Evidence of superoxide-like CsO, formation on a cesiated model surface.
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Abstract

The investigation of light atoms and molecules interaction on cesiated surfaces attracted
remarkable attention during the last years, mainly due to its application on tuning the operating
conditions of negative ion sources for fusion devices. The commonly suboptimal vacuum level in
such facilities makes the process prone to contamination by impurities and, particularly, by oxygen.
In the present study, we investigate the interaction of molecular oxygen on a surface slab of
molybdenum with medium Cs coverage. Plane Wave (PW) based DFT and ab initio molecular
dynamics calculations on this system revealed strong chemisorption of oxygen species toward Cs
atoms on the surface. The binding energies for molecular oxygen, calculated at DFT level, range
between 0.5eV-2.0 eV, depending on the impact site on the surface and interaction orientation, thus
confirming a strong bound state at surface. The adsorbed O, molecule was further stabilized over
the slab by constrained and free first-neighbours PW molecular dynamics of the oxygen molecule
on the proximity of Cs atoms. As a result, a stable caesium oxide structure was found on the
surface, and, from an accurate multi-property analysis, we have found that its geometrical and

electronic features strongly resemble those typical of a CsO, superoxide compound.

Keywords: Negative Ions sources; Cesiated Surface; Superoxide-like structure; DFT calculations;
Interaction energies.



1. Introduction

In the last twenty years of the last century, the possible exhaustion in the medium-long period of
natural energy sources led all the most industrialized countries around the world to search for
alternative sources. It is in this scenario that the international joint experiment in fusion, ITER
(International Thermonuclear Experimental Reactor), develops. This project aims to build the
largest magnetic fusion device to obtain energy on large scale, therefore the experiments that will
be performed to build this tokamak are intended to provide advances in fusion science and
technology [1]. At present, different groups work to reach fusion conditions and control plasma
configuration on small-scale prototypes of the components that will be mounted on the large ITER
tokamak (e.g. see [2,3] and references therein). Additional plasma heating by high-energy neutral
particle beams is required for the ITER project to achieve thermonuclear-relevant plasma
parameters [4]. High-energy, high-current neutral beams for plasma heating are obtained by
neutralization of precursor ion beams; to obtain enough neutralization fraction, such beams must be
made of negative hydrogen/deuterium ions (H/ D). In recent computational works, we have
studied the behaviour of such ion production at the surface by H/ D atoms and (even mixed)
corresponding diatomic molecular systems impinging on a surface exhibiting a low work-function
when covered by a suitable caesium layer [5-7]. Resulting computed observables were in good
agreement with experiments thus confirming the overall quality of our computational approach to
predict ion formation employing ab initio Potential Energy Surface (PES) calculations and
successive mean-field Molecular Dynamics (MD) including surface phonons dynamics. Those
techniques were also extensively applied on slabs of chemically different surfaces to study the
interaction of impinging O/O; [8,9]. In this work, we then extended the computational workflow to
also include PW dynamics of the light atom/molecule approaching the surface so to complete the

chemical-physics description of this complex framework of interactions.



In ITER the conversion of atoms and ions impacting on low work-function surfaces into negative
ions is expected to play a crucial role to maintain a large current density of negative ions to be
extracted from the surface [10,11]. On the other hand, the influence of impurities (such as oxygen)
on the work function and the dynamics of caesiation processes should be investigated, as the
presence of oxygen can lead to the formation of caesium compounds at the caesium layer. Such
compounds strongly affect the work function and the Cs consumption [11]. Moreover, increased
caesium consumption results in a higher amount of caesium exiting the plasma box and entering

the accelerator with possible detrimental effects on high voltage holding.

Keeping in mind such stringent prerequisites on the cesiated surface we have tried to study with
our computational procedure the interaction of O, molecule on the surface and the results obtained
are first reported in this work. To this end, we report in Section 2 our computational setup, in
Section 3 we discuss our results while leaving to last Section 4 conclusions and follow-up of this

research topic.

2. Computational Setup
2.1 Surface Model

The assumed surface model is that of Ref. [12] from which in our recent works [5-7] we cleaved a
slab model having a partial caesium layer on top of three molybdenum layers along the [001]
direction, mimicking the situation of medium Cs coverage, given by a Mo (5x5) surface unit cell
(A=B=18.74A) containing 108 Mo and 10 Cs atoms (see Figure 1). In the same Figure, the Cs
atoms are labelled, for sake of clarity, according to the discussion through the work.

