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Controlling spin interactions in magnetic-molecules/metal is essential for spintronic applications. Recent
studies showed that using small molecule coordination, one could switch off the spin interactions between
magnetic-molecules and metal substrates. However, this control should not be limited to the two-state switching.
The strength of spin interaction can be reduced, but not “off” by the proper selection of small molecules. To
demonstrate this, we considered two contrasting systems, NH; and NO, coordinated to Co-porphyrin/Au(111).
In our scanning tunneling microscopy and spectroscopy (STM and STS), Kondo resonance was preserved with
weakened spin coupling after NH; coordination. However, it disappeared after NO, coordination, implying
“off”” spin coupling. These observations are explained with our density functional theory calculation results.
This study shows that small molecule coordination to magnetic-molecules/metal is a powerful way to control

spin interactions at the single-molecule level.

DOLI: 10.1103/PhysRevB.100.245406

I. INTRODUCTION

The central metal atom in metalloporphyrins and ph-
thalocyanines often forms a six-coordination structure that
plays important roles in biological processes such as oxy-
gen transfer, muscle contraction, and photosynthesis cycles.
Among the six coordinated ligands, two out-of-plane ones
compete with each other to make a stronger bond with less
chemical reactivity than the other, which is known as trans
effect [1-5]. The winners of the competitions are mostly
determined by their charge donation ability, and the order is
known as NO > CH; > SO3%> > NO, > Br > Cl > NH; >
OH > vacuum, where vacuum means no ligand [3-5]. Re-
cently, metallic surfaces are included in the ligand list, and
those cases are named surface trans effect [6-26]. An example
is Co-porphyrin (CoP)/Ag and NO-CoP/Ag. In the former, Ag
surface forms stronger bond to CoP because of no competition
than in the latter [6,8].

On ferromagnetic surfaces, the surface trans effect pro-
vides a way to switch the magnetic interaction between the
surface and the metallomolecule, and is specifically called
spin trans effect [27—43]. It can be seen in CoP/Ni and
NO-CoP/Ni. The former has the ferromagnetic interaction
between CoP and Ni substrate, but the latter has it “off,” as
measured with x-ray magnetic circular dichroism (XMCD)
[28,32]. Our group reported scanning tunneling microscopy
(STM) and spectroscopy (STS) results for CoP/Au and NO-
CoP/Au, showing the spin trans effect on the nonmagnetic Au
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surface, where spin exchange coupling between unpaired spin
in Co and conduction electrons in the Au surface was expected
to induce Kondo resonance [34,37,39].

The main focus in previous spin trans effect studies was to
manifest theoretically predicted “on” and “off”” switching ca-
pability for spin interactions or moments by small molecules
coordination [28-30,32-34,38,39]. In fact, this controlling
is not necessarily limited to the two-state switching. There
are much more degrees of freedom; by the choice of proper
molecule, the spin interactions can be reduced with lower
Kondo temperature, or switched off, as depicted in Fig. 1.
X-ray standing wave (XSW) and XMCD experiments showed
the coordination of NHj3 to Mn-phthalocyanines induced a
modification of spin interactions [35,36]. Reports that man-
ifest such possibility at the single molecule level are not
available in the literature.

In this paper, we present STM and STS results of two
contrasting systems, NH; and NO, coordinated to tetrakis-
phenylporphyrin-Co (CoTPP)/Au(111). We have selected the
two molecules considering the order of ligands’ charge dona-
tion ability mentioned above; NH3 and NO, are in-between
the two extremes of NO and vacuum. With NHj3 coordination,
we observed that a zero-bias peak at CoTPP, a signature
of the Kondo effect in STS, was remained but showed a
reduced width, namely, the reduced Kondo temperature. With
NO, coordination, no zero-bias peak was resolved. We have
also shown that single NH; and NO, molecules can be
decoordinated from CoTPP using STM manipulations. The
observed results are explained by the spatial redistribution
of unpaired spins in the d, orbitals of CoTPP by NH; and
NO; coordination from our density functional theory (DFT)
calculation results [44].
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FIG. 1. Controlling spin exchange interactions. Schematic diagrams to depict how spin exchange interactions between metalloporphyrin
and Au(111) can be controlled by small molecule coordination. The charge donation ability of small molecules is known to be vacuum
< NH; < NO,. With NH; coordination, the exchange interaction will be weakened because of the increased distance between metallopor-
phyrin and Au(111), resulting in reduced Kondo temperature. With NO, coordination, the exchange interaction will be even more weakened,

