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Effect of local geometry on magnetic property of nitric oxide on Au(110)-(1×2)
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We investigate the effect of local geometry and environment on the electronic spin of nitric oxide (NO) on
Au(110)-(1×2) using scanning tunneling microscopy/spectroscopy, density functional theory, and numerical
renormalization group calculations. The molecules adsorb on the bridge or on-top sites, and the Kondo resonance
is observed only for the latter. This indicates that the local geometry influences the spin state of NO on the surface.
The Kondo resonance is accompanied by enhanced satellite peaks due to the interplay with vibrational excitation.
In addition, we find that the Kondo resonance appears as a peak or a dip, depending on the local environment
of the molecule. The calculations reveal that the NO/Au(110) system is represented by a two-orbital Anderson
model, where the 2π∗ orbitals compete for the unpaired electron to host the Kondo resonance. We propose that a
subtle interaction between the NO molecules may play a critical role in determining the host of Kondo resonance
and, consequently, the spectral shape.
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I. INTRODUCTION

The spin polarization of a free nitric oxide (NO) molecule
arises from the unpaired electron in the 2π∗ orbital. Whether
the spin survives or not on metal surfaces is a fundamen-
tal issue for understanding the coupling of spin degrees of
freedom with condensed matter. Yoshimori [1] examined the
two-photon photoemission data of NO on Cu(111) [2] by
using a many-body-model Hamiltonian and proposed that the
magnetic moment exists on the surface. In addition, density
functional theory (DFT) has been employed to address this
issue, and the results indicate that NO retains its magnetic
moment on Ag(111) [3], whereas the magnetic moment is lost
on Pt(111) [4] and other transition metal surfaces [5]. The
hybridization between the 2π∗ orbital and metal d states is
significant on transition metal surfaces, resulting in the loss of
the magnetic moment.

It is well known that itinerant metal electrons may screen a
localized spin of magnetic atom on low-temperature surfaces.
This many-body correlation effect gives rise to a zero-bias res-
onance (Kondo resonance) peak or dip in scanning tunneling
spectroscopy (STS) measurements [6–8]. Therefore, Kondo
resonance observation suggests the presence of a localized
spin on adatoms, forming a singlet state with electrons in the
metal. Kondo resonance has also been observed for a variety
of molecules, ranging from metal-cyanide complexes [9–16]
and magnetic molecules [17–20] to pure organic materials
[21–25]. Requist et al. [19] observed Kondo resonance for
NO on Au(111) and proposed that the radical character of NO
is retained on the surface, with its spin moment screened by
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the conduction electron in the metal. However, the correlation
of the spin state of adsorbed NO with the local geometry
on metal surfaces has not been investigated thoroughly. The
interaction of NO with metal surfaces is complex, giving rise
to a variety of adsorbed states. The adsorption results in,
e.g., upright or flat-lying configurations, depending on the
temperature and coverage, even for one and the same surface
[26,27]. Thus, it is essential to probe the spin at the level of
individual molecules. In this context, the scanning tunneling
microscope (STM) is an ideal tool, enabling the observation
and characterization of adsorbed NO molecules in a single-
molecule limit [28]. Therefore, NO/metal systems may serve
as a useful testbed for studying the interplay between spin
states and the local environment on surfaces.

In this study we investigated the local geometry of NO on
Au(110)-(1×2), and its influences on the inherent magnetic
property of NO, using STM in conjunction with DFT and
numerical renormalization group (NRG) calculations. The
reconstructed Au(110) surface allows for various adsorption
states of NO, and their relatively weak interaction is ideal
for studying the magnetic property of NO. We found that NO
molecules adsorb on the bridge and on-top sites. The on-top
species exhibited Kondo resonance, while the bridge species
did not, suggesting the existence of the spin for the former.
Because the molecular axis is tilted from the surface normal,
the degeneracy of the 2π∗ orbitals is lifted. Therefore, the two
orbitals compete for an unpaired electron that causes Kondo
resonance. The NRG and DFT calculations suggested that the
environment of NO molecules plays a critical role in deter-
mining the Kondo channel. In addition, we observed satellite
peaks beside the Kondo resonance, which can be attributed
to the vibration-assisted Kondo resonance. The satellite peaks
were assigned based on the symmetry consideration, spatial
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distribution of the peak intensity, and DFT calculations of the
normal modes.

