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ARTICLE INFO ABSTRACT

Keywords: Based on the DFT method, the effects of copper and tungsten impurities present in the negative ion source of

DFT neutral beams on the cesiated surface were studied, including their effects on the adsorption energy of cesium on

Work function the surface and the surface work function. The results indicate that copper impurities significantly increase the

Neg.atwde 1onf source average adsorption energy of cesium, whereas tungsten has limited enhancement on the average adsorption

;Ie:::f ?m:l:r;;es energy of cesium and may even reduce it. The work function calculations show that, at cesium coverages below

Dipole moment 4/16 0, copper impurities cause a significant increase in the work function. However, at cesium coverages above
6/16 6, high-coverage copper impurities lead to a further decrease in the work function, causing the cesium
coverage corresponding to the lowest work function to shift towards higher cesium coverage. Under any tungsten
impurity and cesium coverage, tungsten impurities can significantly increase the surface work function, with the
maximum increase reaching 0.50 eV. The dipole moment density analysis shows that in most cases, impurities
significantly reduce the dipole moment density of the cesiated surface, except when the coverage of cesium and
copper impurities is above 6/16 0. The charge transfer results show that the copper impurity layer has more
positive charge compared to the tungsten impurity layer, which significantly affects the dipole moment density of
the surface system. In addition, adsorbed atoms cause electrons in the molybdenum atomic layer to migrate to
the surface, resulting in the molybdenum substrate having a pronounced negative dipole moment.

1. Introduction

The NBI system is one of the most effective methods for heating
magnetically confined plasma and driving plasma current. There are two
NBI types: negative ion-based (NNBI) and positive ion-based (PNBI).
Their key distinction is their acceleration tactics: NNBI accelerates
negative hydrogen ions, while PNBI accelerates positive ones. Regard-
less of ion type, after acceleration, they’re neutralized, hence called
“neutral beams.” Positive ions’ neutralization efficiency is minimal at
high energy, making them unsuitable for 1 MeV targets in ITER [1].

* Corresponding authors.

Conversely, negative ions have about 60 % efficiency under similar
conditions [2]. In both radio frequency (RF) and tungsten filament
sources, initial plasma contains few negative ions. Most are later
generated in volume and surface processes, with the latter being pre-
dominant [3]. These negative ions form on the plasma grid (PG), typi-
cally molybdenum-made, with a porous design crucial for ion
extraction. The PG surface, termed the converter surface, witnesses ce-
sium deposition and negative ion creation. It also acts as an electrode in
a series-connected accelerator, which may vary across facilities [4-11].
Negative ions form on the PG surface, migrate to the extraction region,
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and are curved by the extraction field before exiting via PG apertures
[12]. The production efficiency of negative hydrogen ions is related to
the work function of the PG surface. Taking molybdenum metal as an
example, its work function is typically greater than 4 eV [13]. To
effectively reduce the work function of the PG surface, depositing ce-
sium atoms on the PG surface is currently the most common practice.
Molybdenum metal surfaces with 0.5 ML Cs coverages can have work
functions below 1.8 eV [14-17].

The interior of the negative ion source is a complex environment. In
addition to cesium vapor atoms, there are plasmas, gaseous hydrogen
molecules, and trace amounts of oxygen and water vapor, among other
impurities [18-23]. Impurities, including plasma particles, have a sig-
nificant impact on the work function of cesiated surfaces. Experimental
work by Papageorgopoulos et al. [15,16] demonstrated the significant
impact of non-metal impurities such as oxygen and hydrogen on the
work function of cesiated surfaces. They believed that at a sub-
monolayer cesium coverage, non-metal impurities can further reduce
the surface work function. However, at one monolayer cesium coverage,
these impurities tend to increase the surface work function.