Slab calculations are performed with Quantum Espresso code [13] using the same functional as
Ref. [7], the electronic structure is evaluated within DFT framework by using Perdew-Burke-
Ernzerhof (PBE) functional for exchange and correlation energy [14,15] and the open-shell system

is treated within the unrestricted formalism. We adopt a plane-wave pseudopotentials (PP’s)



expansion [16,17] using ultrasoft Vanderbilt PP's for O atoms [18], and Martins-Troullier PP [19]
for Cs and Mo atoms. Both heavy atoms pseudopotentials were generated (see pseudopotentials

library in Ref. [13]) by scalar relativistic calculations.
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Figure. 1. Graphical representation of MoCs slab used in the calculations'. Light blue balls
represent Cs atoms and grey balls represent Mo atoms (The colour scheme is the same in all

Figures of the work).

We use energy cut-offs of 50 and 410 Rydberg to truncate the plane-waves expansion of the
pseudo wave functions and of the augmented charge density, respectively; the equations of motions
were integrated with a time step of 20 a.u. (0.968 fs). The slab is subject to Periodic Boundary
Conditions (PBC) and our supercell includes a vacuum region of 15 A to avoid spurious
interactions with its images. The Brillouin zone was previously sampled by (2*2*1) Monkhorst
and Pack points [21] and production calculations where performed at Gamma points.

Open- shell systems due to the presence of oxygen molecule (triplet * X, and singlet ' A, states)
were treated using unrestricted DFT (PBE) calculations.

All DFT calculations are performed using the PW-SCF module in Quantum Espresso suite [13]
and, in case of optimization runs, forces are relaxed using Broyden—Fletcher—Goldfarb—Shanno

(BFGS) algorithm until they are less than 10 with an energy threshold of 10° Ry.

! This Figure, as well as Figures 2, 3(b) and 5, were obtained by using Jmol application [20].



2.2 Oxygen molecule -surface interaction

We tested the computational setup given so far in preliminary calculations for O atoms impinging,
along the perpendicular direction, on the caesium atoms building the surface top layer, while the
surface is kept frozen at its initial configuration. The perpendicular incidence direction was chosen
since the surface in this condition has its maximum exposition to the impinging flux. As usual, the
interaction potential was obtained by subtracting from the energy of the system slab + O (Esab+0)

the energy of isolated non-interacting oxygen atom (Eo) and the isolated slab (Esa).

This computational scheme was then used to study the oxygen molecule approaching the surface
considering both closed and open-shell electron spin configurations. We obtained a reasonable
result for the O, molecule energy difference between the singlet and triplet spin state: we calculated
1.03 eV against 0.98 eV experimental value. The O-O bond length, Ro.o, in the gas phase was
found, with our numerical approach, to be 1.24 A which is in good agreement with the

experimental one (1.21 A).

As a preliminary assessment of our procedure, we performed a PES scan of O, molecule in the
singlet spin state along the perpendicular Cs-O-O approach while maintaining Ro.o at its
equilibrium value of 1.21 A and, at the same conditions, a second scan with the O, bond oriented at
90° with respect the normal direction to the surface slab. The obtained curves exhibit a strong

interaction for O, molecule interacting with the surface, despite the rigidity of our approach.

To study more extensively the interaction of the O, molecule with the surface model we then
performed calculations where the surface atoms are initially kept fixed except the Cs atom directly
involved in the chemical adsorption. Of course, the O atoms of the O, impinging molecule were
free to relax completely.

A local minimum was so determined (see Figure 2) where the oxygen molecule is kept bound with
its molecular axis almost parallel to the surface. To further sample the configurations space around

this stationary point, we carried out a 1.5 ps ab initio molecular dynamics in the NVT ensemble, at



a temperature of 1000 K, using Berendsen thermostat, and an integration time step of 20.0 a.u.

(~0.968 fs) [13].

Figure 2. Local minimum evaluated relaxing O, molecule on the rigid surface where only the Cs

atom directly involved in the interaction is free to move. Red balls represent oxygen atoms.

3.0 Results and discussion

Past studies on Cs-O compounds [22] revealed a tendency of oxygen atoms to form sub-oxides
when combined with Cs at crystallographic level, a kind of compounds most likely forming at high
temperature and pressure. On the other hand, in Ref. [23] it is also highlighted strong evidence of
O-to-Cs bonding at the surface level. This interaction, initiated by O, molecule over a monolayer
cesiated surface, give rise to stable oxide structures where a charge transfer from Cs to oxygen is
considered responsible for the Cs 5p electron shift in the Density of States (DOS) spectra.

