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Direct visualization of surface phase of oxygen molecules physisorbed on Ag(111) surface:
A two-dimensional quantum spin system
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We report on the real-space observation of the two-dimensional distorted triangular lattice of physisorbed
oxygen (O2) molecules on an Ag(111) surface by low-temperature scanning tunneling microscopy. The
physisorbed state of the O2 monolayers was confirmed by measuring their thermal stability, which showed
good agreement with previous thermal desorption spectroscopy. The distortion of the observed lattice was
reproduced quantitatively by considering the intermolecular exchange interaction in Monte Carlo calculations,
indicating a critical role of antiferromagnetic ordering of O2 spins. In tunneling spectra, the Kondo resonance
was not observed on the O2 layer at 4.7 K unlike the case of physisorbed O2 on Ag(110). These results indicate
that an intrinsic S = 1 spin of the O2 molecules was preserved to form a two-dimensional antiferromagnetic
quantum spin system on the surface.
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An oxygen molecule (O2) has 16 electrons in its molecular
orbitals to give the 3�−

g electronic configuration, i.e., the
degenerated outermost orbitals (π∗

2p) have a half-filled config-
uration in the ground state [1]. Consequently, O2 is one of the
smallest molecular magnets with an S = 1 quantum spin, and
its solid phase is known to be an antiferromagnetic Mott insu-
lator [1,2]. This makes O2 attractive as a unique source of new
physics; it is a building block of the low-dimensional quantum
spin systems, especially quantum spin liquid phases in two-
dimensional (2D) frustrated lattices [3] and the Haldane phase
with the one-dimensional (1D) arrangement [4]. Since the mid-
1980s, research groups have extensively studied adsorbed O2

molecules on the surfaces of highly ordered pyrolytic graphite
(HOPG) [5] and hexagonal boron nitride [6] and inside 1D
structures such as nanoporus coordination polymers [7,8]
and single-walled carbon nanotubes [9] in order to observe
such elusive phenomena. However, the available experimental
techniques for investigating the physical properties of this
molecule have been limited to spatial averaging ones. On the
other hand, the development of scanning tunneling microscopy
(STM) and spectroscopy (STS) has enabled direct access to
the properties of single atoms and molecules and even their
manipulation to fabricate artificial nanostructures. Combined
with surface preparation methods under ultrahigh vacuum
(UHV) conditions, STM can provide an ideal playground for
bottom-up fabrication of low-dimensional spin systems in an
atomically clean environment [10].

A well-known problem for O2 adsorption on a substrate
is that O2 often loses its spin because of strong interactions
with the substrate such as the charge transfer, formation
of chemical bonds, and dissociative adsorption. However,
a low-temperature low-energy electron diffraction (LEED)
study recently revealed that the interaction between the
physisorbed O2 and Ag(111) surface is substantially weak
and that structures almost identical to solid oxygen phases can
be realized on the surface [11]. In addition, the existence of a
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spin in physisorbed O2 on an Ag(111) substrate was confirmed
by an experiment on the ortho-para conversion of molecular
hydrogen [12]. Therefore, there is a strong need for STM-
based techniques with single-molecule resolution in order to
directly realize understanding of the structural and electronic
properties and verify the potential of the O2/Ag(111) system
for low-dimensional quantum spin systems.

In this Rapid Communication, we report the direct vi-
sualization of O2 physisorbed on Ag(111) by using low-
temperature STM/STS. Physisorption of the observed mono-
layer O2 islands was confirmed by a comparison with previous
results from thermal desorption spectroscopy (TDS) [11].
In the islands, a well-ordered O2 structure was observed,
and the lattice was distorted from an isosceles triangular
shape. The distortion can be explained by the competition
between the magnetic and elastic instabilities of the O2 lattice,
and it was confirmed by a quantitative estimation of the
distortion based on Monte Carlo (MC) calculations. We found
no feature of the Kondo resonance in the differential tunneling
conductance (dI/dV) spectra. Based on these observations
and calculations, we discuss the realization of an S = 1 2D
antiferromagnetic quantum spin system.

All measurements were performed with a UHV (<1 ×
10−8 Pa) low-temperature STM (Omicron LT-STM) at 4.7 K
in RIKEN. The STM tips were electrochemically etched from
high-purity (99.99%) Ag wires. A single-crystal Ag(111)
sample was cleaned by repeated cycles of 1 keV Ar-ion
sputtering and 700 K annealing. With the Ag(111) surface
atom density defined as one monolayer (ML), about 0.3 ML
of O2 was deposited onto the Ag(111) surface held inside the
STM. The surface temperature was raised to 12.6 K during the
O2 adsorption.