II. EXPERIMENTS

The STM experiment was conducted at 4.5 K in an
ultrahigh-vacuum chamber, using an electrochemically etched
tungsten tip as the STM probe. The single crystalline Au(110)
surface was cleaned by repeated cycles of argon ion sput-
tering and annealing. The clean Au(110) surface exhibited
(1×2) missing-row reconstruction [29], which was routinely
observed in the STM image as straight lines running along
the [11̄0] direction. NO gas (14NO and 15NO) was introduced
into the chamber via a tube doser to the surface main-
tained at 78 K. STM images were acquired in the constant
current mode at a sample bias Vs = 50 mV and tunneling
current I = 0.1 nA. STS (dI/dV and d2I/dV 2) was ob-
tained with a lock-in technique, with a modulation voltage of
4 mVrms at 560 Hz.

III. THEORY

Density functional calculations were performed by using
the Vienna ab initio Simulation Package [30,31] with the
projected augmented wave [32] method. The optB86b-vdW
exchange-correlation functional [33] was used to account for
the van der Waals interaction. The cutoff energy of the plane-
wave basis was set to 400 eV. The first Brillouin zone was
sampled by uniform 4 × 6 × 1 mesh centered at the � point.
The surface of Au(110)-(1 × 2) was modeled using a slab with
11 atomic layers. The supercell size in the in-plane direction
was taken to 4 × 3. The atomic positions except for the Au
atoms in the bottom three layers were relaxed until the forces
on each atom became smaller than 0.02 eV/A. All the calcu-
lated structures were rendered by VESTA 3 [34].

We performed NRG calculations using our own developed
code [35,36]. We used the logarithmic discretization param-
eter � = 2.0, and ∼2000 low-lying eigenstates were kept in
respective iterations. In the calculation of the single-particle
excitation spectrum, we implemented the method proposed
by Anders et al. [37,38], in which the NRG data from all
iterations were combined to construct a complete Fock space.
All NRG calculations were performed at 0 K in the present
work.

IV. RESULTS

A. STM observation

Figure 1(a) shows a typical STM image of Au(110)-(1×2)
exposed to NO. Individual molecules are imaged as protru-
sions that preferentially form chain clusters along the [11̄0]
direction. Isolated molecules are also observed, which are
shown in Figs. 1(b) and 1(c) with the Au(110)-(1×2) lat-
tice superimposed. The lattice is drawn using residual carbon
monoxide (CO) molecules that adsorb at the on-top site [39].
The lattice indicates that the isolated molecules are located at
the short-bridge site (hereafter denoted by b-NO). The spot is
off-centered in the [001] or [001̄] directions, suggesting that
b-NO adsorbs in a tilted manner.

FIG. 1. (a) Typical STM image of the Au(110)-(1×2) surface ex-
posed to NO. The molecules prefer chain formation along the [11̄0]
direction. Isolated molecules are also observed, as shown in (b) and
(c), with the lattice superimposed. The molecules are bonded to the
short-bridge site (b-NO). (d) Magnified image of a chain comprising
three molecules. The edge molecules are identical with b-NO, while
the center molecule is bonded to the on-top site (t-NO). The image
size is 13.7 × 14.8 nm for (a).

Figure 1(d) shows a magnified image of a chain cluster
comprising three molecules. The two edge molecules located
at the short bridge site are identical to the b-NO described
above. On the other hand, the center molecule is located at the
on-top site (hereafter denoted by t-NO). The molecule appears
as a pair of a large and a small protrusion, suggesting that it is
also tilted along [001]. The two-spot image is similar to that
of NO/Cu(110), which originates in the 2π∗ orbital of NO
[40]. A t-NO is never observed as a monomer and is always
attached to b-NO, often sandwiched between two b-NO, as
shown in Fig. 1(d). Nevertheless, the molecular interaction
between b-NO and t-NO is weaker than the covalent bonding
[40], which is supported by the same STM images of the b-NO
in the isolated form and chain [Figs. 1(b)–1(d)]. This implies
that molecules in the chain interact with each other via the
weak interaction (e.g., van der Waals interaction).

