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ABSTRACT Controlling and sensing spin states of magnetic molecules at the single-

molecule level is essential for spintronic molecular device applications. Here, we demonstrate '

that spin states of Co—porphyrin on Au(111) can be reversibly switched over by binding and

unbinding of the NO molecule and can be sensed using scanning tunneling microscopy and
spectroscopy (STM and STS). Before NO exposure, Co—porphryin showed a clear zero-bias
peak, a signature of Kondo effect in STS, whereas after NO exposures, it formed a molecular
complex, NO—Co—porphyrin, that did not show any zero-bias feature, implying that the

CoTPP

Kondo effect was switched off by binding of NO. The Kondo effect could be switched back on by
unbinding of NO through single-molecule manipulation or thermal desorption. Our density functional theory calculation results explain the observations with
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pairing of unpaired spins in d,: and ppsz* orbitals of Co—porphyrin and NO, respectively. Our study opens up ways to control molecular spin state and Kondo

effect by means of enormous variety of bimolecular binding and unbinding reactions on metallic surfaces.
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ontrolling spin states of magnetic
C molecules is essential for spintronic

molecular device applications."? An
easy way to implement spin-state control in
magnetic molecules is to provide another
molecule to form a new chemical bond.
When metalloporphyrins and phthalocya-
nines exothermically form axial or tilted
binding structures with small gaseous mol-
ecules, NO, CO, and O,, their magnetic
moments systematically vary.>~® Orbital
and spin structures of such systems have
been extensively studied for the last four
decades because their binding and unbind-
ing reactions occur in dynamic processes of
biological functions such as respiration,
photosynthesis, and neurotransmission.'®~'
In the binding reactions, a metal at the center
of metalloporphyrins and phthalocyanines
transforms its coordination numbers from four
to five or six, thereby inducing changes in the
number of unpaired electrons and magnetic
moments.'*"%° Recent X-ray magnetic cir-
cular dichroism (XMCD) experiments have
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demonstrated on a ferromagnetic Ni(100) sub-
strate that the magnetic ordering of unpaired
electrons of Co in Co—porphyrin, induced by
the ferromagnetic substrate, disappears after
NO binding> On Ag(111), ultraviolet photo-
electron and scanning tunneling spectroscopy
(STS) experiments showed that both electronic
and spin states of Co—porphyrins changed
with NO coordination.**?'** Our group
has recently reported that Co—porphyrin on
Au(111) showed Kondo effect using scanning
tunneling microscopy (STM) and STS,23 which
originates from the exchange coupling be-
tween unpaired spins of magnetic mol-
ecules and conduction electrons of metal
substrates.* 3 However, there has been
no attempt to control the Kondo effect in
this system by using binding and unbind-
ing reactions of small molecules.?**

In this paper, we demonstrate that the
Kondo effect of tetrakisphenylporphyrin—
Co (CoTPP) on Au(111) can be reversibly
switched off and on by binding and unbind-
ing of the NO molecule, respectively, using
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STM and STS. Upon NO exposure, three-lobed CoTPP
transforms to ring-shaped NO—CoTPP in STM images.
The former showed a clear zero-bias peak, a signature
of Kondo effect, in STS, but the latter did not, implying
that the Kondo effect was switched off by NO binding.
We also showed that a single NO molecule could be
detached from CoTPP by using STM manipulations or
thermal desorption, thereby the Kondo effect could be
switched on. The observed results were explained with
our density functional calculation results. Our experi-
ments showed that the Kondo effect in an entire
sample could be simultaneously and remotely
switched off by using gaseous NO, which corre-
sponded to the resetting procedures of spintronic
memory and sensor devices.

RESULTS AND DISCUSSION

Molecular islands of randomly mixed CoTPP and
H,TPP (50:50) were prepared at 150 K and imaged
at 80 K on Au(111), as shown in Figure 1a. We used
H,TPP to confirm that the center metal of porphyrin
was essential for NO binding in CoTPP. STM images
obtained at —0.8 eV show a three-lobed structure
for CoTPP and a depressed center structure for
H,TPP. Two-fold symmetry of CoTPP can be explained
by saddle-type deformations on metal substrates.?>3¢
In STS curves of Figure 1b obtained at two locations
within the molecules, H,TPP has a peak at —1.0 eV,
the highest occupied molecular orbital (HOMO), and at
+1.5 eV, the lowest unoccupied molecular orbital
(LUMO). In STS curves of Figure 1c, CoTPP also has
two peaks at the same energies, implying that these
states originate from the macrocycle of porphyrin.
CoTPP had two additional peaks observed near the
Fermi level due to the presence of the Co atom. The
peak at —0.2 eV is strong at the locations of the two
pyrrolic rings. The peak at the Fermi level is assigned to
the Kondo resonance state, in agreement with pre-
vious STS studies of Co—porphyrin molecules.*> 2’
The asymmetric shape of the Kondo peak was fitted
with a Lorentzian-like curve, which is based on the
Fano formula, to yield the Kondo temperature of
225 K378 This Kondo temperature lies within the
reasonable range compared with those of other re-
ports on molecular Kondo effect.233'33