In our previous theoretical work [24], we reproduced the experi-
mental results reported by Papageorgopoulos et al. We believe that ce-
sium and co-deposited non-metal impurities form a double layer
structure on the surface. This double layer consists of an electropositive
layer (cesium) and an electronegative layer (impurities). Such a struc-
ture has a strong intrinsic dipole moment, which can greatly reduce the
surface work function. However, due to the strong electronegativity of
the impurity layer, it can effectively attract electrons from the substrate
atoms, forming an opposite dipole moment, which in turn can signifi-
cantly increase the surface work function. The competition between
these two effects leads to a uncertainty in the change of the surface work
function. Besides, there are many specific reports studying the effects of
non-metal impurities like hydrogen and oxygen on the work function of
cesiated surfaces. Said et al. [21] investigated the impact of low-
coverage non-metal impurities on the work function of cesiated sur-
faces and the adsorption energy of cesium, using a method based on
configuration space random search. Abraham et al. [25] studied the
impact of H on the adsorption energy of cesium on surfaces. Palma et al.
[20] studied the effects of oxygen molecules on cesiated surfaces based
on the DFT method, suggesting that the surface would form superoxide-
like CsOq.

Most reports primarily focus on non-metal impurities such as oxygen
and hydrogen. This is because these non-metal impurities have strong
electronegativity, contrasting with cesium. The latter has pronounced
electropositivity and often plays the role of losing electrons when
interacting with surface atoms, while the former typically acts as an
electron acceptor. In the NBI based on negative ion sources, a certain
amount of positive ions will inevitably be generated downstream of the
accelerator due to collisions between high-energy negative ions and
neutral gas. Influenced by the accelerating electric field, these positive
ions are accelerated back into the negative ion source. Backstreaming
ions can lead to thermal deposition and material sputtering on the
backplate of the ion source [22]. In RF ion sources, copper is a typical
example of the specific metal impurities present. Copper is the primary
material for the Faraday shield, a key component in RF sources. The
installation of the Faraday shield is to protect the alumina insulator from
erosion by the plasma [11,26]. When the Faraday shield is bombarded
by high-energy positive ions, a large amount of copper sputtering can
occur, leading to the co-deposition of copper and cesium on the surface
[22,27-29]. Some people believe that copper impurities will contami-
nate the cesiated surface, reducing the performance of the ion source.
Moreover, they think that copper and oxygen will chemically react with
the cesium layer. To reduce the source of copper impurities, a thin layer
of molybdenum was coated on the copper surface of the Faraday shield.
The experiment showed that this indeed reduced the amount of copper
impurities in the plasma. However, it also proved that the Faraday shield
is not the only source of copper impurities. Another source of copper
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impurities is the cone, which is used to separate the driver region from
the expansion region [22]. Bandyopadhyay et al. [30] confirmed the
presence of copper spectral lines in the RF ion source using the diag-
nostic method of Optical Emission Spectroscopy. In filament-arc source,
due to the consumption and evaporation of the filament, metal impu-
rities are introduced, which depend on the material of the filament.
Inoue et al [31]. have reported on the effects of different filament ma-
terials on the volume negative ion sources. They primarily conducted
comparative experiments between tungsten filament and tantalum
filament, indicating that the yield of H™ from the tungsten filament
source is significantly lower, while the co-extracted electron current is
higher [3,31]. Inoue et al. obtained some evidence that the filament
material affects H production via the fresh film deposited on the source
wall chamber. In LHD-NBI, Takeiri et al. have reported that after 10,000
shots of discharge, the tungsten filament lost about 2 g of mass. They
also believe that in the filament-arc source, tungsten vapor will act as a
primary contaminant, reducing the effect of cesium [27,32].

