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Symmetry-Driven Novel Kondo Effect in a Molecule
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The Kondo effect caused by the adsorption of iron phthalocyanine (FePc) on Au(111) was investigated
by the combination of density functional theory and a numerical renormalization group calculation with
scanning tunneling microscopy. We found that a novel Kondo effect is realized for a single FePc molecule
on Au(111) by tuning the symmetry of the ligand field through the local coordination to the substrate. For
FePc in the on top configuration where fourfold symmetry around the Fe?>" ion is held, the orbital degrees
of freedom survive, resulting in the spin+orbital SU(4) Kondo effect. In contrast, the reduced symmetry in
the bridge configuration freezes the orbital degrees of freedom, leading to the spin SU(2) Kondo effect.
These results provide a novel example to manipulate the many-body phenomena by tuning the local

symmetry.
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The Kondo effect is one of the cooperative many-body
phenomena in condensed matter physics [1,2]. The spin
degree of freedom of the magnetic impurity is coupled with
the conduction electrons at the Fermi sea of the reservoir,
which causes coherent spin-flip scattering between the
impurity spin and the conduction electrons. As a result,
the magnetic moment of the impurity spin is collectively
screened through the formation of a Kondo resonance state
near the Fermi level, Ef, below the Kondo temperature, Tg.
The Kondo effect has emerged in diverse systems from
dilute-magnetic alloys [1,2] to quantum dots (QDs) [3-6],
magnetic atoms [7-10], and molecules [11-17] connected
to electronic reservoirs. Most of the Kondo effects are
categorized into SU(2) symmetry, reflecting the number
of spin degrees of freedom.

Besides the spin, other degrees of freedom can also
trigger the Kondo correlations [5,6,18]. The orbital degree
of freedom behaves as a pseudospin to bring about the
Kondo effect. Furthermore, in the presence of both orbital
and spin degrees of freedom, the quantum fluctuations
between these degrees of freedom cause an exotic Kondo
effect obeying SU(4) symmetry. Since the SU(4) Kondo
effect needs robust orbital degeneracy, it has been clearly
observed only in the carbon-nanotube QD where an elec-
tron has the orbital degrees of freedom derived from the
two-dimensional electronic band structure peculiar to gra-
phene [18-20]. Orbital degeneracy commonly occurs in
various organic molecules such as metal phthalocyanine,
metal porphyrine, etc., and thus the SU(4) Kondo effect
should be realized for these molecules by tuning the cou-
pling between the molecules and the electron reservoir.
Recent x-ray magnetic circular dichroism work with iron
phthalocyanine (FePc) on Au(111) has shown that the
orbital degree of freedom survives and the molecule has
a sizable in-plane orbital magnetic moment [21]. Thus, we
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investigated the possibility of the SU(4) Kondo effect
for FePc on Au(l111) by ab initio calculations based
on density functional theory and a numerical renormaliza-
tion group (NRG) calculation together with scanning
tunneling microscopy (STM) and scanning tunneling spec-
troscopy (STS).

All of the experiments were carried out in an ultrahigh
vacuum chamber (base pressure of 5 X 10~ Torr). All of
the STM and STS measurements were made at 0.4 K
except for the measurements under magnetic fields where
the temperature rose to 0.7 K. The magnetic field depen-
dence of the STS spectrum was measured using two types
of superconducting magnets; one provides magnetic fields
perpendicular to the sample surface (011 T) and the other
provides magnetic fields parallel to the surface (0-7 T).
Ab initio calculations were made based on the density
functional theory using the plane wave-based Vienna
ab initio simulation package (VASP) [22,23] with the pro-
jected augmented wave method [24]. To treat the
d-electron states in the Fe atom, we have employed the
LDA + U method with U = 2.0 and J = 1.0 eV [25-27].
The experimental and calculational details are presented in
the Supplemental Material Ref. [28].