When the molecular islands were exposed to NO gas
with the STM tip retracted, the three-lobed struc-
tures of some CoTPPs were replaced by bright ring
structures. Figure 2 shows consecutive STM images
obtained from the same area before and after the
NO exposures. Bright ring structures were explained
by the tilted binding of a NO that precesses around in
NO—CoTPP nitrosyl complexes3® To confirm if the
proposed control of Kondo effect was successfully im-
plemented by the bimolecular binding reactions, we
performed local manipulations using a voltage-sweep
method. The STM tip was located close to the center
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Figure 1. (a) Typical STM image of two-dimensional molec-
ular islands of mixed CoTPP and H,TPP, with tunneling
current, It = 0.1 nA, and the sample bias, V; = —0.8 eV. A
molecular unit cell is depicted as a yellow square with the
lattice constant a = 1.40 £+ 0.01 nm. The atomic models of
H,TPP and CoTPP are overlaid. The red, blue, cyan, and
white spheres indicate cobalt, nitrogen, carbon, and hydro-
gen atoms, respectively. Tunneling spectra for (b) H,TPP
and (c) CoTPP at two different positions indicated in the
inset STM images of an individual H,TPP and CoTPP. The
initial tunneling conditions are I+ = 0.35 nA and V= 0.65 eV.
(d) Enlarged tunneling spectra at the centers of molecules
for (b) H,TPP (in blue) and (c) CoTPP (in red). The green line
in (d) shows a Lorentzian fitting with asymmetry parameter,
|g| = 3.06, resonance energy, Ex = —10.9 meV, and Kondo
temperature, T = 225 K.

of the molecule, and then the sample voltage was
increased while holding the feedback loop open so that
the tip maintained a constant distance from the mole-
cule. An abrupt jump in tunneling current was observed
at about +0.7 eV, as shown in Figure 3a. Figure 3b,c
shows two STM images that include the manipulated
CoTPP molecule, obtained before and after the voltage
sweep. The shape of the manipulated CoTPP molecule
was recovered from the bright ring structure to
the original three-lobed structure. After the change,
the voltage was swept back to negative polarity but
did not induce any more jumps. During the process
of a voltage sweep, a differential conductance (di/dV)
spectrum was simultaneously obtained as shown in
Figure 3d. The dI/dV spectrum showed a featureless curve
near the Fermi level when the voltage was increased
during the manipulation. This means that both Kondo
effect and the state at —0.2 eV were switched off by
the NO exposure. However, when the voltage was de-
creased again, the dl/dV spectrum showed the two
distinctive peaks at the Fermi level and at —0.2 eV,
confirming that the original structure of CoTPP and
corresponding Kondo effect were recovered by the local
manipulation. The amplitudes of these peaks are weaker
than those in Figure 1 because of different tip—sample
distances.
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Figure 2. Sequential STM images of a mixed molecular island of CoTPP and H,TPP on Au(111) (a) before, (b) after 300 L, and (c)
after 900 L exposure to NO at 80 K. The inset of (b) shows an enlarged STM image of a single NO—CoTPP. Comparing (a) with

(b) and (c) shows that no H,TPP is affected by NO exposures.
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Figure 3. (a) Current—voltage (/—V) curves obtained during
STM manipulation procedure for a NO—CoTPP. At the
center of a NO—CoTPP, the sample bias was swept from
—0.4 to 0.8 eV (in red) while holding the feedback loop
open, resulting in an abrupt increase in current at 0.7 eV.
Afterward, the sample bias was swept back to negative
polarity (in blue) with no abrupt change in current. The STM
images obtained (b) before and (c) after the STM manipula-
tion of (a). (d) d//dV spectra recorded at the same time as the
two /—V curves shown in (a).