resulting in absent Kondo resonance.

II. RESULTS AND DISCUSSION

CoTPP and H,TPP (H,-tetrakis-phenylporphyrin) were
prepared as randomly-mixed molecular islands on Au(111),
and then whole sample was exposed to NH3 gas at 80 K.
In separate experiments, similarly prepared sample of CoTPP
and H, TPP was exposed to NO, gas. Figures 2(a)-2(d) show

FIG. 2. NH; and NO, coordination to CoTPP on Au(111). (a),
(b) Typical STM images of mixed molecular islands of CoTPP and
H,TPP on the Au(111) surface after exposure to NH; gas. (c), (d)
STM images of mixed molecular islands of CoTPP and H, TPP on the
Au(111) surface after exposure to NO, gas. The four representative
molecules of CoTPP, H,TPP, NH;-CoTPP, and NO,-CoTPP are
denoted by blue, green, red, and pink marks, respectively, in (b)
and (d). Inset of (a): Ball and stick models of CoTPP and H,TPP
molecules. The cyan, blue, red, and white circles denote carbon,
nitrogen, cobalt, and hydrogen atoms, respectively. The sizes of STM
images: (a) and (c) 96 x 96nm?, (b) and (d) 11 x 11 nm?. Tunneling
current: It = 0.1 nA. Sample voltage: (a), (c), (d) Vs = —0.3V, (b)
Vs = —02V.

typical STM images obtained at 80 K after gas exposure. We
observed three different molecules in both experiments with
NHj; and NO, gas. Because CoTPP shows a three-lobed shape
and H,TPP shows a depressed-center structure at —0.5 eV in
the STM images [34,45-47], it was straightforward to identify
CoTPP, H,TPP, and the third molecules. In Figs. 2(b) and
2(d), CoTPP and H,TPP are marked with green and blue,
respectively, and the third molecules are marked with red
or pink. We consider the third molecules as gas-adsorbed
porphyrin molecules. CoTPP, H,TPP, and the gas-adsorbed
one showed twofold symmetry instead of four-fold due to
adsorption-induced deformations of saddle-shapes [45-47].

We performed STM single-molecule manipulation experi-
ments using a voltage-sweep method to make assure if NHj
or NO, were adsorbed to CoTPP not to H,TPP. The STM
tip was located at the center of a third molecule, and the
sample voltage was increased while holding the feedback loop
open so that the tip maintained a constant distance from the
molecule. Figures 3(a) and 3(d) show current-voltage curves
for manipulations of gas-adsorbed molecules in Figs. 2(b)
and 2(d), with abrupt drops at 0.85 eV and 0.92 eV, respec-
tively. The STM images obtained before the manipulations
are shown in Figs. 3(b) and 3(e), and after the manipulations
are shown in Figs. 3(c) and 3(f), respectively. STM images
obtained in-between sequences of manipulations for NHj3-
adsorbed molecules are shown in Fig. S1 (see the Supplemen-
tal Material [48]). The images clearly show that the molecules
obtained after the manipulations for both NH; and NO, are
CoTPP. This implies that the third molecules are NH3;-CoTPP
and NO,-CoTPP, and that NH3 and NO, molecules are de-
coordinated from them by our manipulation procedures. The
decoordinated NH3 and NO, may be desorbed, moved to a
nearby CoTPP, or sometimes transferred to STM tip. In the
third cases, we were able to move a NH3 from the tip back
to a CoTPP by the second manipulation procedures shown
in Fig. S2 (see the Supplemental Material [48]), followed
by the decoordination manipulations, with a voltage sweep
from —0.5 to +0.4 V. The central parts of NH3;-CoTPP and
NO,-CoTPP showed bright protrusion and rectangular shape,
respectively [44].

