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Ferromagnetic nanostructures of oxygen on Ag(111)

Y Kunisada, H Nakanishi, W A Difio and H Kasai

Department of Applied Physics, Osaka University,
2-1 Yamada-oka, Suita, Osaka 565-0871, Japan

Email: kasai@dyn.ap.eng.osaka-u.ac.jp

Abstract. First principles calculations were performed to investigate the robustness of oxygen
adsorbed structures that show ferromagnetic properties. These ferromagnetic properties are
induced by ferromagnetic superexchange interactions and Ruderman-Kittel-Kasuya-Yosida
(RKKY) interactions. Such ferromagnetic oxygen adsorbed structures appear only in the case
of coverages higher than 0.5 ML, because the ferromagnetic superexchange interactions and
RKKY interactions are appreciable between O-O only for short distances. In this work, we
focused on single oxygen atom diffusion parallel and perpendicular to Ag(111) surfaces. The
in-plane diffusion could induce associative desorption, which reduces the oxygen coverage. On
the other hand, diffusion to the subsurface could quench the magnetic moment. These diffusion
paths have effective diffusion barriers of 0.78 eV. Thus, such diffusion rarely occurs in low
temperature regions.

1. Introduction

Surface magnetism has attracted a great deal of interest in basic science and application fields. From
the viewpoint of basic science, singular behaviours of magnetic impurities [1-8] (and references
therein) on surfaces have been investigated, and are caused by the two-dimensionality of the surface.
In addition, understanding and controlling these singular behaviours are also very important for
realizing high capacitance and robustness of magnetic devices. Moreover, studies suggested that
surface magnetic states can be useful for controlling catalytic reactivity [9-13] in fuel cell electrodes.
These studies show that the efficacy of surface magnetism extends from spintronics devices to energy-
related technologies. Design and control of magnetic surfaces are promising ways for developing new
effective devices and catalysts.

Recently, we reported metastable ferromagnetic states of the O/Ag(111) system [14,15] by potential
energy surface (PES) studies on O, dissociative adsorption on Ag(111) surfaces, and suggested
possibilities for controlling the surface magnetic properties in this system. The ferromagnetic oxygen
adsorbed structures on Ag(111) surfaces are induced by the ferromagnetic superexchange interactions
and Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions. Such ferromagnetic oxygen adsorbed
structures appear only in the case of coverages higher than 0.5 ML, because the ferromagnetic
superexchange interactions and RKKY interactions are appreciable between O-O only for short
distances. In this work, we investigated the robustness of ferromagnetic oxygen adsorbed structures on
Ag(111) surfaces. Especially, we focused on oxygen atom diffusion parallel and perpendicular to
Ag(111) surfaces in the case of 0.5 ML coverage. In-plane oxygen atom diffusion, which corresponds
to oxygen atom motion parallel to Ag(111) surfaces, makes the distance between oxygen atoms
shorter, which changes the stable oxygen adsorbed structures to unstable ones. Oxygen atom diffusion
into the subsurface, which correspond to oxygen atom motion perpendicular to Ag(111) surfaces,
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contributes to quenching the ferromagnetic states. Thus, we performed first principles investigations of
oxygen atom diffusion by calculating the relevant potential energy curves. From these potential energy
curves, we could obtain the diffusion barrier heights and diffusion coefficients.

2. Computational methods

We performed spin-polarized total energy calculations based on density functional theory (DFT),
using the generalized gradient approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE)
functional for the exchange—correlation energy [16,17], which is implemented using the plane-wave
and projector augmented wave method [18-21]. We applied a 600 eV cutoff to limit the plane-wave
basis set without compromising computational accuracy. A 5x5x1 Monkhorst-Pack special k-point
grid [22] for Brillouin zone sampling using a Gaussian smearing model of 6=0.05 eV was used. First,
for the O/Ag(111) system, the Ag substrate was simulated by a slab of four fcc (2x2) Ag(111) layers.
The supercell was constructed with a 1.55 nm vacuum separation between slabs. Lateral and interlayer
Ag-Ag distances for this system are initially set based on the theoretically predicted equilibrium
lattice constant of 0.294 nm, obtained by using a 9x9x9 k-mesh on a primitive one-atom fcc unit cell
for bulk Ag. In order to determine the optimized Ag(111) surface structure, we performed calculations
in which the top two layers are relaxed. The total energy convergence with this size of supercell is
within 10 meV. Hence, the above parameters gave acceptable accuracy. Moreover, the magnetic
moment converges to 0.01 ug. Because the mass of an oxygen atom is much lighter than that of an Ag
atom, we expect a large difference in the time scales associated with surface relaxations and oxygen
atom dynamics. Thus, as a first step, we neglected surface relaxations. In these calculations, we
adopted an electric dipole correction layer in the vacuum area to compensate for the dipole
interactions between the repeated slabs [23]. Lastly, electron transfer is obtained from the difference
between the electron density distribution of two configurations of oxygen: isolated from and adsorbed
on the substrate, using Bader charge analysis [24,25].