B. STS measurement

To verify whether the localized spin remains in the NO on
Au(110)-(1×2), we conducted STS measurements. Figure 2
shows the STS measured on the three protrusions of the chain
(b-NO and t-NO) and the clean surface. The tip position is
shown in the image. The dI/dV for t-NO (purple) shows
a distinct peak centered at the Fermi level, while those for
b-NO are featureless (orange and blue curves). It is noted
that the STS for isolated b-NO displays no feature as well.
The peak half-width-half-maximum (HWHM) for t-NO is
14.6 ± 1.9 meV, and such a sharp peak implies that it is at-
tributed to the Kondo resonance. This was supported by the
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FIG. 2. dI/dV spectra recorded over b-NO (orange and blue),
t-NO (purple) in the chain, and over the clean surface (green). The
dI/dV for t-NO exhibits a distinct peak centered at 0 mV, while
those for b-NO and the clean surface are featureless. The spectrum
for t-NO was fitted to the Fano function [Eq. (1), black curve]. A
linear slope was allowed for the fit. The tip height was fixed at Vs =
100 mV and I = 0.1 nA during each measurement. The spectra were
vertically offset for clarity.

temperature dependence of the spectra (Fig. S1), where the
Kondo temperature was determined to be 114 ± 18 K [41].
These results suggest that the molecular spin is maintained
for t-NO, but quenched for b-NO. The spectra of the Kondo
resonance are represented by the following Fano function:

dI/dV = (ε + q)2

1 + ε2
, ε = V − V0

�
, (1)

where V0 and � are the position and HWHM of the reso-
nance, respectively. The spectral shape is determined by the
interference between the tunneling electrons from the tip to
the molecular states and to the substrate, where q denotes the
ratio of the two paths [8]. The solid curve in Fig. 2 shows
the fit to Eq. (1). The value of q was determined to be 17
(almost the same as a Lorentz peak), which indicates that the
former path is dominant. The q value also reflects the nature
of the molecular orbital responsible for the Kondo resonance,
as described in Sec. V A.

C. DFT calculation

We studied the structure and electronic states of NO on
Au(110)-(1×2) by DFT calculations. We found that the ad-
sorption energy of the isolated bridge and on-top NO were
0.80 and 0.77 eV, respectively. For both species, the N–O axis
was tilted from the surface normal along the [001] direction
(Fig. S2) [41]. These results are in agreement with previous
calculation [42] and consistent with the STM observation
[Figs. 1(b) and 1(c)]. Next, we calculated the infinite chain
structure comprised of alternating bridge and on-top NO on
Au(110)-(1×2), as the structure in Figs. 1(d) and 2. As well
as for the isolated NO, the bridge and on-top NO are tilted
along the [001] direction in the optimized structure of the
chain [Figs. 3(a) and 3(b)]. The adsorption energies of the
molecules are almost the same as those for the isolated NO,
indicating that the interaction between the molecules in the
chain is quite weak. This may contradict the preferential chain

FIG. 3. (a) Top view and (b) side view of the calculated structure
of the NO chain, where the bridge and on-top NO are arranged
alternately. The distance between adjacent bridge and on-top NO
molecules is 0.43 nm. (c, d) Spin-resolved density of states projected
onto the two orbitals for (c) bridge and (d) on-top NO in the chain
structure. The on-top NO maintains spin polarization, whereas the
bridge NO almost does not. The sign of PDOS indicates the spin
direction. (e) Schematics of the molecular orbitals of NO, 2π∗

e , and
2π∗

o .

formation, but may be dominated by the kinetics of the ad-
sorption process, the details of which remain to be clarified.

