneling
spectroscopy (SP-STS) [13,14] and x-ray magnetic circular
dichroism [15-20]. Kondo effect, an effect associated with spin
flipping by screening electrons, has been used to probe the spin
state of the surface-adsorbed FePc molecules [21-25]. Herein
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we use STS to probe the intramolecular spatial distribution
of the Kondo resonance of FeP molecules synthesized by
on-surface Fe metalation of free-base porphyrin on Au(111).
We found that the Kondo resonance at the central Fe ion
and the macrocyclic ring exhibit different Kondo temperatures
and different Kondo line-shape factors. Spin-polarized density
functional theory (SP-DFT) calculations revealed that the
Kondo resonance extending to the macrocyclic ring orig-
inates from spin-split coupling between Fe and porphyrin
macrocyclic ring, which creates a spin-polarized molecular
state lying near the Fermi level. This state is a hybridized
state of the highest occupied molecular orbital (HOMO) of
the free-base porphyrin with a Fe3d orbital. Moreover, the
theory concluded that Fe(Il) is at a high-spin state and the
intramolecularly resolved spatial distribution of the Kondo
resonance corroborated this picture.

II. EXPERIMENTAL AND THEORETICAL METHODS

The experiments were performed in an ultrahigh vacuum
scanning tunneling microscope system (Omicron Nanotech-
nology). A single-crystalline Au(111) surface was cleaned by
sputtering and annealing cycles. 5,15-bis-(4-bromophenyl)-
10,20-diphenyl porphyrin (H,TPP) molecules were deposited
using an organic molecular evaporator on the Au(111) surface
which was held at room temperature. Fe atoms were deposited
using an e-beam evaporator on the sample to metalate the
free-base H,TPP. STM measurements were conducted at
4.9 K. A lock-in amplifier was used to acquire tunneling
spectra. The modulation frequency was set at 1.5 kHz and
the modulation voltage was set at 2mV (20 mV) for acquiring
Kondo (molecular states) spectra.

DFT calculations were performed on an Au(111)-(8 x 8)
surface with three atomic layers in the slab model. Structural
optimizations adopted gamma-point-only K sampling. While
for electronic-structure simulations, including projected den-
sity of states (PDOS) curves and constant PDOS contour maps,
4 x 4 x 1 K—point sampling and a Gaussian broadening of
0.02eV were used. Both PBE [26] and an optimized version
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of van der Waals (vdW) density functional [27] computations
were performed. With vdW interaction, the H, TPP adsorption
height is 3.82 A, while without vdW interaction the height is
5.93 A which is far too large. Thus, the vdW functional gave
more accurate adsorption height and the corresponding results
were used. For FeTPP, these two functionals gave similar
adsorption heights; and, in convenience to make comparing
with similar systems in literature [28], the spin-polarized PBE
results were present. The Hubbard U term was added to
describe the transition-metal ion [29]. An effective U, U —
J =6.0eV was obtained via artificial matching theoretical
PDOSs to the experimental tunneling spectra (d1/d V'), which
was confirmed by the linear-response theory [30], giving
an effective U = 5.6eV. U values in the range of 3-6eV
by matching results in literatures and from computational
consideration were used in gas-phase molecule calculations
[31,32]. The main computations were carried out with VASP
package [33,34]. The plane-wave cutoff energy is 400 eV. The
Hubbard U was evaluated with Quantum Espresso [35].