To define more extensively a PES for the triplet spin electronic state, we performed potential scan
calculations for both O atom and O, molecule approaching to all the Cs surface atoms. The results
of this study are outside the aims of this work and will be used to study by mean-field MD
simulations the reactivity of O, molecule on the assumed cesiated surface model. However, here it
is interesting to note that for the O atom we found binding energy ranging from 1.40eV to 1.95 eV

with minimum Cs-O distance of 2.75+0.05A suggesting a strong chemical interaction, while for O,



molecule the binding energy is around 1.0eV (independently on the molecule axis orientation

respect to the surface plane) and bond distance of 2.30 A.

For computational opportunity, we started our investigation by considering at first the singlet
electronic state of the system since this calculation is twice as faster as the triplet state. By
approaching the O, molecule to the surface, we found an initial local minimum of the molecule on
the cesiated surface, corresponding to the structure depicted in Figure 2. In these calculations, as
reported so far, the O, molecule and the Cs surface atom directly involved in the interaction are

free to move, while the other atoms of the slab are kept fixed.

The PES studies on molecular oxygen provided energy values for Cs-O interaction quite far from
those typical of physisorption process by suggesting, at the energies at play, the existence of strong
chemical bonds. To confirm the Cs-O binding hypothesis and to reveal its chemical structure at the
surface, we carried out an ab initio molecular dynamics study with constraints as close to the

experimental conditions as possible.

From ab initio MD calculations performed at T=1000 K, it emerges that O, reacts with Cs top layer
atoms so strongly that the final relaxed structure is very similar to that of a Cs superoxide as can be
seen in Figure 3, where the electron density for the local minimum, found on the singlet spin
electronic potential energy surface, is shown. In this Figure, the electronic cloud around the (almost
intact) oxygen molecule is made visible by the shaded grey. Going from the minimum of Figure 2

to that one of Figure 3 the energy gain is of 30.3 Kcal.

To understand the electron charge flux in the process of oxide formation, we evaluated the 3D
electron density map as the difference between oxide compound density and the sum of the
densities of the two separate components (O, + Surface). This latter is reported in Figure 4, where
the small blue volumes, having negative values, represent the depletion of charge, while the

positive charge (red) the excess of charge.



(b)

Figure 3. (a) Electronic singlet spin state local minimum structure obtained relaxing the final
lowest structure found after sampling the configurations space by ab initio MD. In transparency,
the electronic density is shown. The isosurface threshold value is 0.01 e/A® (b) zoom on the

structure on the reaction centre where three Cs atoms are involved in bonds with the O, molecule.

(b)

Figure 4. Electronic singlet spin state. 3D Electron Density map obtained as the difference

between superoxide density and the sum of the densities of separate components (O, + Surface).
The red volume represents the excess of charge (positive value) while the blue one the depletion

charge (negative value). The isosurface value is 0.05 e/A. (a) top view, (b) side view.



It is clear, by looking at Figure 4, the electronic charge transfer from the surface to the O,
molecule, where the most amount of the excess of electronic charge is displayed. It is worth noting
the tiny blue squashed volume between the P lobes of the O, molecule: this is consistent with the
bond distance elongation of the molecule going from 1.21 in the free molecule to 1.38 in the oxide
on the surface.

Starting from the local minimum of Figure 3, we performed a similar optimization on the triplet
spin state surface. For this spin state, we found that the lowest local minimum is more stable of
about 0.1 eV compared to the singlet spin state. The resulting structure of this local minimum is

presented in Figures 5 (a)-(b).

(b)

Figure 5. (a) Ground state of the oxide on Cs surface: geometrical structure of the electronics
triplet spin state. (b) zoom on the structure on the reaction centre where three Cs atoms are

involved in bonds with the O, molecule.