Figure 1(a) shows an STM image of O2 on Ag(111) taken
at 4.7 K. A number of depressed areas with the same depth
(∼0.05 nm) were observed. Because these areas did not exist
prior to the O2 deposition, we identified them as O2 monolayer
islands (see Supplemental Material for details [13]). The
depressed contrast of the O2 islands in the STM images is due
to the reduced local density of states on the O2-covered area
from the Fermi level to the measured energy. A similar feature
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FIG. 1. (a) STM image acquired on O2/Ag(111) at 4.7 K with
a bare Ag tip and cross-sectional profile taken along the black
dotted line. (b)–(d) STM images after annealing at (b) 40.3 K,
(c) 30.1 K, and (d) 15.2 K. (e) Molecular resolution STM image
of an O2 island with an O2 terminated tip and a zoomed image
of the structure. (f) Schematic O2 structure for the LC phase (red
ellipsoids) on the Ag(111) surface (gray spheres) derived from
LEED measurement [11] [(a) sample bias voltage: Vs = −50 mV,
tunneling current: It = 3 pA; (b), (c) Vs = 30 mV, It = 3 pA; (d), (e)
Vs = 30 mV, It = 2 pA].

has been reported for carbon monoxide monolayer islands
physisorbed on Ag(111) [14]. The O2 islands were easily
displaced or desorbed by the tunneling current, which indicates
a fairly low adsorption energy due to the physisorbed nature
of the island (see Supplemental Material for details [13]). For
this reason, all measurements in this work were carried out at
a significantly low tunneling current (|It | � 3 pA) and sample
bias voltage (|Vs | � 200 mV).

In order to confirm that the islands were physisorbed on
the surface, we investigated the thermal stability of the O2

islands by heating the sample in a stepwise fashion up to
40.3 K. Figures 1(b)–1(d) display STM images taken at 4.7 K
after annealing at each temperature increment for 1 min. The
number of defects in the O2 islands gradually increased with
annealing up to 30.1 K [Figs. 1(c) and 1(d)]. After the sample
was annealed up to 40.3 K, most of the O2 islands disappeared.
These observations are in good agreement with the result of the
TDS measurement, which showed a desorption peak at 35 K
for the low-coverage (LC) phase of physisorbed O2 on Ag(111)
[11]. Therefore, we conclude that the observed islands were
the physisorbed O2 layer.

Figure 1(e) is a molecular resolution image of the O2 layer
showing a well-ordered lattice structure. The dimensions of
the surface unit cell of the O2 structure were measured to
be AB = 0.421 ± 0.013 nm, AC = 0.435 ± 0.013 nm, and
∠BAC = 42.8 ± 1.1◦ [blue parallelogram in the zoomed
image of Fig. 1(e)] based on real-space STM images of three
different O2 islands. Note that it was a scalene triangular
lattice (i.e., AB < AC), which is revealed more clearly in
the reciprocal space. Figures 2(a)–2(c) display a 2D Fourier
transform (FT) pattern of STM images showing an atomic
resolution Ag(111) surface and the molecular resolution O2

islands, respectively. The direction of the reciprocal vector of
the Ag(111) surface is drawn as black dotted lines. There are
six distinct peaks in Fig. 2(b), and the red arrows indicate
vectors (P,Q,R) corresponding to the periodic structures of the
O2 rows in the islands. While R is along the reciprocal vector
of the Ag(111) surface, P and Q are tilted from the black dotted
lines by 11.5 ± 0.5◦ and 7.5 ± 0.5◦, respectively. The angular
difference corresponds to the scalene triangular lattice of the
O2 molecules (i.e., AB < AC). The other pattern displayed in
Fig. 2(c) was taken on a domain whose lattice is mirror inverted
and thus should be equivalent to that of Fig. 2(b) because of the
mirror symmetry of the Ag(111) substrate. The existence of the
mirror-inverted domains indicates that the scalene triangular
lattice is intrinsic to the present system.