Figures 3(c) and 3(d) show the spin-resolved projected
density of states (PDOS) to the 2π∗ orbitals of the bridge and
on-top NO in the chain, respectively. Because the molecules
are bonded in a tilted geometry, the degeneracy of the 2π∗
orbital is lifted, giving rise to the two orbitals labeled as
2π∗

e and 2π∗
o [Fig. 3(e)]. The subscript represents the orbital

symmetry (even/odd) with respect to the reflection against the
plane along [001] and the surface normal. The hybridization
of the orbitals with the metal state leads to a broadening of the
levels and decreases in the Coulomb interactions. Figures 3(c)
and 3(d) indicate that the bridge NO hybridized with substrate
stronger than the on-top NO. As a result, the spin polarization
of the bridge NO (0.22 μB) becomes smaller than the on-
top NO (0.31 μB). These results indicate that the magnetic

155412-3



H. KOSHIDA et al. PHYSICAL REVIEW B 103, 155412 (2021)

FIG. 4. (a) Series of dI/dV spectra recorded at each position over t-NO shown in (b). The Kondo peak at 0 mV is replaced by two sets of
side features at ±35 mV and ±5 mV in the middle. (c) Bottom shows the dI/dV (black) and d2I/dV 2 (gray) curves for the side features. The
latter shows peaks (dips) at 4 mV and 33 mV (−3 mV and −32 mV). Isotope shift (14NO and 15NO) for the 33 (−32) mV peak (dip) is shown in
the top, suggesting that the peak and dip are associated with vibrational excitation. (d) Schematic illustration of inelastic vibrational tunneling
enhanced by Kondo resonance (left), and the resulting “Kondo replica” in dI/dV (right). A positive bias is assumed (the same diagram can
be drawn for a negative bias). (e–g) Constant-height d2I/dV 2 maps of (e) −4 mV (corresponding to Kondo peak), (f) 4 mV, and (g) 34 mV.
The superimposed white curves indicate the contour of the molecules (b-NO, t-NO, and b-NO). The tip height was fixed at Vs = 100 mV and
I = 0.5 nA over the main protrusion of t-NO. (h–j) Calculated vibrational modes of t-NO, which are totally symmetric under the Cs symmetry.
(h) Hindered translation (5 meV, ν1), (i) NO–Au stretch (25 meV, ν2), and (j) hindered rotation (45 meV, ν3). The image sizes are 1.9 × 2.2 nm
for (b) and 1.1 × 1.5 nm for (e–g). The tip height was fixed at Vs = 50 mV and I = 0.1 nA during each measurement in (a) and (c). The spectra
in (a) and the top part of (c) are vertically offset for clarity.

moment in bridge NO is suppressed, which is consistent with
the fact that the Kondo resonance was observed only for t-NO.

D. Vibration-Kondo coupling of t-NO

We observed satellite peaks for t-NO, depending on the
tip position. Figure 4(a) shows the dI/dV spectra for t-NO
recorded with the tip position varied, as shown in Fig. 4(b).
When the tip is positioned just over the larger protrusion, the
dI/dV exhibits a single symmetric Kondo peak centered at 0
mV (purple curve), as shown in Fig. 2. As the tip is moved
in the [001̄] direction, the Kondo peak is reduced in inten-
sity, and asymmetric satellite peaks appear at ∼ ± 35 mV and
∼ ± 5 mV (blue to green curves). Finally, with the tip posi-
tioned over the smaller protrusion, the Kondo peak revives,
and the satellite peaks disappear (red curve).

To explore the origin of the satellite peaks, we studied
the isotope dependence (14NO and 15NO). To determine the
existence of the isotopic shift, we compared the peak volt-
age using d2I/dV 2, as shown in the bottom of Fig. 4(c)
(gray curve). The d2I/dV 2 peaks (dips) at 4 mV and 33 mV
(−3 mV and −32 mV) correspond to the onset of the satellite
peaks at ±5 mV and ±35 mV in the dI/dV (black curve),
respectively. The top of Fig. 4(c) shows the comparison of the
d2I/dV 2 features between 14NO and 15NO, exhibiting the ∼2
% isotopic shift. Thus, we attribute the origin of the satellite
peaks at ∼ ± 35 mV in the dI/dV to the vibrational excita-

tion. We note that the energy barrier to spin flip (2� 1
2

→2 � 3
2
)

is 15 meV for free NO [43,44], which does not match the peak
(dip) energy. Thus, the spin excitation [45,46] is discarded as
the peak (dip) origin.