The local minimum structure reported in Figure 5 (a)-(b) was obtained by relaxing O, molecule (in
the triplet state) on the rigid surface where only the three Cs atoms (Cs_112, Cs_116, Cs_117),

directly involved in the bonds with O, molecule, were free to move. Besides, we have also



performed further relaxation of all Cs surface atoms observing only very small changes in
geometrical structure and energetic features, thus confirming the stability of our surface model. As
highlighted so far, in in the minimum structure region the energy gap between the surfaces of
singlet and triplet spin state is reduced to a value of 0.1 eV. This gap in the asymptotic region (O»
molecule far from the surface) is about 10 times larger corresponding exactly to the gap between
triplet and singlet state of the free oxygen molecule. This fact makes even more evident how
surface greatly affects the oxide formation by strongly reducing the singlet-triplet energy gap, so

making accessible for Cs oxidation a larger portion of the electronic state of the oxygen molecule.

In the lowest minimum reported in Figure 5 (a)-(b), Cs —O distances vary from 2.95 A to 3.10 A,
while the interatomic distance in the O, molecule is equal to 1.37 A. These results are comparable
to what found in other studies by using computational methods at the same level of theory. For
comparison, the Cs-O distance in CsO, was estimated to be 2.98 A [24] while an O-O bond length
varying from 1.326 to 1.354 A, depending on the used DFT functional, is found for Na superoxide
in NaO, bulk and clusters [25]. On the contrary, the geometrical parameters determined for

caesium peroxide, Cs,0,, are quite different [24].

The formation energy of the oxide structure, shown in Figure 5, in the triplet state, calculated to be
47.9 Kcal/mol, is comparable with DFT results obtained in Ref. [24] on other caesium oxides,
where (€Htomaion= 87.7 Kcal/mol and ('Hiomaion= 60.4 Kcal/mol were found for Cs,O and
tetragonal crystal CsO,, respectively. For comparison, in the case of the singlet spin state, we
obtained a (¢ Hiomaion Of about 80 Kcal/mol with this state which is always above the triplet one and
we have not observed any energy curve crossing in our scanning on the two spin states PES’s.
Considering the large amount of energy gained it appears that chemical adsorption occurs. It is
also worth noting that the molecule rotates during its path towards this final local minimum

structure where the O-O molecular axis is almost parallel to the surface.



Once determined a minimum geometry of reference for the bound complex in the triplet spin
electronic state, we have initiated a sort of multi-property analysis to characterize the newly formed
oxide on the Cs layer. A total magnetization equal to 2 pg/cell it is found and at the same time a
reduction of the calculated spin polarization, from +1 to +0.44, it is also observed on both O atoms,
in comparison with that one of the free O, molecule. We then calculated the integrated local
density of state around the Fermi region for the oxide in the triplet spin state. The result, shown in
Figure 6, clearly demonstrates the presence of electrons on Oxygen P-orbitals in this energy region

(shown in yellow above the Cs layer).

Figure 6. Integrated Local Density of States (ILDOS) around the Fermi energy (+/-5eV) for the
surface in presence of O, molecule: 3D plot showing electrons in O(2P) orbitals and on Cs surface

atoms. The surface isovalue is 0.01 e/A°.

Then, to obtain a complete picture of the system, we calculated the Loewdin charges for all atoms
in the slab; integrated electron atomic densities are reported in Figure 7. On oxygen molecule, the
charge is calculated to be -0.38e and is not identical on the two atoms (-0.16e and -0.22e
respectively). It is worth noting that in typical Cs - Oxygen compounds (such as Cs,0, Cs;0,

Cs>0») [22] the charge on O atoms is much higher (greater than -1.3e) than what found here. The



CsO3; compound has a smaller charge on O, molecule but the Cs-O bond distance is 3.23A, while
the superoxide (CsO,) has a similar charge on O, and Cs-O bond length 2.97 A [24]. A positive
charge (ranging from +0.04e to +0.24e) is spread out on the Cs atoms. The Mo atoms of layers
below the surface, also contribute to the stabilization of the oxide formation even if the overall
variation of Mo charge is almost negligible: the average charge transferred to the top layer is only
0.0064 e. Although this overall small amount of charge transfer from Mo atoms, it is very
interesting to note that Mo atoms in the intermediate layer (atoms numbered from 39 to 59 in
Figure 7), not belonging to the upper Mo layer just below the Cs atoms layer, contribute to the
charge flux toward the Cs top layer, most probably because these Mo atoms are located in an

empty vertical channel directed toward the surface.
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This circumstance emerges clearly both from previously discussed Figure 4 (a)-(b) and from the

integrated electron atomic density plotted in Figure 7.
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Figure 8. Total density of states (DOS) for clean surface (light green) and surface with formed Cs-
O, (triplet state) in its minimum energy configuration (black). The P orbitals projected DOS of O
atoms in the free molecule (blue) and the oxide on the surface (red) are multiplied by a factor 10

for a better visualization

Finally, we have considered a comparative analysis of projected DOS (p-DOS) for orbitals in

different situations.