In this work, we primarily studied the effects of metal impurities
(copper and tungsten) on cesiated surfaces using the DFT (Density
Functional Theory) method.There are few studies on the influence of
metal impurities on the surface work function of cesiated surfaces. In
order to comprehensively understand the effects of co-deposition of
cesium and metal impurities on surface properties at different coverages
(<8/16 6, 1ML), we constructed 53 different surface systems (Among
them, 48 surface structures were constructed for the purposes of this
study, while the remaining five surfaces, including the clean Mo(001)
surface and the pure cesium-covered Mo(001) surface, were obtained
from our previous work [24]). These surface systems include Mo (001)
substrates, cesium, and metal impurities. Due to the deposition of only
two different types of atoms on the surface, the layering structure of
cesium and metal impurities in the vacuum direction is distinct, and it is
assumed that cesium and metal impurities are uniformly distributed on
the surface. Combined with the fact that different types of atoms have
different most stable adsorption sites on the Mo (100) surface, the
complexity of the initial structure can be greatly simplified. In this work,
we constructed a corresponding high-symmetry surface structure for
each different coverage. This work did not consider the co-adsorption of
hydrogen isotopes because the introduction of hydrogen would greatly
increase the complexity of the surface system, requiring more surface
structures (including high-symmetry and random distribution struc-
tures) for the same coverage. This makes it difficult to consider adsor-
bates of different coverages. Therefore, this work study the influence of
metal impurities on cesiated surfaces starting from simple high-
symmetry models under different coverages, aiming to understand the
charge transfer and polarization of the bilayer structure formed by the
metal impurity layer and the cesium layer. Since hydrogen isotopes have
not been introduced, the scenarios considered in this work do not reflect
the true conditions of the PG surface of negative ion sources. The pur-
pose of this work is to study the influence of impurities on the cesiation
surface work function under different coverage. Subsequent work will
introduce hydrogen isotopes at some representative coverages and
construct several high-symmetry and random distribution models for
different coverages [21]. For the co-deposition of multi-layer cesium and
impurities, AIMD simulations under finite temperature conditions were
considered [33]. The details of these surface structures are discussed in
Section 2. The paper is organized as follows: Section 2 presents the
computation details and surface structures, Section 3 presents compu-
tation results and disscutions, and finally Section 4 concludes with the
most important findings.

2. Methodology
2.1. Electronic structure calculations

The Vienna ab-initio simulation package (VASP) [34,35] and CP2K
software package [36] based on periodic density functional theory
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(DFT) were used to perform the calculations. The functions of the two
codes are as follows: CP2K is mainly used for relaxation calculations of
the initial structure, while VASP further performs relaxation and energy
calculations after CP2K. For VASP, the ionic core was described using
the projector augmented wave (PAW) method [37] with a plane wave
cutoff energy of 650 eV. The total energies and forces converged within
107 eV/cell and 0.01 eV/A, respectively. The GGA-PBE [38] functional
was used for energy calculations, while the LDA [39] functional was
used for work function calculations. For the 2D adsorption system, the
DFT-D3 correction [40] and dipole correction [41] scheme were
applied. For CP2K, the electronic structure was described using GGA-
PBE functional within the Gaussian and plane waves framework. Mo-
lecular orbitals of the valence electrons were expanded into TZVP-
MOLOPT-SR-GTH basis sets [42], while the atomic core electrons
were described through Goedecker-Teter-Hutter (GTH) pseudopoten-
tials [43,44] with a cutoff energy of 400 Ry. The atomic positions were
fully relaxed under two convergence criteria: (1) the maximum force
component of the current configuration is 4.5 x 10 Hartree Bohr™ and
(2) the root mean square (RMS) force of the current configuration is 3 x
107 Hartree Bohr™!. The periodicity was applied in the XY-plane. Mon-
khorst-Pack scheme [45] with k-points of 4 x 4 x 1 were adopted by all
VASP and CP2K calculations.

2.2. Surface structure models

In this work, we are dedicated to studying the impact on the work
function under different coverages of metal impurities and cesium. The
most potential substrate material for the PG electrode is Mo metal, a
substrate of dimension 12.53 A x 12.53 A x 6.18 A (4 lattices x 4 lat-
tices in XY plane, and 5layers in Z axis) was constructed. The bottom two
layers of Mo atoms were fixed during the relaxation. A > 20 A vacuum
layer was utilized for all calculations. Five different coverages were used
for both impurities and cesium, 0, 2/16 6, 4/16 6, 6/16 0, and 8/16 6,
respectively.The coverage 1 0 corresponds to 1 adatom per Mo surface
atom (10 = 1.0 x 10%° cm’z).