The peaks are ascribed to vibrational excitation coupled
with the Kondo resonance, as observed previously in the
electron transport through quantum dots [47], and in the STS
measurements for large organic molecules on metal surfaces
[12,14,15,18,21,24,25]. The relatively small degrees of free-
dom of NO allow us to investigate the vibrational modes
involved and the mechanism of the vibration-Kondo coupling
in a rather straightforward manner. The vibrational inelastic
process in the presence of Kondo resonance is qualitatively
described using a simple tunneling model shown in Fig. 4(d).
If eVs matches or exceeds the vibrational energy (Vs � h̄ω/e),
tunneling electrons can dissipate its energy to the molecule or
the substrate by emitting phonons. In Kondo systems, such an
inelastic electron tunneling (IET) can be coupled with Kondo
resonance, which produces a “Kondo replica” in the differen-
tial conductance (vibration-assisted Kondo effect), as depicted
in Fig. 4(d) [12,21,24,47]. As evident from this model, the
Kondo replica has an asymmetric shape with a steep onset at
the vibrational excitation, which is consistent with the satellite
peaks observed in Figs. 4(a) and 4(c). This indicates that
h̄ω/e corresponds to the peak (dip) position in d2I/dV 2. It
is also notable that the conductance increase at the onset is
∼50%, which is considerably large in comparison with that

155412-4



EFFECT OF LOCAL GEOMETRY ON MAGNETIC PROPERTY … PHYSICAL REVIEW B 103, 155412 (2021)

for normal IET (a few % [48]), suggesting that the tunneling
via vibrational excitation is significantly enhanced due to the
large final-state density, i.e., the Kondo resonance.

A series of dI/dV spectra in Fig. 4(a) indicates that the
intensities of the Kondo resonance and the vibrational satellite
peaks depend critically on the tip position above the molecule.
Figures 4(e)–4(g) show the d2I/dV 2 spatial maps obtained
for the chain cluster with Vs fixed at −4 mV (corresponding
to the Kondo resonance), 4 mV, and 34 mV (satellite peaks
in the dI/dV ), respectively. The red areas correspond to the
distribution of Kondo resonance and satellite peaks. As seen in
Figs. 4(a) and 4(e), the Kondo resonance intensity is enhanced
at the two protrusions of t-NO and suppressed in between.
This reflects the local density of states of the orbital that hosts
the Kondo resonance [2π∗

e orbital [Fig. 3(e)], as described
in Sec. V A]. In contrast, the satellite peaks are distributed
between the protrusions, as shown in Figs. 4(a), 4(f), and 4(g).

We consider the spatial distribution and assignment of the
satellite peaks based on the IET propensity rule [49–52]. The
t-NO belongs to the Cs point group with the mirror plane
(σv) along [001] and [110] (surface normal). The 2π∗

e orbital,
which causes the Kondo resonance and contributes to electron
tunneling at the Fermi level, is symmetric with respect to the
reflection against σv (represented by the symmetry species of
a′). The satellite signal has an intensity in the mirror plane
[Figs. 4(f) and 4(g)], indicating that the tunneling matrix el-
ement is nonzero only when the vibrational mode is totally
symmetric (a′ mode). Therefore, the satellite peaks can be
assigned to the normal modes illustrated in Figs. 4(h)–4(j).
It is noted that internal stretch mode [ν(N–O)] is ruled out
because the frequency lies outside the range (∼200 meV). ν1

is well described by the hindered translation motion along the
[001] direction, while ν2 and ν3 mainly include the Au-NO
stretch and hindered rotation motion, respectively. The dI/dV
peaks at ±5 meV are assigned to ν1 based on the frequency,
and the dI/dV peaks at ±35 meV are assigned to ν2 and/or
ν3. It is notable that the intensities of the vibration modes
are distributed between the lobes, i.e., at the node of the 2π∗

e
orbital [Figs. 4(a), 4(f), and 4(g)]. This can be rationalized by
the inelastic process in which the initial state is 5σ or 6σ ∗,
and the final state is 2π∗

e [50,52], which supports that the
ν3 (hindered rotation) is more plausible as the origin of the
dI/dV peaks at ±35 meV.