In Figure 1, we show 0.5 ML oxygen adsorbed structures on Ag(111) surfaces, which show
ferromagnetic behaviours. In this work, we call these configurations (a) f-f and (b) h-f configurations.
Two oxygen atoms in the supercell are above fcc hollow sites in the f-f configuration, and one oxygen
atom is above a hcp hollow site and the other is above a fcc hollow site in the h-f configuration. In the
f-f and h-f configurations, the magnetic moments of oxygen atoms remain as 0.32 ug and 0.49 ug,
respectively. Also, in these configurations, the magnetic moment of the nearest Ag atom is 0.09 us.
For reference, we mention that the h-h configuration, which has two oxygen atoms in the supercell
above hcp hollow sites, has almost the same magnetic properties as the f-f configuration. Such
ferromagnetic oxygen adsorbed structures appear only for higher coverage than 0.5 ML, because the
ferromagnetic superexchange interactions and RKKY interactions are appreciable between O-O only
for short distances. We also estimated the Curie temperature using mean field theory. The
corresponding Curie temperature is 305 K. Our previous PES studies [14,15] show that the f-f, h-h, an
h-f configurations have corresponding activation barriers for O, dissociative adsorptions of 1.37, 1.43,
and 2.17 eV, and potential energies with metastable dissociative adsorption states of 0.355, 0.543,
0.552 eV, respectively, where the sum of the energies of the Ag slab and of the isolated O, is chosen
as the origin of the potential energy. Thus, the metastable dissociative adsorption states that we have
observed have associative desorption barrier heights of 0.9~1.6 eV, which were calculated from
differences between the corresponding activation barriers and the potential energies with metastable
dissociative adsorption states. As expected, these desorption barriers are smaller than that for a lower
coverage case (0.40 ML), whose desorption barriers are 2.68+0.17 eV based on experimental results
[26]. The uptake coverage of dissociative oxygen adsorption at a surface temperature of 160 K is 0.40
ML. Thus, we can deduce that a surface temperature lower than 160 K is required to realize these 0.5
ML coverages. Nevertheless, the high coverage structures are still stable. In this work, we chose the f-f
configuration as the initial structure before oxygen atom diffusion, because the f-f configuration is the
most stable at a 0.5 ML coverage.
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Figure 1. Oxygen adsorbed structures with (a) f-f and (b) h-f configurations. Two oxygen atoms in the
supercell are above fcc hollow sites in the f-f configuration, and one oxygen atom is above a hcp
hollow site and the other is above a fcc hollow site in the h-f configuration. Black and white circles
show the positions of O and Ag atoms, respectively, and the parallelogram shows the supercell of fcc
(2x2) Ag(111) surfaces.

3. Results and discussion

We investigated in-plane oxygen atom diffusion on Ag(111) surfaces in the case of 0.5 ML coverage.
We considered that one oxygen atom moves to a hcp hollow site in the f-f configuration. In Figure 2,
we show the three diffusion paths that we considered. The fixed oxygen atom (A) in Figure 2 is 0.12
nm above the first Ag(111) layer.

Figure 2. The three diffusion paths that we considered. Black and white circles show the positions of
O and Ag atoms, respectively, and the parallelogram shows the supercell of fcc (2x2) Ag(111)
surfaces. The position of oxygen atom (A) is fixed.

In Figure 3, we show potential energy curves for each diffusion path. The potential energy values
are checked at 0.02 nm and 0.04 nm intervals for directions perpendicular and parallel to the Ag(111)
surface, respectively. These intervals are sufficiently small so that the accuracy of the calculated
potential energy curves is ensured. Here, we set the energy origin to correspond to the most stable f-f
configuration. The paths along (a), (b), and (c) have diffusion barrier heights of 0.33, 1.22, and 0.80
eV, respectively. In the case of 0.11 ML coverage, which consists of one oxygen atom and fcc (3x3)
Ag(111) layers, oxygen atom diffusion from a fcc hollow site to a hcp hollow site over bridge and top
sites has a diffusion barrier height of 0.41 and 1.40 eV, respectively. It should be noted that the
diffusion barrier heights are reduced in paths (a) and (b) and increased in path (c) because of repulsion
between oxygen atoms. The diffusion along path (a) does not contribute to oxygen desorption, because
this diffusion results only in a change between the f-f and h-f configurations. On the other hand,
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diffusion along paths (b) and (c) makes the distance between the two oxygen atoms shorter. After such
diffusion, the two oxygen atoms can become desorbed as an oxygen molecule with no desorption
barrier [14]. From these calculations, we found that diffusion along paths (b) and (c) prevents the
realization of high coverages. We also estimated the zero point energies along these diffusion paths
using a harmonic potential approximation of each potential well. These zero point energies are about
20 meV. In comparison with the diffusion barrier heights, the zero point energies do not make a
significant contribution to the diffusion. Finally, we can say that the effective in-plane diffusion barrier
height for breaking ferromagnetic oxygen adsorbed structures is about 0.78 eV. This value is almost
the same order as the associative desorption barrier height. We also calculated the diffusion coefficient
for oxygen atom diffusion 7" using the Arrhenius equation