The local manipulation could be repeated without
significantly influencing neighboring molecules, as
demonstrated in sequential STM images obtained
between each step of the manipulation in Figure 4.
By the manipulation between Figure 4c,d, two CoTPP
molecules exchange their shapes, implying that a
NO molecule detached from the first CoTPP and
reattached to the neighboring CoTPP. Very rarely,
reattachment of NO released back from the tip was
observed. We were unable to find any change in Kondo
effect after such adsorption—desorption cycles. Beside
the local manipulations, we used a thermal method
to switch back the Kondo effect by heating at 500 K,
which induced the desorption of NO. After that, we
took STM images and STS spectra in various locations
of the sample and confirmed that the recovery of
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original CoTPP structures and Kondo effect had taken
place.

To understand the on/off phenomena of the Kondo
effect in the bimolecular reactions, we examined elec-
tronic and magnetic properties of CoTPP on Au(111),
without and with the adsorbed NO molecule using
the spin-polarized DFT calculation method as imple-
mented in the Vienna Ab initio Simulation package
(VASP).*° Plane waves with the kinetic energy cutoff of
400 eV, projector-augmented wave (PAW) potentials,*'
and the Perdew—Burke—Ernzerhof (PBE)*? exchange-
correlation functional were used for our DFT simula-
tions. For the Au(111) slab model, we used the p(6 x 6)
surface unit cell (36 surface Au atoms) and three atomic
layers. The work function of the Au(111) slab was
calculated to be 5.29 eV, which is very close to experi-
mental values of 5.1—5.5 eV.** The van der Waals
interaction of CoTPP with Au(111) was corrected with
the DFT-D2 method.**

Our DFT calculations show that an isolated CoTPP
molecule is magnetic. The central Co®" ion with d’
electrons exhibits a magnetic moment of 1 ug, that is,
occupying four majority spins and three minority spins,
due to the crystal field made by the surrounding N
terminals of the porphyrin backbone. When the CoTPP
is placed on the Au(111) substrate, the orbital hybridi-
zation driven by the van der Waals interaction results
in small electron transfer from Au to Co d,. to form
an electric dipole, thereby the total magnetic moment
is reduced to 0.60 ug. We believe that this net magnetic
moment is the origin of the Kondo effect observed
in our STS experiments. Molecular Kondo effect with
magnetic moments smaller than 1.0 ug was previously
reported.”

The adsorption and desorption of the NO molecule
to and from Au(111)-supported CoTPP can happen
via three configuration steps, as shown in Figure 5a:
(1) nonbonding (NB), (2) vertical bonding (VB), and (3)
tilted bonding (TB) geometries of NO. Electronic partial
densities of states (PDOS) for the three configurations
are plotted in Figure 5b. In the NB configuration,
both the ppsn* and d,. orbitals of NO and CoTPP,
respectively, are partially filled. The d orbital states
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Figure 4. Sequence of STM images from (a—f) demonstrating the reproducibility of the STM manipulation. Four NO—CoTPP
and CoTPP are denoted by green and red, respectively, in (a) and (f). In each image, the target NO—CoTPP molecule is
indicated by a red arrow. From (c) to (d), the detached NO was readsorbed onto the adjacent CoTPP. The tunneling conditions

of all STM images are It = 0.1 nA and V= —0.5 eV.
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Figure 5. (a) Overlapped atomic models of nonbonding (NB), vertical bonding (VB), and tilted bonding (TB) NO molecules on
Au-supported CoTPP molecule. (b) Partial density of states (PDOS) for NB, VB, and TB configurations in (a). The Fermi level sets
to the energy zero. Red, blue, and green lines indicate majority spin of Co d, minority spin of Co d, and NO p states, respectively.
The charge density plot of the bonding states of (c) d,,—s* and (d) d,.—z* in VB and TB configurations, respectively.

between —1 eV and the Fermilevel in Figure 5b did not
appear in STS measurements, possibly due to limited
sensitivity in tunneling matrix or due to limitations in DFT
energy spacing in calculations. In the VB configuration,
the high-lying ppst* orbital is exclusively hybridized with
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the low-lying d,, and d,, orbitals of Co, as evident
from the charge density plot shown in Figure 5c. Yet,
the dp—a* coupling is forbidden in VB NO—CoTPP
by symmetry. This VB configuration is metastable,
mostly preserved by local four-fold symmetry. When the
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TABLE 1. Approximate Local Electron Configuration of
the Co lon and Calculated Total Magnetic Moments of
CoTPP, NO—CoTPP, CO—CoTPP, and O,—CoTPP Systems
on Au(111)