To uncover the spin states and interactions in the system,
we performed STS measurements at CoTPP, NH;-CoTPP,
and NO,-CoTPP. Clear zero-bias peaks were obtained from
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FIG. 3. Desorption of NH; and NO, from CoTPP. (a), (d) A current-voltage (I-V) curve obtained during STM manipulation procedure for
(a) NH; and (d) NO, detachment. At the center of a gas-adsorbed porphyrin molecule, the sample bias was swept while holding the feedback
loop open, resulting in an abrupt decrease in current at (a) + 0.85 V and (d) + 0.92 V. The STM images obtained (b) and (e) before and (c) and
(f) after the STM manipulation of (a) and (d), respectively. The size of STM images: 4.5 x 4.5 nm?; tunneling current: I; = 0.1 nA; sample

voltage: Vs = —0.3 V.

both CoTPP and NH3-CoTPP, whereas no peak was resolved
from NO,-CoTPP as shown in Fig. 4. The peaks are likely
to originate from Kondo effect as discussed later [34,46,49—
60]. The width of the peak from NH3-CoTPP is smaller than
that from CoTPP, which implies that Kondo temperature is
reduced in NH3-CoTPP. The Fano fitting is used to extract
Kondo temperatures, 205 K from CoTPP and 135 K from
NH;3-CoTPP [61,62]. We performed STS measurement for 15
NH;3-CoTPP complexes (see the Supplemental Material [48]
for parts of them in Fig. S3) and averaged more than 50 times
for each complex. The average Kondo temperature for NHj3-
CoTPP was 136 + 10 K. The effects of molecule-molecule
interactions on Kondo resonance have been previously studied
in similar systems [50,58]. In our case, the point STS was per-
formed on molecules embedded at inner parts of large islands
(N > 20), and they are surrounded by the same number
of neighbors and environment. Although we were unable to
observe significant variation of Kondo temperature for differ-
ent atomic sites of Co and island sizes, it was still possible
that CoTPP, NH3-CoTPP, and NO,-CoTPP included similar
portions of molecule-molecule interactions.

To explain our experiments, we performed spin-polarized
DFT calculations for CoTPP, NH3;-CoTPP, and NO,-
CoTPP/Au(111) using the Vienna ab initio simulation pack-
age (VASP) [63]. Plane waves with the kinetic energy cut-
off of 400 eV, projector-augmented wave (PAW) potentials
[64], and the Perdew-Burke-Ernzerhof (PBE) [65] exchange-
correlation functional were used for our DFT simulations. For
Au(111) slab model, we used the p(6 x 6) surface unit cell (36
surface Au atoms) and three atomic layers. The top layer of
the Au substrate is fully relaxed with atomic forces less than

0.02 eV/A. 2 x 2 x 1 Monkhorst-Pack k-point sampling is
used. The work function of the Au(111) slab was calculated
to be 5.29 eV, which is very close to experimental values
of 5.1-5.5 eV [66]. The van der Waals interaction of gas-
adsorbed CoTPP with Au(111) was corrected with DFT-D2
method [67].