In Figure 8 the DOS around the Fermi level region (zero of the scale) for both the clean model
surface and for the surface with the embedded oxygen molecule is shown. In the same Figure, the
projected wavefunctions on the orthogonalized atomic orbitals of the oxygen atoms are also
reported. In the system under study, we have 1522 electrons due to the surface and only 12

(valence) electrons for the oxygen molecule. Since the area of the calculated spectrum is



proportional to the number of electrons, for better visualization, the oxygen (in the molecule) atom
DOS is multiplied by a factor of 10, otherwise, its signal would be buried below that of the surface.
The appearance of O peaks in this energy range proves an interaction of the partially negative O,

molecule with the Cs surface atoms.
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Figure 9. Comparison of p-DOS between ground state (triplet spin state) Oxygen P orbitals in the

free molecule and the oxide on the cesiated surface.

Conversely, in Figure 9 the P orbital for the free O, molecule and the oxide formed on the surface
are reported. It appears that, for the free molecule, the P orbitals (spin up and down) in oxide are
broader and shifted to higher energies. The P-DOS orbitals behaviour is also investigated for two
sampled Cs atoms on the surface, one (Cs_112) belonging to the oxide structure and the other

(Cs_118) placed far away from the adsorption site. This analysis is reported in Figure 10.
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Figure 10. Comparison between the same p-DOS of orbitals (P and D) of two Cs atoms in
different positions on the surface. Cs_112 is bound to the O, molecule while Cs_118 is far from the

reaction center.

The P and D orbitals of Cs_112, one of the surface atoms reacting with O, molecule, are broadened
and slightly shifted to lower energies than that those of the Cs_118 surface atom which is far away

from the reaction/adsorption center.

All our analysis suggests that the most probable electronic and geometrical structure for the formed
oxide on the top Cs layer, placed on the Mo layers, is the one exhibiting features like that of
superoxide. Interestingly the Cs superoxide formation on a Cs surface was supposed long time ago

by UPS experiments [26].



Conclusions

The interaction between molecular oxygen with a cesiated surface model was assessed by using
DFT and ab initio molecular dynamics. The two lowest potential energy surfaces of singlet and
triplet were considered. In our walking on these two PES’s, the triplet spin state surface seems
always beneath the singlet one and we have not observed any curve crossings between the two
surfaces. The local minimum on the triplet spin state surface corresponds to a Cs oxide structure
where the O, molecule is bound to three Cs atoms. We would like to emphasize that the charge
transfer from the surface electronic sea toward the O, molecule, greatly reduce the energy
differences due to spin configurations. Moreover, in both spin configurations, in the final product

O, molecule is partially charged (about 0.4 e).

In fact, the asymptotic gap between the two electronic surfaces (1.03 eV calculated, 0.978 eV
experimental), due exactly to the energy difference between the two spin states of the oxygen
molecule, is greatly reduced (0.1 eV in the local minimum region), soon revealing the notable role
of the surface in the charge redistribution. From a multi-property analysis of the geometrical and
electronic structure of the lowest local minimum in the triplet electronic state, consisting in
comparisons among geometrical parameters, 3-D density maps, integrated electron atomic density,
projected density of state, we have seen that the features of the newly formed caesium oxide

correspond most likely to a superoxide CsO, compound.

These compounds can influence strongly the caesium work-function as well as Cs consumption [3,
27], the latter resulting in a higher amount of caesium exiting the plasma box and entering the
accelerator with possible detrimental effects on voltage holding. Therefore, the presented results
are of considerable importance and open new and intriguing scenarios for surface production of
negative ions that deserve a deeper investigation to understand which kind of surface processes
involving oxygen species take place and how these may affect the negative ion yield because,

usually, negative ion sources operate under limited vacuum conditions. So, a careful investigation



of the influence of oxygen impurities is mandatory to assist in a reliable and realistic experiment
planning. To this end, semiclassical MD simulations could represent a valuable tool and the ab
initio obtained results will be used to build an accurate, complete and reactive PES enabling to
study the dynamics of the vast variety of surface processes involving oxygen atoms and molecules

interacting with the caesium top layer.
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