For a single adsorbed atom, either Cs, Cu, or W atom, there is a most
stable site on this 4 x 4 plane. The most stable sites for Cs, Cu, and W are
the bridge site, hollow site, and top site, respectively. For atom
adsorption with different coverages, the corresponding uniform and
highly symmetrical initial structures were constructed, as shown in
Fig. 1. For Cs co-deposition with Cu or W impurity, two kinds of initial
structures were considered. The one is Cs atoms and impurity atoms
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adjacent to each other with four different coverages, where the Cs-Cu (or
W) bonds lean towards the surface; the other one is Cs atoms and im-
purity atoms have the same initial XY coordinates, that is the Cs-Cu (or
W) bonds perpendicular towards the surface, one implication is that the
Cs and impurity coverage is the same in this case, as shown in Fig. 1. For
comparison convenience, the initial structures of copper and tungsten
deposition are identical. Under the condition of bond tilt, after relaxa-
tion, the majority of cesium atoms migrate to hollow positions. While
under normal conditions, only coverages of 2/16 6, 4/16 0, and 8/16 6
maintain their normal states after relaxation

3. Results and discussion
3.1. Average adsorption energy of cesium

If the cesium atoms can adsorb on the PG electrode surface stably is
an important issue for Cs consumption and maintaining of the negative
ion source. The calculation of the average adsorption energy of cesium is
as follows:Eyq = (Eyorqq —Esup —NEcs)/n

- [( total —

—Ec,- lu)er)

+ (Emb - E:ub) + (ECS—Iayer - nEC:)}/n

where E;, is the total energy of the surface covered by adatom. Eg, is
the energy of the substrate (including impurity-covered substrate). Ec; is
the energy of the Cs atom in the gas phase. E;ub and Ec;_jqyer represent the
total energies of the deformed substrates and the free-standing Cs layer,
respectively. Therefore, AE; represents the binding energy of the Cs
layer on the deformed substrates, AE; represents the energy required for
surface deformation, and AE3 represents the formation energy of n Cs
atoms from the isolated gas phase to a Cs layer. For convenience, the
energies discussed below correspond to their absolute values (unless
stated otherwise).

The results of the adsorption energy of Cs co-deposition with Cu and
W are shown in Fig. 2. When the coverage of Cs is certain, the average
adsorption energy increases with the increase of Cu coverage. Compared
to the pure Cs deposition, the average adsorption energy of Cs co-
depositing with 8/16 6 Cu can increase by 0.77 eV for 2/16 6 Cs
coverage, by 0.68 eV for 4/16 6 Cs coverage, by 0.61 eV for 6/16 6 Cs
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Fig. 1. Initial and relaxation surface structures of adatoms cover on Mo (00 1) surface, including pure Cs and pure impurity (X represents Cu or W) adsorption, and Cs
co-deposition with impurity atoms. The coverage increases from 0 to 8/16 6. Green represents cesium atoms, brown represents impurity atoms, blue represents the
first layer of molybdenum atoms, and yellow represents the second layer of molybdenum atoms.“Normal” denotes the overlapping projection of cesium atoms and
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W impurity

EAE,
mmAE,
EAE,

—Total Ea d

Adsorption Energy (eV)

2/16 4/16 6/16 8/16
Cu coverage (0)

normal 0

normal 0

2/16 4/16 6/16 8/16
W coverage (0)

Fig. 2. Adsorption energy of Cs atoms: (a)-(d) for Cs atoms co-deposition with Cu atoms with different Cs coverages, 2/16 6, 4/16 6, 6/16 6, and 8/16 6, respectively;
(e)-(h) for Cs atoms co-deposition with W atoms with different Cs coverages, 2/16 0, 4/16 0, 6/16 0, and 8/16 0, respectively. Notice: the adsorption energy at the
normal in (c) is zero means the normal structure does not exist after relaxation. The adsorption energy of cesium on clean Mo surface is obtained from our previous

results [24].