III. RESULTS AND DISCUSSION

After thermal annealing at 100°C, FeTPP molecules
were synthesized through on-surface metalation of H,TPP
molecules with Fe [36-38]. The FeTPP molecules either
formed close-packed islands, as shown in Fig. 1(a), or were
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FIG. 1. (Color online) (a) STM topograph (—1.0V, 0.3nA) of
on-surface-synthesized FeTPP molecules in a close-packed island.
The dashed line indicates the main axis. A structural model is overlaid
on one of the molecules. (b) Site-specific d1/dV spectra measured at
the points marked in (a) following the same color coding, and at the
center of a H,TPP in (f). The spectra are shifted vertically for clarity.
(c)—(e) STS images of a single FeTPP molecule at the indicated bias
voltages. (f)—(h) STM topograph (—1.0V, 0.3nA) and STS images
at the indicated bias voltages of a single H,TPP molecule. The scale
bars are 1 nm and (c)—(h) are in the same scale.
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adsorbed on the surface as single molecules. Note that
the structural and electronic characteristics of FeTPP are
independent of the molecular organization. At a bias voltage
of —1.0V, the molecules show C,, symmetry with a central
maximum sandwiched between two shoulder features. We
refer to the high-symmetric axis that passes through the central
maximum and the two shoulders as the main axis as indicated
by the dashed line in Fig. 1(a). Figure 1(b) shows site-specific
tunneling spectra (d1/d V') measured at three locations along
the main axis of a FeTPP molecule as marked by blue, red,
and black dots in Fig. 1(a). The d1/dV spectrum from the site
at the center (the black curve) shows a shoulder at —1.1V, a
dip at the Fermi level, a steplike feature at 0.2 V, and a peak at
1.4V.The dI/dV spectra from the sites at the two sides show
an asymmetric peak at —1.1V, a salient peak at 1.4V, and a
sharp peak at 0.2 V. Figures 1(c)-1(e) show energy-resolved
STS images of an isolated FeTPP molecule acquired at the
three d1/dV peak energies, namely, —1.1, 0.2, and 1.4 V. The
—1.1-and 0.2-V STS images are nearly identical, showing two
triangular-shaped protrusions at the two opposite pyrrole rings
along the main axis and a dim dot at each of the four corners.
The 1.4-V STS image shows a four-leaf clover pattern with
two nodal planes along and perpendicular to the main axis. All
three STS images display C,, symmetry.

For comparison, we present the STM topograph, d1/dV
spectrum, and STS images of a free-base H,TPP molecule.
In the STM topograph [Fig. 1(f)], the molecule center is not
a protrusion but a depression, corroborating an unmetalated
macrocyclic core. A d1/dV spectrum measured at the molec-
ular center is shown in Fig. 1(b) bottom. It has two peaks at
—0.8 and 1.6 V, corresponding to the HOMO and the lowest
unoccupied molecule orbital (LUMO), respectively (see later
discussion). The spectra acquired (not shown) at the two sides
show similar features to that acquired at the center. The STS
images acquired at —0.8 V [Fig. 1(g)] and 1.6 V [Fig. 1(h)] are
comparable to the —1.1- and 1.4—V STS images of FeTPP,
implying that the latter two states can be traced to the former
two states, respectively. Fe metalation slightly down-shifts the
HOMO (by 0.3 V) and LUMO (by 0.2 V) of H,TPP. Note that
around the Fermi level there are two new features emerged
at FeTPP in contrast to HyTPP: a peak at 0.2V and a dip
at the Fermi level. We attribute these new features to the Fe.
Interestingly, this 0.2-V state is not localized at the central Fe
but instead extends to the two pyrrole rings along the main
axis, which resembles the shape of H,TPP HOMO [38].

The dip feature at the Fermi level can be attributed to the
Kondo effect arising from the interaction between the spin
state of the Fe center in FeTPP and the screening electrons
[21-25]. Our measurements show that the Kondo resonance
of FeTPP is independent of the molecular adsorption site or
the supramolecule assembly structure, which is in contrast
to previous studies of FePc or CoTPP on Au(111) [23,39].
To resolve intramolecular Kondo features, we measured
tunneling spectra along the red (main axis) and blue axes
in Fig. 2(a). The spatially resolved spectra are plotted in
Figs. 2(b) and 2(c). The spectra can be fitted by a Fano

2
function [40] j—{, = A% + y9, in which A is the

amplitude of the Kondo resonance, g the line-shape factor,
xo the energy shift of resonance center from the Fermi level,
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FIG. 2. (Color online) (a)—(c) Spatial evolution of normalized
Kondo resonance in a FeTPP molecule. Spectra in (b) and (c) are
measured along the red (main axis) and blue dashed lines in (a),
respectively. The Fano fitting is shown by red and blue curves.
(d) Spatially resolved normalized magnitude A/yy, line-shape factor
g, and Kondo temperature Tk derived from the Fano fitting of the
spectra in (b) and (c) following the same color coding. (e), (f)
2D g and Tk maps (2.0 x 2.0 nm?).