Figures 5(a) and 5(c) show sideview structures of the
DFT-optimized NH3; and NO,-CoTPP/Au(111), respectively.
It was found that NH; formed umbrellalike and NO, formed
Y-shaped coordination to CoTPP, in agreement with pre-
vious theoretical and experimental reports [15,35,36,68,69].
The calculated binding energy between NH; and CoTPP is
0.64 eV and that between NO, and CoTPP is 1.86 eV. From
molecular-orbital analysis, it was realized that the adsorption
geometries stemmed from orbital hybridization between the
Co-d,; and lone pair states of NH3-p, and NO,-p,. The orbital
hybridization for NHj is relatively weak, because the Co-d,;
is half occupied, whereas the NHs-p, is fully occupied. In
contrast, the orbital hybridization for NO; is relatively strong,
because there is one electron transfer from CoTPP to NO, and
thus Co-d,; becomes empty after coordination. An important
finding from our calculations is that the distance between
Co and Au(111) increases from 3.02 to 3.20 A with NH;
coordination and to 3.28 A with NO, coordination. It is the
manifestation of the trans effect that an existing bond (Co-Au)
is weakened due to the introduction of an additional bond
(Co-N) to the Co atom [1-5]. In our experiments, we observed
that both NH; and NO, predominantly adsorbed to CoTPP;
however, in some few occasions, we also observed that a
lower pyrrole looked brighter than upper pyrroles in H,TPP
after NO, exposure. There were many literatures that reported
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FIG. 4. Kondo resonance peaks. (a)-(c) Scanning tunneling
spectroscopy spectra for (a) CoTPP, (b) NH;-CoTPP, and (c) NO,-
CoTPP obtained at the center of three individual CoTPP, NHjs-
CoTPP, and NO,-CoTPP denoted in the insets. The initial tunneling
conditions are It = 0.1 nA and Sample voltage: Vs = —0.25 V. The
blue and red solid lines show a Fano fitting. The fitting parameters for
the blue solid lines are ¢ = 14, ex = —24 meV, and Tx = 205 K. The
fitting parameters for the red solid lines are g = 55, ex = —15meV,
and Tx = 135 K. (Fitting formulas are in supporting information).

that the adsorption of NO, to the Langmuir-Blodgett films of
H,TPP could be used for sensing applications for toxic NO,
gas [70-72]. A DFT calculation predicted that NO, could
adsorb to a lower pyrrole of H, TPP [72]. The reason why we
could not observe large enough number of NO, adsorbed to
H,TPP might be because of its relatively low binding energy
(about 0.1 eV) compared with the case of CoTPP (1.86 eV).
In Figs. 5(b) and 5(d), electronic partial densities of states
(PDOS) are plotted to denote molecular orbitals that carry
unpaired electrons for NH3;-CoTPP and NO,-CoTPP, respec-
tively. Our DFT calculation results show that NH3;-CoTPP is
magnetic with the spin moment of 0.95 ug, whereas NO,-
CoTPP is nonmagnetic with zero spin moment. Thus, the spin
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FIG. 5. Calculated geometric and electronic structures. (a), (c)
DFT stabilized atomic model of vertical coordinated (a) NH; and (c)
NO, molecules on Au-supported CoTPP molecule. (b), (d) Partial
density of states (PDOS) for the coordinated molecule. The Fermi
level is set to be zero. Red and blue lines indicate majority and
minority spin of Co d-orbital, respectively. Green lines indicate spin
(b) NH; and (d) NO, p-orbital.

moment of CoTPP remains nonvanishing during coordination
reactions of NHj but becomes vanishing with coordination
of NO,. The equal-spin-density surfaces are plotted to show
the spatial distribution of spin in CoTPP and NH3-CoTPP in
Figs. 6(a) and 6(c), respectively, and integrated spin densities
along z axis are also plotted in Figs. 6(b) and 6(d). The
spin is mostly distributed over the Co atom implying that its
origin lies in its d, orbitals. Only a part of the spin (less
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FIG. 6. Calculated spin distributions. (a), (c) Calculated spatial
spin density plots for (a) CoTPP and (c) NH3-CoTPP molecule. (b),
(d) Integrated spin density plot along the z axis for (b) CoTPP and
(d) NH3-CoTPP molecule. The z coordinate zero means the top Au
atom position.
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than 10%) is located at NHj, as shown in Fig. 6(d) due to
the spin-split lone-pair state. The coordination of NHj to the
Co atom occurs with weak coupling and marginal charge
donation. Based on the calculation results that both CoTPP
and NH;-CoTPP are magnetic, we can infer that the zero-bias
peaks observed in CoTPP and NH;-CoTPP/Au(111) are the
signatures of Kondo effect, the interaction between a localized
spin in a molecule and delocalized spins in Au(111).