r=nhewp(-) (1)

where Iy, E, kg, and T are the diffusion prefactor, the effective diffusion barrier height, the Boltzmann
constant, and the temperature of the system, respectively. Estimating the diffusion prefactor from the
attempt frequency, which is approximately the same as the oxygen atom vibration frequency, the
diffusion coefficients for in-plane diffusion are 3.5x10™° nm?s at 160 K and 98 nm%s at 300 K.
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Figure 3. Potential energy curves for diffusion paths (a), (b), and (c), as indicated in Figure 2. The
energy origin was set to the most stable f-f configuration.

We also focused on the penetration of one oxygen atom through the surface Ag layer from an on-
surface fcc hollow site to a subsurface site in the f-f configuration. The fixed oxygen atom is 0.12 nm
from the first Ag(111) layer. In Figure 4, we show the potential energy curve for oxygen atom
diffusion to the subsurface. The step size perpendicular to the Ag(111) surfaces is 0.02 nm, which is
sufficiently small so that the accuracy of the calculated potential energy curve is ensured. Here, we set
the energy origin to the most stable f-f configuration. The diffusion barrier height for the penetration is
5.54 eV. We also performed a calculation in which the top two layers are relaxed with oxygen atoms
in the topmost Ag layer. Then, the corresponding diffusion barrier height is reduced to 0.79 eV. This
value is almost the same as the 0.81 eV diffusion barrier height obtained in the case of 0.11 ML
coverage [27]. We also estimated the zero point energy along the diffusion path using the harmonic
potential approximation. The zero point energy is about 10 meV. Thus, the effective diffusion barrier
height is 0.78 eV. After the penetration, oxygen atoms gain more electrons from the Ag(111) surfaces
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and magnetic moments are quenched. Hence, this diffusion contributes to quenching the ferromagnetic
states. It should also be noted that the corresponding diffusion coefficients for diffusion into the
subsurface are 2.2x10™ nm%s at 160 K and 62 nm%s at 300 K.

Potential energy (eV)

-0.3 -0.2 -1 ] 0.1 02
Coordinate perpendicular to Ag(111) surfaces (nm)

Figure 4. Potential energy curve of diffusion perpendicular to Ag(111) surfaces. The origin of the
coordinates perpendicular to Ag(111) surfaces was set to the topmost Ag(111) layer. The energy
origin was set to the most stable f-f configuration.

4. Summary

We performed first principles investigations on the robustness of ferromagnetic oxygen adsorbed
structures on Ag(111) surfaces. We focused on oxygen atom diffusion parallel and perpendicular to
Ag(111) surfaces. The in-plane diffusion can make O-O distances shorter and induce associative
desorption, which reduces the oxygen coverage. On the other hand, diffusion of oxygen atoms into the
subsurface can gquench the magnetic moment. Consequently, such diffusion must be suppressed to
realize and maintain the ferromagnetic oxygen adsorbed structures. These diffusion paths have an
effective diffusion barrier of 0.78 eV. We also calculated the diffusion coefficients for oxygen atom
diffusion using an Arrhenius equation. The diffusion coefficients for in-plane diffusion are 3.5x10™
nm?/s at 160 K and 98 nm?/s at 300 K. The diffusion coefficients for diffusion into the subsurface are
2.2x10™"° nm%s at 160 K and 62 nm?/s at 300 K. Thus, once ferromagnetic oxygen adsorbed structures
form, diffusion rarely occurs in the experimentally-used low temperature region below 160 K, which
is considered to be required for 0.5 ML coverage. From the results of a hyperthermal O, molecular
beam experiment involving oxidation of Cu(111) surfaces [28], it has been reported that the oxidation
process strongly depends on the O, translational energy, surface temperature and surface diffusion. We
must optimize these parameters to realize coverages higher than 0.4 ML. Hence, we must consider
these dynamics effects in the oxidation process to realize high coverages. These oxidation dynamics
are ongoing studies.
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