yo the background d1/dV signal, and I = kgTx the width
of the resonance, where kp is the Boltzmann constant and
Tk is the Kondo temperature. The spatial evolution of the
normalized amplitude A/yo is plotted in the top panel of
Fig. 2(d). Generally speaking, amplitude of Kondo resonance
depends on the tip lateral position offset from the scattering
center (magnetic impurity or the spin-polarized states in our
case) and the spin density underneath the tip [28,41]. In Fig. 2,
the amplitude variation occurs within a molecule, so the effects
from tip lateral position offset can be ignored. We attribute
the spatial variation of Kondo resonance amplitudes to the
spatial distribution of spin states within the molecule. Along
the red (main) axis, besides a central maximum there are two
maxima at the pyrrole rings with even higher intensity than
the central maximum. Apparently, the two side maxima are
not contributed by the central Fe ion, but by the spin-polarized
molecular states at the pyrrole rings [39].

The line-shape factor ¢ and the Kondo temperature 7, plot-
ted in the middle and bottom panels of Fig. 2(d), respectively,
also display intramolecular spatial variation. Specifically, g
takes a value of ~—0.4 at the molecule center, i.e., at the
Fe ion, whereas at the two pyrrole rings along the main axis
q takes a value of ~+0.4. The absolute value of g reflects
the competition of two tunneling channels of tunneling to
the spin state and to the continuous state. The sign of ¢
is determined by the interference phase between the two
tunneling channels [42,43]. Sign inversion of ¢ may happen
when the tip is laterally off a single magnetic impurity or
when the tip is positioned at different magnetic centers. For
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a single magnetic impurity on Au(111), the line-shape factor
changes its sign when the tip is ~1.6 nm laterally off the
impurity owing to the surface band structure [44,45]. The
observed line-shape variation within single FeTPP molecules
is about a quarter of this distance. Thus, we rule out the surface
band contribution but rather attribute the sign inversion of g
to different scattering centers within a molecule. The sign
inversion of g at the Fe center versus that at the pyrrole
rings suggests the spin states at the Fe ion and those at
the pyrrole rings are of different characteristics. The Kondo
temperature falls in the range of 150-170 K at the molecule
center and in the range of 120-130 K at the pyrrole rings.
This contrast may reflect that (1) the coupling between the
itinerary electrons and the Fe spin state is different from that
between the itinerary electrons and the molecular spin state,
and/or (2) the Fe spin density is different from the molecular
spin density [39,46,47]. The spatial distributions of the three
Kondo resonance parameters (normalized amplitude, line-
shape factor ¢, and Kondo temperature) are symmetric with
respect to the two perpendicular molecular axes, corroborating
the molecule’s C,, symmetry.

Figure 2(e) is a two-dimensional (2D) ¢ map (constructed
by acquiring point-by-point tunneling spectra in a 50 x 50
grid over the molecule), showing a minimum with a negative
value at the molecule center, and two maxima with positive
values at the two pyrrole rings along the main axis. Figure
2(f) is a 2D T; map, showing higher 7; at the molecule
center and lower 7 at the two pyrrole rings along the main
axis. The 2D maps can be viewed as a superposition of two
components. One component can be attributed to the Fe spin
state which is located at the molecule center, contributes
negative g and higher T} (150-170 K). The other component
can be attributed to the spin-polarized molecular state at 0.2 V
[cf. Fig. 1(d)] which matches the Kondo resonance spatially
[41]. This state is located at the two pyrrole rings, contributes
positive g and lower T;(120-130K). In the following, we
present the results of SP-DFT calculations to substantiate this
assignment.