The reason why the Kondo temperature of NHj3-
CoTPP/Au(111) is reduced from that of CoTPP/Au(111) can
be explained with the increased distance between Co and Au.
In Kondo perturbation theory, the Kondo temperature (7x)
is the functions of width of conduction band (D), electron
density of state of conduction electrons (p), and spin-spin ex-
change coupling constant (J), namely, kgTy = D - exp(—p - J)
[73,74]. Thus, as the distance between Co and Au increases,
the coupling constant J will decrease, resulting in the reduced
Kondo temperature. Numerical renormalization-group (NRG)
calculations for a two-orbital Anderson model consisting of
an interacting d-orbital, finite Coulomb interaction, and a
noninteracting molecular orbital coupled to a metallic surface
have been reported by Luis et al. for Co-porphyrin on Cu(111)
[75]. Although it was performed with different substrate, the
results of model NRG calculations using DFT-determined
inputs such as d-orbitals energies and the distance between
Co and substrate can be considered in our systems. Their
calculation results indeed showed that the Kondo temperature
was exponentially dependent on the distance between Co and
metal substrate and d-orbital energies. When the d-orbital
was in the range between —0.6 and —0.8 eV, the Kondo
temperatures for the Co which were 3.02 and 3.20 A away
from substrate stayed in the range between 200 and 100
K, and was reduced roughly by 50%, showing reasonable
agreement with our experimental observations. Therefore, the
reduced Kondo temperature from our experiments can be
explained with the increased distance between unpaired spin
and Au(111). It would be helpful if one directly measures the
distance between Co and Au for each cases. From the fitting
of x-ray standing wave (XSW) absorption profiles performed
on self-assembly-film, their distance can be experimentally
extracted and compared with DFT calculation results [22].

III. CONCLUSION

effect of
and NO,

In summary, we studied spin trans
CoTPP/Au(111) with coordination of NHj3

using STM and STS measurement. We observed clear
zero-bias peaks from both CoTPP and NH;-CoTPP/Au(111),
which can be ascribed as Kondo resonances based on
our DFT calculation results, whereas no zero-bias peak
from NO,-CoTPP. The reduced Kondo temperature in
NH;-CoTPP/Au(111) and switching-off of Kondo resonance
in NO,-CoTPP are explained with the spatial redistribution
of unpaired spins in d,, orbitals of Co-porphyrin by NH3 and
NO, coordination, respectively. Thus, our study shows the
spin interactions of CoTPP and Au(111) can be marginally
reduced with NHj3 coordination, as well as abruptly switched
off with NO;, coordination at the single molecule level.
Because there are huge numbers of sets for magnetic
metallomolecules and gaseous small molecules, the methods
we show in this report can be performed with different sets to
explore further controllability.

IV. METHODS

Experiments were performed using our home-built STM
system operating at 80 or 10 K with a base pressure of
1 x 1071 Torr. The Au(111) surface was prepared from a
commercially available thin film (200 nm thick, PHASIS,
Switzerland) of Au on mica that was exposed to several
cycles of Ne-ion sputtering and annealing at 800 K. A mixture
of commercially available CoTPP (Porphyrin Systems, Ger-
many) and H,TPP (Sigma Aldrich, USA) was outgassed in
vacuum for several hours and then deposited on the Au(111)
at submonolayer coverage by thermal evaporation using an
alumina-coated evaporator. NH; and NO, gas were intro-
duced using a stainless steel tube (3-mm diameter) through
a precision leak valve. STS spectra were obtained by a lock-in
technique with a modulation voltage of SmV,,, and at a
frequency of 1.5 kHz.
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