The FePc molecule appears as a cross in the STM image
[Fig. 1(a)]. The central bright spot is the Fe atom and the
four lobes are the aromatic rings. The molecule takes two
types of adsorption configurations, i.e., the on top and
bridge configurations. In the on top (bridge) configuration,
the Fe atom is located in the on top (bridge) site with the
molecular plane parallel to the surface. Both species
show characteristic spectral features near Ey [Figs. 1(b)
and 1(c)]. For the on top species, a broad peak appears
accompanied by a sharp dip structure inside the peak. In
contrast, only a broad peak is observed for the bridge
species. The spectral feature of the on top species is well
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FIG. 1 (color). (a) The topographic STM image of FePc on
Au(111) taken at 0.4 K with the tunneling current , = 100 pA
and the sample bias V, = —0.1 V. The image size is 15 nm X
15 nm. The on top and bridge species are specified by o and b,
respectively. (b) The STS spectra were taken for both species at
0.4 K by keeping the feedback off, respectively. The spectra were
measured by adding the modulation voltage of V,,, = 2 mV and
312.6 Hz to V and by holding the STM tip over the Fe atom. The
red curve for the bridge species is a fit to a Fano function with
qg = —3.13, g = —15.2 meV, and I' = 24.9 meV, where q is
the Fano asymmetry parameter, €, is the energy shift of the
resonance from Eg, and I' is the half-width of the resonance.
(c) High-resolution spectrum for the on top species taken with
Vims = 0.2 mV and 312.6 Hz in the region marked by a rectangle
in (b) [The dip in (b) is broadened by using larger V,,;]. The green
and purple curves are calculated by Fano functions for the narrow
dip (¢ = 0.45, ¢ = —0.19 meV, and I' = 0.61 meV) and broad
peak (g = —1.14, ¢ = —9.62 meV, and I' = 20.0 meV). The
overall spectral shape is well reproduced by the linear combina-
tion (red curve) of the green and purple curves.

reproduced by two Fano functions [8,17,29-31], suggest-
ing that two channels screen the molecular spin. The dip
structure reflects the low-7 Kondo channel of Ty = 2.6 =
1.4 K [16], and the broad peak the high-7" Kondo channel
of Ty = 110-150 K estimated from the width. The broad
peak observed for the bridge species is also reproduced by
the Fano function and the plausible origin is a Kondo
resonance of Tx = ~200 K.

To gain insight into the origin of the spectral features,
the geometric and electronic structures were investigated
by LDA + U calculations. Consistent with the STM results,
we found that the on top and bridge species are stable
[Fig. 2(a)]. Figure 2(b) shows the spin-polarized (SP) local
density of states (LDOS) projected on the d and d,; (d_,
and d,;) orbitals of Fe for both species. The majority
and minority spin states are inequivalently occupied for
both species, leading to a total spin magnetic moment of

1.61 and 1.45up for the on top and bridge species, respec-
tively. Therefore, the valence of Fe can be approximately
described as Fe?" (§ = 1) with an electronic configuration
of (d,,)*(d2)"(d,)? similar to that of the isolated and bulk
FePc. The main components of d . in the LDOS appear as
split peaks around —2 ~ —1eV (— 1~ +1 eV) for the
majority (minority) spin state common to both species. The
d.. and d,, orbitals are observed at —1.5 eV (+ 0.1 eV)
for the majority (minority) spin state. The splitting of the
d,> orbital reflects a stronger hybridization with the sub-
strate than those of the d, orbitals. The overall LDOS
features of both species are similar to each other, but a
marked difference is observed for the d, orbitals. The
peaks of the d,, and d,, orbitals of the on top species
overlap each other whereas they are separated by
100 meV for the bridge species. The degeneracy in the
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FIG. 2 (color). (a) The optimized structures of on top and
bridge species on Au(111). (b) Spin-polarized local density of
states (SP-LDOS) projected on the d.,, d,, and d > orbitals of Fe.
The upper and lower panels show the SP-LDOS calculated for
the on top and bridge species, respectively. The d,, and d,,
orbitals for the on top species overlap each other. (c) The cross
section of the differential charge distribution [Ap(r)] for both
species. (d) The differential local potential distribution
[AV}4.(r)] for both species. Panels (a), (c), and (d) are rendered
by VESTA [37].
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d . orbitals in isolated FePc survives for the on top species
while it is lifted for the bridge species.