coverage, and by 0.63 eV for 8/16 6 Cs coverage, respectively. From Eq.
(1), the average adsorption energy is the sum of AE;/n, AEs/n, and
AEs /n. We can see that the contribution of AE; to the adsorption energy
is insignificant, and AEs; becomes important at high Cs coverage.
Compared to AE; and AEjs, it is evident that AE;, which reflects the
direct Cs-substrate interactions, plays the most significant role and ac-
counts for most of the Cs adsorption energy. This indicates that bonding
on the Cs-substrate is strong and dominant.

In the “tilted” cases (see Fig. 1), increasing the Cu coverage has a
limited impact on the formation energy of the Cs layer (AEj3), but it
significantly enhances the interaction between Cs and the substrate,
making Cs more easily bound to the surface. Compared to the low Cs
coverage, the average adsorption energy of high Cs coverage decreases.
That is because the increase of Cs coverage causes Cs atoms to repel and
compete with each other as they interact with the substrate, it is
consistent with some previous alkali metal adsorption experiments [46].
For Cs co-deposition with W impurity, the adsorption energy does not
always increase with the increase of W coverage. This may be related to
the average height of the Cs layer above the Mo substrate. In the
following Fig. 6 and Fig. 7, the average height of the Cs layer above the
Mo substrate is plotted at different impurity coverages and different
cesium coverages. The results indicate that as impurity coverage in-
creases, the average height of the Cs layer also increases. The difference
lies in the fact that, with copper impurity coverage, the average height of
the Cs layer decreases as the cesium coverage increases, whereas with
tungsten impurity coverage, the average height of the Cs layer increases
with an increase in cesium coverage. Excessive Cs layer height can
weaken the interaction between cesium and the molybdenum substrate.
It’s worth pointing out that the Cs atoms leave their most stable position
from the bridge site to the hollow site when co-deposition with impu-
rities as shown in Fig. 1. This will also affect the average adsorption
energy of Cs to some extent. In the “normal” cases (see Fig. 1), it’s
extremely unstable. The reason is also simple, the impurities push the Cs

to a higher position, making the interaction between Cs and Mo further
weakened. The later work function calculation and analysis will not
consider this situation.

3.2. Work function

Deposition of cesium atoms on the surface is one effective way to
reduce the work function. This is attributed to the charge transfer be-
tween surface atoms and adsorbed atoms, which affects the Fermi level
of system. Additional impurity atoms, such as copper and tungsten, also
influence the charge distribution on the cesiated surface, thereby
affecting the surface work function. Fig. 3 shows the calculation results
of the work function of Cs co-deposition with Cu and W metal impurities.
The deposition of copper and tungsten on the surface exhibits
completely opposite properties. The work function of clean Mo (001)
surface is 4.40 eV.Under conditions without cesium, Deposition of
copper increases the surface work function, and as the coverage of
copper increases, the work function consistently increases, from 4.56 eV
(2/16 0) to 4.95 eV (8/16 0). On the other hand, deposition of tungsten
reduces the surface work function, and with an increasing coverage of
tungsten, the work function consistently decreases from 4.06 eV (2/16
0) to 3.46 eV (8/16 0). The work functions of pure cesium (from 2/16 6
to 8/16 0) deposition are 2.41 eV, 1.70 eV, 1.72 eV, and 1.78 eV,
respectively.

Under the conditions co-deposition with cesium, as shown in Fig. 3
(a), at the low Cs coverage, Cu impurity increases the work function. The
degree of increase, however, gradually decreases with the increase of Cs
coverage. The inversion occurs between the Cs coverage of 4/16 6 and
6/16 6. At 4/16 6 Cs coverage, the work functions (from 2/16 6 to 8/16 0
Cu coverage) are 1.80 eV, 1.85 eV, 1.86 eV, and 2.02 eV, respectively.
The work functions higher than 4/16 6 pure Cs coverage. At 6/16 0 Cs
coverage, the work functions are 1.69 eV, 1.70 eV, 1.58 eV, and 1.66 eV,
respectively. The work functions lower than 6/16 6 pure Cs coverage.
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Cs coverage ()

Fig. 3. Work function versus deposition coverage of Cs on: (a) Cu-covered Mo (001); (b) W-covered Mo (001). The work functions of cesium on clean Mo surface is

obtained from our previous results [24].