E. Metastable species produced by STM

When Au(110)-(1×2) is exposed to NO at 78 K, NO is
observed to exist as b-NO or t-NO, as described above. By
applying a voltage pulse (∼300 mV, 1 s) to b-NO, we ob-
served a new species, as shown in Figs. 5(a) and 5(b). The
product does not exist naturally and exhibits a characteristic
combination of pear-shaped and crescent-shaped protrusions,
suggesting that the 2π∗ orbital contributes to the electron
tunneling. This low-symmetry species (hereafter denoted as
l-NO) flips between two equivalent orientations [Figs. 5(c)
and 5(d)] and occasionally returns to b-NO via voltage pulses
of ∼300 mV. The STS for this species exhibits a dip structure,
as shown in Fig. 5(e). We could reasonably fit the spectrum
to the Fano function [Eq. (1)] and determined the q value as
0.02 (almost the same as a Lorentz dip). This result suggests

FIG. 5. (a, b) Manipulation of b-NO. By applying a voltage pulse
(350 mV, 1 s) onto b-NO, the b-NO changes to the low-symmetry
species denoted as l-NO. The l-NO flips along the [001] direction
on applying a ∼300 mV voltage pulse, as shown in (c) and (d).
(e) dI/dV spectra recorded over l-NO (purple) and over the clean
surface (green). The tip position is shown in (b). The dI/dV for l-NO
exhibits a distinct dip centered at 0 mV. The black curve is the fitting
curve with the Fano function [Eq. (1)]. The tip height was fixed at
Vs = 50 mV and I = 0.1 nA during each measurement. The spectra
are vertically offset for clarity. Image size: 1.7 × 1.5 nm for (a)–(d).

that the dip is ascribed to the Kondo resonance, in which the
tunneling path from the tip to the substrate is dominant. It is
noted that l-NO is unstable above ∼50 K, which hinders the
measurement of the temperature dependence of the spectra.
Because l-NO does not exist naturally on the surface, it is
less stable than b-NO (metastable configuration) and can be
attributed to the isolated on-top species described later.

V. DISCUSSION

A. Spectral shape variation between t-NO and l-NO

In Secs. IV B and IV E, we demonstrated that the STS
for t-NO and l-NO exhibits the Kondo resonance with peak
and dip shapes, respectively. The spectral shape is generally
explained by the coupling strength between the orbital and
tip [8,11]; if the coupling is strong (e.g., out-of-plane 2π∗

e
orbital), the spectrum exhibits a peak, because the tunneling
channel through the orbital is mainly dominant (large q). If
the coupling is weak (e.g., in-plane 2π∗

o orbital), the spectrum
exhibits a dip, owing to the contribution of the tunneling chan-
nel through the substrate (small q). The latter case is reported
for NO/Au(111) [19]. In our case, the peak and dip structure
observed in t-NO and l-NO would be attributed to the Kondo
resonance hosted in the 2π∗

e and 2π∗
o orbitals, respectively.

We propose that the difference in the environment around
the molecule determines the host of the Kondo resonance
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FIG. 6. (a, b) Top view of the calculated structure of the isolated
on-top NO and the chain. (c) PDOS onto 2π∗

e and 2π∗
o for the on-top

NO in the isolated form and that in the chain. The latter is the same as
in Fig. 3(d). (d, e) Spectral functions calculated by NRG for isolated
NO and that in the chain.

and, thus, the spectral shape. Figures 6(a) and 6(b) show the
calculated structure of the isolated on-top NO and the chain,
respectively. First, we assume the l-NO to be an isolated
monomer on the on-top site. The reason is that the DFT
reveals that the spin polarization is maintained for the on-top
species, which is in agreement with the observation that l-NO
exhibits Kondo resonance. We note that l-NO exhibits C1

symmetry in the STM images (Fig. 5). The slight symmetry
reduction observed in the STM image is not included in the
theoretical model, as shown in Fig. 6(a). This is because it
is difficult to determine the metastable low symmetric struc-
ture that perfectly matches l-NO in the structure optimization
process in the DFT calculation. However, during the struc-
ture optimization calculations, we also find some intermediate
structures where the N-O axis is slightly rotated in the [11̄0]
direction (Fig. S3) [41]. The total energies in these structures
are higher than that of the symmetric on-top structure by
approximately 20 meV. The magnetic moment of 0.36 μB and

the shape of the DOS are similar to those of the symmetric
on-top structure (0.38 μB). This implies that the molecule can
rotate around the on-top site with keeping the electronic and
magnetic states.