The difference in the d,. orbitals of both species comes
from the local symmetry of the adsorption site. To clarify
this, we carried out a calculation of the differential
Charge distribution (AP(”) = ptot(r) - {psub(r) + pmol(r)})
and differential local potential distribution (AV,,.(r) =
vidtal(p) — {Vsi(r) + VIOU(r)}). pio(ViSE) is the charge
density (local potential [22]) of the molecule-adsorption
system, and Py (Vi) and ppa(VRY) are those of
the surface and a free molecule, respectively. Ap(r) and
the AV,,.(r) clearly demonstrate the bonding nature and
the symmetry [Figs. 2(c) and 2(d)]. The cross section of
Ap(r) of the on top species shows that the bond is formed
mainly by the hybridization of the d orbital with the Au
atom beneath [Fig. 2(c)]. As a result, fourfold symmetry is
kept locally around the Fe atom as shown in [Fig. 2(d)].
The holding of fourfold symmetry allows degeneracy of
the d, orbitals, resulting in the survival of the orbital
degrees of freedom as reported by the x-ray magnetic
circular dichroism work [21]. The bonding charges are
distributed between the Fe atom and the two nearest-
neighboring Au atoms for the bridge species [Fig. 2(c)],
reducing the local symmetry of the ligand field to the
twofold one [Fig. 2(d)]. This symmetry difference between
the on top and bridge configurations is not clearly resolved
in Fig. 1(a) because the topographic STM image reflects
the contributions from the Fe 3d states and the ligand
states. The characteristic distribution localized around the
Fe atom may be blurred.

The ab initio calculations also provide an answer to the
puzzling competition between the Kondo effect and zero
field splitting (ZFS) in FePc on Au(111). ZFS lifts the
degeneracy in the spin sublevels to suppress the Kondo
correlations. For a half-integer spin system, the Kondo effect
coexists with ZFS in the case that the sublevels of S, =
*+1/2 are the ground state [10,32]. However, in the integer
spin systems with ZFS, the Kondo effect is unlikely to occur
because the spin degeneracy in the ground state needed for
the Kondo effect is removed. FePc is a typical example of an
integer spin with ZFS (S = 1 and a ZFS of 8.7 meV between
the S, = 0 and S, = *1 sublevels [33]). ZFS also remains
in FePc on a surface [34]. Thus, the Kondo effect is not
expected to occur for FePc on Au(111). The Kondo signa-
ture emerging against this expectation comes from the
different coupling strength of the d» and d, orbitals with
the substrate. The stronger coupling of the d> orbital en-
hances Tx to 100 ~ 200 K, which surpasses the energy
scale of ZFS. Thus, as the temperature is lowered, the first
Kondo screening arises before ZFS becomes dominant.
Then, the effective Hamiltonian to describe the system at
the lower temperature regime, below several K, falls into the
Kondo type with S = 1/2 rather than ZFS.

Following the first Kondo screening, the localized elec-
tron in the d, orbitals which weakly couple with the

substrate is screened in the second stage. The second-stage
Kondo screening is observed for the on top species as a
sharp dip while it is not for the bridge species. The differ-
ence comes from the degeneracy of the d,, orbitals pre-
served only for the on top species. Both spin and orbital
degrees of freedom are available for the screening; i.e., the
SU(4) Kondo channels open for the on top species. In
contrast, only the SU(2) channels are available for the
bridge species due to the reduced symmetry. Compared
to the SU(2) Kondo effect, the SU(4) Kondo temperature,
T,S<U(4), is enhanced by the increase in the number of screen-
ing channels [35] so that the second-stage Kondo effect
appears only for the on top species. The second-stage
Kondo signature cannot be observed for the bridge species

TIS(U(Z) T[S{U(4) _

because is much lower than

To confirm this model, we calculated T,S(U(4) and T,S(U(z)
by NRG method based on the electronic structure derived
from the LDA + U calculations [28]. Increasing the energy
separation between the d;, and d,, orbitals (7), the degen-
eracy is removed and then the crossover from the SU(4) to

the SU(2) Kondo effect occurs. When T,S<U(4) =27K, T,S(U(z)
goes down to 0.2 K at 7 = 100 meV, which is merged into
the background at the experimental temperature (0.4 K).
This supports the two-stage Kondo effect and the depen-
dence of the Kondo signature on the adsorption symmetry.