DFT optimized structures of FeTPP and H,TPP adsorbed
on the Au(111) substrate are shown in Figs. 3(a) and 3(h),
respectively. In gas phase, both molecules have a planar
macrocyclic ring with D4, symmetry, whereas upon adsorption
on Au(111), both molecules adopt a saddle-shaped conforma-
tion with C,, symmetry [48]. The structural distortion can
be clearly seen in the enlarged view of an adsorbed FeTPP
[Fig. 3(b)] and a free one [Fig. 3(c)]. The macrocyclic ring
of the free FeTPP is planar and the Fe rests at its center.
In the adsorbed FeTPP, the two opposite pyrrole rings tilt
upward [the arrows in the up panels in Figs. 3(a) and 3(h)
point the up-titled pyrrole rings. The side views shown in the
bottom panels follow the arrows’ direction], while the other
two pyrrole rings tilt downward. Additionally, the central Fe
shifts slightly downward, resulting in a pyramidal coordination
geometry in which the Fe-N bonds are 2.06 A, being elongated
as compared to 1.96 A in the free molecule [6,11]. The Fe is
2.98 A above the Au atom, within the range for weak Fe-Au
binding. Bader charge analysis and 3d orbital occupation of
the free and adsorbed FeTPP are shown in Table I. Note that
the charge values are not absolute charges, but are still useful
for comparison. The Fe in the free FeTPP is less positively
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FIG. 3. (Color online) DFT optimized structure of FeTPP (a) and H,TPP (h) adsorbed on a three-layer Au substrate (only the top layer is
shown). (b), (c) Magnified side views of an adsorbed FeTPP and a free FeTPP showing the structural deformation of the macrocyclic ring upon
adsorption. (d) PDOS of free FeTPP, adsorbed FeTPP and adsorbed H,TPP (vertically shifted for clarity). (e)—(g) Constant PDOS contour
maps of FeTPP at the indicated energy. (i), ( j) Constant PDOS contour maps of H,TPP at the indicated energy.

charged as compared to the adsorbed one (+0.68 e vs +1.28 e)
Nevertheless, 3d orbital occupations of the two species are
similar, namely, 6.21 (6.07) for the adsorbed (free) FeTPP,
evidencing that the Fe is of 3d® in both configurations.

The calculated projection densities of states (PDOS) of
H,TPP [bottom curve in Fig. 3(d)] have two single peaks
at —0.8 and —0.25eV, and double peaks at 1.2/1.3eV. The
—0.25eV peak corresponds to HOMO and the 1.2/1.3eV
peak LUMO. The PDOS of FeTPP [middle curve in Fig. 3(d)]
has two major peaks at —0.6/—0.7eV and —0.3 eV, a series
of peaks around ~1.3eV, and double peaks at the Fermi
level. Figure 3 also presents the equal density contours
at the indicated energies (denoted as PDOS maps) of the
two molecules. The constant PDOS contour map of FeTPP
at —0.3eV [Fig. 3(e)] exhibits a pattern resembling the
H,TPP HOMO [Fig. 3(i)], displaying two maxima distributed
at the two up-tilted pyrrole rings and a dim dot at each
of the four corners. Compared with the experimental STS
images shown in Figs. 1(c) and 1(g), these maps capture the
characteristic features of the —1.1-V state of the FeTPP and

TABLE I. Bader charge analysis (units in e) and Fe 3d orbital
occupation of FeTPP in four configurations. Positive values mean
lose electrons.

FeTPP Fe TPP  Ausub. Fe3d Occup.
Free planar (S = 1) 0.68 —0.68 6.07
Free saddle (S = 1) 1.05 —1.05 6.19
Free saddle (S = 2) 1.29 —-1.29 6.02
Adsorbed saddle (S =2) 128 —-0.86 —0.42 6.21