Moreover, the minimum work function corresponds to the Cs coverage
of 4/16 6 when pure Cs adsorbs, that is the half monolayers. Although 4/
16 6 and 6/16 6 correspond to very close work functions, one can at least
assume that the minimum work function corresponds to a coverage
range between 4/16 6 and 6/16 6. The co-adsorption of Cu impurities
causes the lowest point of the work function to shift towards higher Cs
coverage. This deviation is more obvious with the increase in impurity
content. At low Cu coverage, the minimum work function corresponds to
the Cs coverage of 6/16 6. When the coverage of Cu reaches 8/16 0, the
lowest point of work function shifts towards the Cs coverage of 8/16 6,
that is the monolayer. As opposed to Cu impurities, as shown in Fig. 3
(b), the W impurity always increases the work function. At 2/16 6 Cs
coverage, the increase caused by W is limited, and the greater the
coverage of W, the smaller the increase of work function. But at the two
most prominent cesium coverages, 4/16 6 and 8/16 6 (corresponding to
0.5 ML and 1.0 ML, respectively), tungsten deposition has the most
noticeable impact on the increase in the work function. Especially at 4/
16 0 Cs and 8/16 8 W coverage increases the work function by 0.50 eV,
and at 8/16 0 Cs and 8/16 6 W coverage increases the work function by
0.40 eV.

3.3. Dipole moment density induced by electron density difference

Work function is an important parameter that affects the efficiency of
negative ion production. Because metal impurities can significantly alter
the work function of cesiated surfaces, it is necessary to further analyze
and explain the trends in work function variation under conditions of
metal impurity deposition. Based on this purpose, the dipole moment
densities of different surfaces were calculated and plotted. The change in
surface work function is largely determined by the charge transfer and
polarization between the substrate and the adsorbed atoms. This charge
transfer will change the surface dipole moment density and surface
electrical field. Eq. (2) shows the relationship between the change in
work function and the change in dipole moment density [47]:

¢ — ¢ = —180.95(p — po)# (2)

where the ¢ and ¢, represent the work function of adatom-covered Mo
(001) surface and clean Mo (001) surface, respectively. p and po
represent the dipole moment density of the adatom-covered Mo (001)
surface and clean Mo (001) surface, respectively. The dipole moment
density of the system is calculated as follows:

p= / zp,dz# 3
0

where the integration is limited to the volume ranging from the bottom
of the cell up to the middle of the vacuum layer. p, is the one-
dimensional electron density difference obtained by taking the planar
average of the three-dimensional charge density difference p(r). There is
a clear linear relationship between these two parameters, with a slope of
—180.95. The slopes of Cs-Cu system and Cs-W system are —183.27 and
—186.45 in this work. The results of p —p, are shown in Fig. 4. One can
easily notice that this plot mirrors the changes in work function.

The change in dipole moments is primarily determined by charge
transfer and polarization induced by adsorbed atoms. The additional
dipole moment density, Ap, normal to the surface caused by this charge
redistribution can be calculated by substituting Ap, from Eq. (4) into Eq.
(3) and replacing the p, integral,