The previous LEED study reported that two phases of
O2/Ag(111) exist depending on O2 coverage [11] and that
the O2 orientations of the LC and high-coverage (HC) phases
are parallel and perpendicular, respectively, to the Ag(111)
substrate. Because the observed unit cell was close to that of
the LC phase observed in the LEED study [A′B ′ = A′C ′ =
0.43 nm, ∠B ′A′C ′ = 43.7◦, shown in Fig. 1(f)], we presumed
that the phase in our system was LC. However, the LEED
pattern showed that the O2 layer forms an isosceles triangular
lattice (i.e., A′B ′ = A′C ′) instead of the scalene triangular
one. In fact, the LEED spots which correspond to P and Q in
the FT pattern of Fig. 2(b) are elongated; that is presumably
due to the spatial averaging of the above-mentioned two
equivalent domains. Therefore, we concluded that LEED and
STM basically observed the same structure, but only STM
could resolve the detailed structure of the LC phase by focusing
on a single domain at a high spatial resolution.

The O2 lattice was incommensurate with the Ag(111)
substrate, which means that the surface corrugation of the
substrate affects the O2 lattice only as random perturbations
leading the FT (or LEED) spots broad. Hence, the effect of
the substrate can be ignored when discussing the shape of
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FIG. 2. Two-dimensional Fourier transform patterns of (a) the Ag(111) surface and (b), (c) O2 islands, in which P, Q, and R indicate the
reciprocal vector of the O2 lattice. Corresponding STM images are also shown below. (b) and (c) are taken from mirror-inverted domains that
are equivalent because of the mirror symmetry of the Ag(111) substrate. (d) Schematic O2 lattice (red ellipsoids) for the LC phase on Ag(111).
The blue and green arrows denote the directions of the O2 spins. (e) Lattice distortion induced by antiferromagnetic ordering.

the O2 lattice. Actually, an almost identical scalene triangular
lattice was reported for LC phase of O2 physisorbed on HOPG
by LEED, and that is also incommensurate to the substrate
[15]. This similarity of the O2 structures on two different
substrates indicates that the lattice structures are intrinsic
to the O2 molecules. Theoretically, however, when only van
der Waals (vdW) and electric quadrupole–quadrupole (EQQ)
interactions are considered, an isosceles triangular lattice (i.e.,
AB = AC) is stable for the LC phase of O2 on HOPG [16], and
an almost identical isosceles triangular lattice is favorable also
for a 2D freestanding O2 lattice from our MC calculations [13].
This suggests that there should be some reason for the lattice
to be distorted (i.e., AB < AC) for physisorbed O2 layers.

To explain the lattice structure, there may be exchange
interactions between the O2 spins. The energy of the ex-
change interactions between the O2 spins was estimated by
magnetization measurements of solid oxygen (�6 meV [1]).
This was less than the electric interactions (�30 meV [1])
but still large enough to contribute to the total energy of the
system. Namely, the exchange interactions can be a significant
portion of the formation energy for the O2 lattice [17]. Indeed,
the HC phase of O2/HOPG [18,19] and solid oxygen [1]
showed lattice distortions coinciding with antiferromagnetic
ordering, which indicates that the softness of the O2 lattice
allows the magnetic interaction to be strongly involved in the
lattice formation. Although a magnetic order has not yet been
observed in the LC O2 phases, the preferred orientation of the
O2 spins was predicted by MC calculations in which magnetic
interactions were simply added to the electric interactions
[Fig. 2(d)] [19]. If the magnetic ordering is considered, the
system can further reduce the energy by shortening the sides of
the isosceles triangle at which spins are antiferromagnetically
aligned, as shown in Fig. 2(e). This mechanism reasonably

FIG. 3. Nearest-neighbor distances between nonbonding oxygen
atoms with respect to various configurations.

explains the lattice distortion (i.e., AB < AC) of the present
system, while the previous calculation [19] does not predict
such a magnetoelastic response in the LC phase.

To confirm the scenario, we performed MC calculations
of the 2D freestanding O2 lattice (see Supplemental Material
for details [13]). Total Hamiltonian of the lattice is written
by H = HvdW + HEQQ + HEx . Here, HvdW and HEQQ are
a vdW interaction and an EQQ interaction respectively, and
HEx = ∑N

i<j J Si · Sj is an exchange interaction, where i and
j denote the numbering of the O2 molecules. In general, the
exchange coupling J depends not only on the intermolecular
distance but also on the molecular orientation [1,20]. This is
because the exchange interaction originates from the overlap
between the O2 orbitals, which can be described by tight
binding representation J ∼ 4t2/U (Hubbard Hamiltonian)
[20], where t is a transfer matrix element between the O2

orbitals, and U is an on-site Coulomb potential. Taking into
account this effect, we can simplify J as an exponential
function [13]:

J � J (mins[rs(ij )]) = 2J0e
−γ (mins [rs(ij )]−R0). (1)

Here mins[rs(ij )] is a function to take the minimum value in
a set of the nonbonding-atom distances rs(ij ) (s = 1,2,3,4)
shown in Fig. 3, and 2J0 is the exchange coupling at
the position mins[rs(ij )] = R0. The parameters (γ,R0,J0) =
(43 nm−1, 0.32 nm, 20 K) successfully reproduce the
distortion of the HC phase of the O2 lattice [13,19], con-
firming the validity of the model. As listed on Table I, the
model that includes only electric interactions results in an
isosceles triangular lattice as mentioned before. On the other
hand, the result additionally including the exchange interaction
produced the lattice distortion comparable to the one observed
experimentally. Thus, we concluded that the antiferromagnetic

TABLE I. MC calculations for LC phase of the O2 lattice.

H AB (nm) AC (nm) ∠BAC (deg.)

Our experiment 0.421 0.435 42.8
Calculation without HEx 0.425 0.425 47.9
Calculation with HEx 0.414 0.434 47.3
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FIG. 4. (a) dI/dV spectra taken on O2-covered and bare Ag(111)
surfaces without annealing. (b) dI/dV mappings acquired on the
O2 island [(a) bias modulation: Vmod = 7 mV; (b) left image: Vs =
100 mV, Vmod = 10 mV; right image: Vs = 150 mV, Vmod = 10 mV].

ordering of the O2 spins played a crucial role in the distortion
of the O2 lattice on Ag(111).

In order to verify the preservation of the intrinsic S = 1 spin
of O2 on the Ag(111) surface, we carefully checked the dI/dV
spectra taken on the O2 island and bare Ag(111) surface, as
displayed in Fig. 4(a). The spectrum on the Ag(111) surface
showed the onset of the Shockley surface state at around
−68 mV [21–23], and its energy level shift by ∼100 mV
due to the presence of the O2 layer has been observed like
many other physisorbed monolayers on noble-metal (111)
surfaces [17,24]. This is also supported by the observation
of bias-dependent standing wave patterns on the O2 island
shown in Fig. 4(b) (see the Supplemental Material for details
of the dispersions [13]). Note that no specific evidence of the
Kondo resonance was detected around the Fermi level at 4.7 K
in spite of the presence of a localized spin of the O2 molecules
in the metallic host [see the inset of Fig. 4(a)]. This is quite

different from the case of the 2D O2 lattice physisorbed on the
Ag(110) surface, which exhibited a clear Kondo resonance at
18 K [25].

In the framework of the Anderson model [26], which is
simplified as a single magnetic impurity in a host metal,
important factors for the resonance are the electron transfer
between the impurity and the metallic states (V ), and the
density of states at the Fermi level (ρ0). TDS measurements
showed that the adsorption energy of O2/Ag(111) was lower
than that of O2/Ag(110) estimated from the desorption peak
[O2/Ag(111): 35 K [11], O2/Ag(110): 59 K [27]]. This
indicates that V between the O2 spin and Ag(111) metallic
states is less than that between the O2 spin and Ag(110) states.
ρ0 in O2/Ag(111) can be reduced because of the lack of surface
electrons on the O2 layer due to the modification of the surface
state mentioned before [28,29]. In addition, O2 molecules
form a 2D lattice, unlike the Anderson single-impurity model.
Hence, the intermolecular antiferromagnetic interaction can
also contribute to hinder the Kondo resonance in this system
[30,31]. Thus, we concluded that the O2 spins are little
influenced by the itinerant electrons of the substrate, and would
be expected to form an S = 1 quantum spin system.

In conclusion, we report on real-space observation of
surface phase of O2 physisorbed on an Ag(111) surface with
low-temperature STM/STS. The desorption of almost all O2

from the Ag(111) surface after the 40 K annealing confirmed
the physisorbed state of O2. The observed molecular lattice of
the O2 island revealed its scalene triangular lattice. We ascribe
the lattice distortion from the isosceles triangular lattice to the
antiferromagnetic ordering of the O2 spins and the softness
of the O2 lattice. We confirmed this scenario by reproducing
the lattice distortion quantitatively through MC calculations.
In dI/dV spectra, no evidence of the Kondo resonance down
to 4.7 K was observed. These results imply that our system
is an example of a 2D S = 1 antiferromagnetic quantum spin
system and the potential for a brand-new approach construct-
ing low-dimensional quantum spin systems in a bottom-up
fashion.
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