the —0.8-V state of the H,TPP. The constant PDOS contour
maps of FeTPP at 1.3eV [Fig. 3(g)] and the H,TPP LUMO
[Fig. 3(j)] show four maxima separated by two nodal planes
that run along and perpendicular to the main molecular axis,
respectively. These features are comparable to the four-leaf
clover pattern resolved in the 1.4-V state of the FeTPP
[Fig. 1(e)] and the 1.6-V state of the H,TPP [Fig. 1(h)]. We
assignthe —0.8 -V and 1.6-V d1/dV peaks acquired at H, TPP
to HOMO and LUMO (note that DFT usually undermines
the HOMO-LUMO gap), and the —1.1-Vand 1.4-VdI/dV
peaks acquired at FeTPP to the —0.3- and 1.3-eV states.
The main axis defined in Figs. 1 and 2 passes through the
two up-tilted pyrrole rings. The state at the Fermi level of
FeTPP is associated with Fe because it is present in FeTPP
but absent in HyTPP. Interestingly, Fig. 3(f) shows that this
state is not localized at Fe but extends over the macrocyclic
ring, particularly, at the two up-titled pyrrole rings. The shape
of this new state matches the H,TPP HOMO, so we attribute
this state to hybridization of the H, TPP HOMO with a Fe 3d
orbital (will discuss later). The 0.2-V dI/dV peak of FeTPP
is assigned to this hybridized state. Note that the PDOS map
of this state [Fig. 3(f)] exhibits a mirror symmetry that is in
accordance with the STS image of the 0.2-V state [Fig. 1(d)].
However, the fine features are not in good agreement. We
attribute the discrepancy to tip convolution effects. To elucidate
the effects of adsorption, the PDOS of a free FeTPP in
gas phase is plotted in Fig. 3(d) above. Compared with the
free molecule, adsorption does not change the major PDOS
features, although broadening and satellite peaks can be seen,
presumably due to molecular deformation and hybridization
with the substrate states.
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FIG. 4. (Color online) (a) Spin-polarized PDOS of Fe and por-
phyrin backbone of FeTPP adsorbed on an Au substrate. (b) Net spin
density of free and adsorbed FeTPP (up spin and down spin are in
red and blue, respectively). (c) Spin-polarized 3d orbitals of Fe in
free, free saddle-shaped (S = 1and 2) and adsorbed saddle-shaped
molecules (from top to bottom).

The spin-polarized PDOS of the Fe and the TPP molecular
backbone are plotted in Fig. 4(a). The Fe states are strongly
polarized in this energy range [full PDOS can be found in
Fig. 4(c)], with up spin being the major spin channel. As
discussed before, the state near the Fermi level emerges upon
Fe metalation. This state deserves detail inspections: First,
Fig. 3(f) reveals that this state is not localized at Fe but
extends over the two up-tilted pyrrole rings. Second, this state
is strongly hybridized with the Fe state as the two occur at
the same energy level. Third, this state is spin polarized and
follows the same spin polarization as the Fe ion [15,49]. It
is worthwhile to point that the —0.3-eV state is polarized
antiparallel to the Fe majority spin. Both the —0.3-eV state
[Fig. 3(e)] and the Fermi-level state [Fig. 3(f)] exhibit a shape
comparable to the HOMO of the free-base H,TPP [Fig. 3(1)].
We propose that Fe metalation splits the H,TPP HOMO into
two states: a fully occupied down-spin channel which is
down-shifted to —0.3eV and a partially occupied up-spin
channel which is up-shifted to the Fermi level. As a result,
the MO becomes a spin-polarized state. Herein, the Fe ion
plays two roles: (1) it lifts the degeneracy of two spin channels
of the HOMO, and (2) it spin polarizes the HOMO by pushing
the up-spin channel to the Fermi level.

The net spin density map of the FeTPP adsorbed on Au(111)
is plotted in the right panel of Fig. 4(b). In addition to the
up-spin density at the central Fe, the porphyrin backbone also
displays appreciable net spin density. In particular, a salient
up-spin density (in red) can be found at the two pyrrole rings
along the main axis. This picture concurs the intramolecularly
resolved Kondo resonance presented in Fig. 2: the Kondo
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resonance amplitude profile [top panel of Fig. 2(d)] is in
accord with the net spin density which peaks at the central
Fe as well as at the two up-tilted pyrrole rings. The contrast
resolved in the 2D 7 and g maps is very interesting. One
explanation is that the 2D 7 and g maps reflect distinctive
characteristics of the molecular spin states in contrast to
the Fe spin states, for instance, different spatial orientations of
the spin-polarized orbitals, different coupling strength with the
screening electrons, etc. Nevertheless, it has been shown that
hybridization effects may have an impact on 7} and g [43]. If
the charge is inhomogeneously distributed in the molecule, the
hybridization effects may contribute to a spatial variation of
Ty and g too [28]. Our data are not conclusive for identifying
which mechanism leads to the T; and g contrast.