1 b
Ap. =~ f dx / dyAp(r)
A 0

Lo
- X/o dx/o dy{vadeumm(’) - [/)Ma(r) + pe(r) +pimp(r)} }##
#

4

where A is the area of the XY-plane of the cell, equals a multiply b.
PMo-+adatom (T)s Puo(T)s Pes(T), and py, (1) are the electron density of the
conjugate system, the deformed Mo surface, the Cs layer, and the im-
purity layer (Cu or W), respectively. As shown in Fig. 5, the overall trend
of Ap is consistent with p —p, and they are also close in numerical value.
The difference between the two exists because another factor that can
cause changes in the dipole moment is overlooked. That is the impact of
surface deformation. Any adsorbed atom can cause deformation of the
surface Mo atomic layer, which is also one aspect that leads to the
change in dipole moment, contributing to p —po. However, since the
contribution is too small, it will not be discussed in detail here. Under
conditions without cesium, the deposition of both copper and tungsten
results in an additional dipole moment, which strengthens with
increasing coverage. The difference lies in the direction of the additional
dipole moment induced by copper, which points towards the surface,
while the additional dipole moment induced by tungsten points towards
the vacuum. The dipole moment directed towards the surface inhibits
electron escape, leading to an increase in the work function. Conversely,
the dipole moment directed towards the vacuum assists electron escape,
resulting in a decrease in the work function. Under conditions with ce-
sium, as shown in Fig. 5 (a), under a cesium coverage of less than 4/16 6,
the Cu impurity causes the dipole moment density to decrease.
Compared to pure cesium deposition, the introduction of copper is
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of cesium on clean Mo surface is obtained from our previous results [24].

equivalent to inducing an additional dipole moment pointing towards
the surface, with values of —3.37 E-04 e/f\, —-1.29 E-03 e/;\, —-1.74 E-03
e/A, and —2.46 E-03 e/A, respectively. This is consistent with Eq. (2). As
the amount of cesium increases, the impact of the impurity gradually
weakens. At a cesium coverage of 8/16 6, the additional dipole moments
induced by cooper are —1.41 E-04 e/[o\, 1.04 E-04 e/;\, 4.49 E-04 e/A,
and 4.59 E-04 e/A, respectively. Low-coverage Cu impurity does not
affect the change in dipole moment density, while the high-coverage Cu
impurity can increase the dipole moment density. Different from Cu
impurity, W impurities can decrease the dipole moment density under
any Cs coverage and W coverage. At 4/16 0 Cs, the additional dipole
moments induced by tungsten are —1.59 E-03 e/A, —2.60 E-03 e/A,
—2.99 E-03 e/A, and —3.01 E-03 e/A, respectively. At 8/16 0 Cs, the
additional dipole moments induced by tungsten are —1.25 E-03 e/A,
—1.82 E-03 e/A, —2.23 E-03 e/A, and —2.36 E-03 e/A, respectively. So
the work function of the Cs-W co-adsorbed surface is higher than the
work function of the surface with pure cesium adsorption.

3.4. Dipole moment density induced by charge transfer and polarization

Ap represents the results of charge redistribution among the Mo
(001) substrate, cesium, and impurities. This includes contributions
from both charge transfer and charge polarization. The dipole moment

density p; caused by charge transfer can be evaluated using the
following equation:

Rimp.

n NMo
Hr = Zi 4iri/A = Pagy + Hip, + ey = ( i LMoy + Z
+ Z[:Sqic‘r'a )/A#

i Mip.ri,
i P-Limp,

(5)

where g; is the Hirshfeld-I [48] charge of the i-th atom in the system, and
r; is the average height of the i-th atom from the topmost Mo layer. It can
be observed that the overall variation trends of ;- and Ap are consistent.
However, there is still a certain gap in terms of numerical values. We will
discuss this at the end.