The SU(4) Kondo effect for the on top species is sup-
ported furthermore by the magnetic-field evolution of the
dip. FePc on Au(111) has both an orbital and spin magnetic
moment so that the single particle energy level of the d
electron (E,,,) shifts due to the spin and orbital Zeeman
effects under a magnetic field. Since the orbital magnetic
moment parallel to the molecular plane (m;”) is much larger
than the perpendicular one [21], the energy shift due to the
orbital Zeeman effect is larger for the parallel magnetic
field, leading to a dependence of the Kondo spectrum on
the direction of the magnetic field. E,,, can be written as
Emo’ = EO + Aorb((sm,l - 6m,—l) + %(60’} - 60’,1) with
Aorb = _m{yléulﬂB and Aspin = _ng|§|MB9 where Bll
is the in-plane component of the magnetic field, myg is the
spin magnetic moment, t g is the Bohr magneton, and g =
2.0 is the Landé g factor. The subscript m is a magnetic
quantum number to specify the degenerate d . orbitals, and
6 is the Kronecker delta function. Figures 3(a) and 3(b)
show the spectral evolution of the Kondo dip with magnetic
fields perpendicular and parallel to the molecular plane
(denoted by B, and B)), respectively. The dip is gradually
quenched by increasing B | from O to 6 T without splitting.
In contrast, the shoulder appears at B =2 T. As B in-
creases, the dip splits and the splitting becomes larger with
the gradual quenching of the spectral intensity. To ration-
alize these features, the magnetic field evolution of the
single particle energy spectrum was calculated by NRG,
including the magnetic field effect through E,, . In the
NRG calculation, we set mg = m;” = 0.5up.
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FIG. 3 (color). The evolution of STS spectra under external
magnetic fields (a) B, and (b) By, respectively. These spectra
were taken at ~0.7 K with V= 0.06 mV and 312.6 Hz by
keeping the STM tip over the Fe atom. The spectra were not
changed basically when the orientation of magnetic field was
rotated within the molecular plane. The spectral evolutions
calculated by NRG at 0 K as a function of the magnetic field
(¢) B and (d) By, respectively.

The NRG calculation shows that the dip evolves into a
broad structure and a sharp dip with the increase of B
[Fig. 3(c)]. The broad structure and the sharp dip stem from
the excitation associated with the spin-Zeeman effect and
the SU(2) orbital Kondo effect, respectively. The spin-
Zeeman splitting by B causes the crossover from the
SU(4) to the SU(2) orbital Kondo regime so that the sharp
dip becomes narrower with an increase of magnetic fields.
The estimated T is 1.4 and 1 Kat B; =4 T and 6 T,
respectively. Therefore, the dip is not observed clearly due
to the thermal broadening at the experimental temperature
(0.7 K). The spectral intensity near Er remains due to the
SU(2) orbital Kondo effect and thus the dip is not split
clearly but it shows up as a broad single dip. The NRG
calculation for By [Fig. 3(d)] shows that the dip splits into a
broad dip [marked by (1) in Fig. 3(d)] and fine structure
[marked by (2) in Fig. 3(d)] around Ef at B = 4 T due to
the symmetry breaking caused by both spin and orbital
Zeeman effects. Considering that the fine structure around
Er appears as a broad structure in the STS spectra, the
spectral variation observed in Fig. 3(b) is reasonably re-
produced by the NRG calculation. A similar spectral de-
pendence on the orientation of the magnetic field is
observed for the SU(4) Kondo effect in the carbon-
nanotube QD [20], which is a universal signature of the
SU(4) Kondo effect.

Finally, we examine another interpretation of the above
spectral feature. The spin SU(2) Kondo effect combined with

a strong anisotropy in the Landé g factor might explain the
magnetic field direction dependence. In the spin SU(2)
Kondo effect, the Kondo resonance is split by the spin
Zeeman effect when the Zeeman energy is comparable to
Tk [36]. If the perpendicular component of the g factor is
smaller than the parallel components, the magnetic field at
which the splitting occurs is larger in the perpendicular
direction than in the parallel direction, which causes the
dependence on the direction of the magnetic field. One
important characteristic of this model is that the quenching
of the Kondo resonance must always be accompanied by
splitting. In contrast to this, the dip is quenched without
splitting, as shown in Fig. 3(a). Therefore, the SU(2) Kondo
effect with a strong anisotropy in the g factor can be ruled out.
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