The net spin density map of the free FeTPP in gas phase
is plotted in the left panel of Fig. 4(b), showing delocalized
distribution of spin density over the central Fe and four
pyrrole rings. The contrast between the two net spin density
maps implies that adsorption on an Au surface significantly
modifies FeTPP’s spin state. In the following, we discuss
how adsorption on an Au surface changes the spin state of
the molecule. In Fig. 4(c), spin-polarized Fe 3d orbitals in
the free FeTPP (top) and the adsorbed FeTPP (bottom) are
plotted. Although in both cases Fe is of 3d®, the two molecules
possess different spin configurations: Fe(Il) is at § = 1 state
with a magnetic moment of 2.1 up in the free molecule, while
Fe() is at S = 2 state with a magnetic moment of 3.7 ug
in the adsorbed molecule. It is well established that in a free
FeP molecule, the Fe ion is in a ligand field of Dy, point
group [cf. inset in Fig. 4(c)] and has an empty dy,_,> orbital
and two degenerated d,; and d,, orbitals. Surface adsorption
distorts the molecule macrocyclic ring and thus breaks the
Dyp ligand field, which switches Fe(II) into a high-spin state.
This phenomenon occurs in chemisorbed FeP on Co and
Ni(001) as well as on Ni(110) and Ni(111) [9,10]. Generally
speaking, elongated Fe-N bonds favor the high-spin state [50].
For example, strong covalent interaction of FeP with Co and
Ni(001) substrate or FeP adsorbed at a divacancy site in a
strained graphene lattice may increase Fe-N bond lengths
and hence switches Fe(I) to a high-spin state [10,11]. As
mentioned earlier, the Fe-N bonds of the FeTPP adsorbed on
Au(111) are elongated to 2.06 A, which concomitants with the
spin switching.

In order to understand the roles of the Au surface in
the spin switching, we studied a free-standing FeTPP with
the same saddle-shaped conformation as the adsorbed one.
Surprisingly, the calculations indicate that § = 1 and 2 states
are nearly degenerate. In comparison, the S = 2 state is more
stable (0.95 eV lower in total energy) for the adsorbed FeTPP.
The saddle-shaped deformation and Fe-N bond elongation
to 2.06 A cannot fully account for the spin switching. The
spin-polarized 3d orbitals of the two nearly degenerate states
are plotted in the middle two panels of Fig. 4(c). Comparing the
PDOS of the saddle-shaped molecule with and without the
substrate [bottom two panels of Fig. 4(c)], one finds that the d
orbitals are rearranged upon adsorption, indicating that the Fe
ligand field is altered in the presence of the Au substrate. As
shown in Table I, Fe (TPP backbone) is more positively (neg-
atively) charged when the molecule changes its conformation
from planar to saddle shape. After adsorption on Au, a partial
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charge transfer of 0.42 electrons from the TPP backbone to the
Au substrate occurs. As a consequence, Coulomb interaction
between the TPP backbone and the Fe ion is weakened.
We propose that, in addition to saddle-shaped deformation
of the macrocyclic ring, there are two other mechanisms for
stabilizing the high-spin state, as schematically illustrated in
the inset in Fig. 4(c): weak chemical interaction between Fe
ion and the underneath Au atom and charge transfer, by which
the Fe-N bonds are weakened, thus the basal plane bonding
towards the Fe weakened. Both mechanisms may additionally
cause the Fe ligand field to deviate from Dy, to pyramidal
geometry to favor the S = 2 spin state [11,50].

IV. CONCLUSIONS

In conclusion, we have probed the electronic and spin states
of FeTPP adsorbed on Au(111) by resolving the intramolecular
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distribution of Kondo resonance. A comparison of the free-
base H,TPP and the FeTPP, which is rationalized by spin-
polarized DFT calculations, reveals that HOMO of the former
is spilt and spin polarized by Fe metalation. Furthermore,
three adsorption-induced effects cooperatively transform the
Fe ligand field from Dyy, to pyramidal coordination geometry
to drive the spin switching from an intermediate spin (S = 1)
to a high spin (S = 2).
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