Figure 6(c) shows the PDOS for the on-top NO in the
isolated form and the chain. The PDOS for NO in the chain
shows sharper peaks than that for the isolated one, and the
peak position is shifted. These differences can be attributed
to whether the bridge NO are adjacent or not, i.e., the sur-
rounding environment. The PDOS indicates that both 2π∗

e and
2π∗

o are partially occupied. These suggest that this system
is represented by the two-orbital Anderson model, in which
either of the two orbitals can host the Kondo resonance [19].

Based on the DFT calculation described above, we study
the present system by NRG calculation of the two-orbital
Anderson model to determine whether 2π∗

e or 2π∗
o hosts the

Kondo resonance, depending on the environment around the
on-top NO. The Hamiltonian is as follows:

H = εene + εono +
∑

α=e,o

∑

k

(Vkαc†
kα

cα + V ∗
kαc†

αckα ) + Hint,

(2)

Hint = Uene↑ne↓ + Uono↑no↓ + Ueoneno + JH Se · So + W.

(3)

The first and second terms of H represent the electrons in 2π∗
e

and 2π∗
o orbitals, respectively. Vkα (α = e, o) is the hybridiza-

tion matrix of the surface state with 2π∗
α orbital. Here we take

the wide-band limit and neglect the wave number dependence
in hybridization, Vke,ko = Ve,o. The hybridization strength in
each channel is parametrized by �e,o = πV 2

e,o/2. The inter-
action Hamiltonian Hint consists of the two intraorbital and
one interorbital Hubbard interactions (U terms), the Coulomb
ferromagnetic (Hund’s rule) exchange interaction (JH term),
and the pair hopping term W . We fixed the parameters Ue,
Uo, and Ueo to be 2.0 eV, and JH and W to be −0.8 eV and
−0.1 eV, respectively, which were referred from the gas phase
value as well as from the previous study on NO/Au(111) [19].

Figure 6(c) reveals that the peak width and center of the
PDOS in the isolated form and in the chain are different.
Therefore, we take �e,o, εe, and εo as variables for the NRG
calculation. First, we consider the isolated NO, where the 2π∗

o
is close to half-filling and serves as the host of the Kondo
effect. To represent this situation, we set the parameters εe =
−0.9 eV, εo = −0.95 eV, �e = 0.225 eV, and �o = 0.09 eV.
The spectral function for 2π∗

o calculated using these parame-
ters exhibits a peak at 0 meV, as expected [Fig. 6(d)]. Next, we
modify the parameters with the hybridization reduced as �e =
0.175 eV, and �o = 0.07 eV, and the energy positions changed
as εe = −0.95 eV and εo = −0.9 eV to make 2π∗

e close to
half filling. These parameters are intended to reproduce the
case of t-NO. Figure 6(e) shows the corresponding spectral
function for the 2π∗ orbitals. In this case, the spectral function
for 2π∗

e exhibits a peak at 0 meV. These results indicate that
the host of the Kondo resonance readily switches from 2π∗

o
to 2π∗

e by modifying the parameters. As described in Secs.
IV B and IV E, the Kondo resonance in the 2π∗

e orbital results
in a Lorentz-like peak, and that in 2π∗

o results in a dip. The
above theoretical results qualitatively support that the orbital
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hosting the Kondo effect switches critically, depending on the
environment around the molecule.

VI. CONCLUSION

We study the magnetic property of NO on Au(110)-(1×2)
using STM, STS, DFT, and NRG. NO exists on the surface
in three adsorption states, namely, b-NO, t-NO, and l-NO.
STS and DFT calculation reveal the correlation between the
geometry and magnetic property of NO; the on-top species
(t-NO and l-NO) possesses larger magnetic moment than
the bridge species (b-NO) due to weaker interaction with
the surface. In addition, t-NO demonstrates the coupling
of the Kondo resonance with molecular vibrations. Finally, we
argue the difference in the shape of the Kondo resonance be-
tween t-NO and l-NO using DFT and NRG, and propose that

the system obeys the two-orbital Anderson model, and that
the host of Kondo resonance readily switches between 2π∗

o
and 2π∗

e , by environmental perturbation around the molecule.
Our results shed light on the importance of local geometry in
the magnetism of NO on metal surfaces.
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