Co ion magnetic moment (ug)
CoTPP d 0.60
(0—CoTPP ¢’ 094
NO—CoTPP ¢ 0.00
0,—CoTPP d° 1.02

four-fold symmetry is largely broken, as in the saddle
configuration or on Au(111) substrate, the VB configura-
tion is spontaneously relaxed to TB configuration. TB
configuration with one electron transfer from NO to
CoTPP is the most stable structure with an energy gain
of 1.53 eV, supported by the bonding character of the
d,—m* coupling, as shown in the charge density plot
in Figure 5d. The up-shifted s* orbital loses its electron
to the unoccupied, minority-spin d,. orbital. Thus the
NO-adsorbed CoTPP becomes nonmagnetic with fully
paired d® electron configuration. The suppressed mag-
netic moment is induced by charge-transfer mechan-
isms upon NO adsorption, explaining the on/off Kondo
behaviors observed in our STS experiments.

We further considered the possibility of spin control
by the binding of O, or CO to CoTPP on Au(111) in our
DFT calculations, as summarized in Table 1. Different
from NO, we found that the magnetic moment of
CoTPP could be switched off neither by O, nor by
CO, and that the binding mechanisms of O, and CO
were similar to those for TB and VB of NO to CoTPP,
respectively. Paramagnetic triplet O, has two unpaired
electrons in the pps* orbital. When O, meets with
CoTPP, the 7r* orbital attracts one electron from Co and
hybridizes with the d,. orbital of Co. While the Co ion
becomes almost nonmagnetic with approximate d®
configuration, the other unpaired electron still remains
in the 7* of O, to make the whole system magnetic
with the net magnetic moment of 1.02 ug. On the other
hand, CO is nonmagnetic with the completely empty
ppsr* orbital. Still, the ppsz* orbital of CO hybridizes

EXPERIMENTAL SECTION

All experiments were performed using our home-built STM
system operating at 80 K with a base pressure of 1 x 10~ '° Torr.
The Au(111) surface was prepared from a commercially avail-
able 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. Commercially available CoTPP (Porphyrin
Systems, Germany) and H,TPP (Sigma Aldrich, USA) were out-
gassed in vacuum for several hours and then deposited on
the Au(111) at submonolayer coverage by thermal evapora-
tion using an alumina-coated evaporator. NO gas was 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 5 mV,,s and at a
frequency of 1.5 kHz.
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with d,, and d,, orbitals of Co in the VB configuration
without any charge transfer, preserving the local mag-
netic moment of Co. The electron configurations of Co
thus become d” after binding of CO to CoTPP with the
magnetic moment of 0.94 ug. It will be interesting to
see if the Kondo temperature is changed by O, or CO
binding because they may change the spatial locations
of net spin.

Recently, spin control over Mn—phthalocyanine
(MnPc) was studied with the binding of CO on Bi(110)
and atomic H on Au(111).3*3% Noticeably, MnPc is a
multiple spin system, whereas our CoTPP is a single
spin system. In MnPc, Mn has two spins in d, and d,,
orbitals on Bi(110) and three spinsind,./d,,, d,.,and d,,
orbitals on Au(111). The d, orbital hybridizes with the
7r* orbital of CO and s orbital of atomic H to reduce the
net spin from 1 to 1/2 and from 3/2 to 1, respectively.
Therefore, both CO—MnPc and H—MnPc are still mag-
netic with nonzero spins, very different from our
NO—CoTPP case. It was argued that no Kondo effect
after CO binding irrespective of remaining spin was the
result of weak coupling of d,, orbital to substrate. In
this regard, our NO—CoTPP system has the advantage
that the mechanism of spin and Kondo switching is
clear, intuitive, and suitable for model studies.

CONCLUSION

In summary, we studied bimolecular chemical
switching of the Kondo effect in CoTPP on Au(111)
using NO molecules through STM and STS measure-
ment. We observed reproducible transformations be-
tween three-lobed and bright ring structures from
CoTPP molecules without and with adsorbed NO mol-
ecules in STM images, respectively. The bimolecular
chemical switching could be made in both directions.
The switching mechanism is attributed to the suppres-
sion of magnetic moment in NO—CoTPP on Au(111)
from DFT analyses. The bimolecular chemical switch-
ing provides diverse options for controlling molecular
Kondo effect because there are huge numbers of
bimolecular sets for magnetic molecules and their
counterparts.
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