It can be clearly seen that ;. is lower than and mainly determined by
Ucs> as shown in Fig. 6 and Fig. 7. This is because the Cs layer has a
higher elevation relative to the surface and a larger positive charge
amount. The average height of the impurities from the surface is less
than 1.4 A, while the average height of cesium from the surface is greater
than 3.0 A. At 2/16 0 copper (tungsten) coverage, the charge amounts of
the cesium layer are as follows: 0.69 e,0.97 €,1.06 e,and 1.13 e (0.63 ¢,
0.94 e, 1.07 e, and 1.16 e); at 4/16 6 copper (tungsten) coverage, the
charge amounts of the cesium layer are as follows: 0.68 e, 0.99¢e,1.11 e,
and 1.20 e (0.59 e, 0.89 e, 1.12 e, and 1.23 e); at 6/16 0 copper
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(tungsten) coverage, the charge amounts of the cesium layer are as cesium layer are as follows: 0.65 e, 0.98 e, 1.17 e, and 1.30 e (0.56 e,
follows: 0.68¢€,1.01e,1.16e,and 1.28 € (0.53¢,0.87 ¢,1.02€e,and 1.18 0.85¢€,1.01 e, and 1.17 e). The charge of the cesium layer increases with
e); at 8/16 0 copper (tungsten) coverage , the charge amounts of the the increase in cesium coverage. However, the slope significantly
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decreases, indicating a gradual reduction in the average charge of ce-
sium atoms. The decrease in the average charge suggests that with
increasing cesium coverage, cesium atoms transition gradually from
ionic to metal properties, ultimately aligning with the characteristics of
cesium metal. This is consistent with the previous findings reported by
Said et al. [33].

Under the co-adsorption conditions with Cu, the charge amount of
the Cs layer increases with the increase of Cu coverage. However, the
effect of W coverage on the charge amount of the Cs layer is not sig-
nificant. Given that the charge amount of the Cs layer is a key factor
influencing dipole moment density and consequently the work function,
a Cs layer with a larger charge is beneficial for reducing the work
function. Furthermore, compared to the W impurity condition, the
height of cesium under the Cu impurity condition is lower, which would
result in a decreased dipole moment density.

In summary, y., under the Cu impurity condition is slightly larger.
However, Another key factor is the charge amount in the impurity layer.
As shown in Figs. 6 and 7, at 2/16 0 impurity coverage, the charge
amounts of the copper (tungsten) layer greater than —0.26 e (-0.59 e); at
4/16 6 impurity coverage, the charge amounts of the copper (tungsten)
layer greater than —0.48 e (-1.14 e); at 6/16 0 impurity coverage, the
charge amounts of the copper (tungsten) layer greater than —0.70 e
(-1.41 e); at 8/16 0 impurity coverage, the charge amounts of the copper
(tungsten) layer greater than —0.85 e (-1.71 e). This is evident that the
negative charge amount in the W impurity layer is greater. Regardless of
whether it’s Cu or W, the heights of the impurities are similar. Therefore,
uy is much smaller than . Taken together, the amount of charge in the
impurity layer plays a dominant role in influencing the final dipole
moment. This explains the higher dipole moment density observed
under Cu impurity conditions compared to W impurity conditions in
Fig. 5. The deposition of cesium and impurities on the surface forms a
double layer structure, and the total charge of this double layer
structure, 4, , is shown in Figs. 6 and 7. It can be seen that ), is greater
than zero, and the extra charge of the double-layer structure comes from
the Mo (001) substrate. To understand the charge distribution of each
Mo layer in the Mo substrate, the charge of the topmost Mo layer, y,,,
was specifically calculated. It is evident that the charge of the topmost
Mo layer plus the total charge of the double layer is less than zero. This
implies that electrons in the bulk migrate to the surface under the in-
fluence of the adsorbate, and the molybdenum atom in the bulk phase as
a whole has an additional positive charge, and because the distance from
the surface to this part of the atom is negative. Therefore, u,,, is always
less than zero, which reduces the overall surface dipole moment density.

The dipole moment density caused by charge transfer, yi1, is only a
part of Ap. The other part is the change in dipole moment density, yx,,
caused by charge polarization [49], which can only be estimated by
subtracting y; from Ap (not plotted here). The results show that under
Cu impurity conditions, y, is always less than zero, and its impact on Ap
is minimal. This suggests that a small portion of the charge in the Cs/Cu/
Mo system always polarizes downward. For the W impurity conditions,
Hp has a minimal effect on Ap at 2/16 6 W impurity coverage and be-
comes slightly more noticeable at 8/16 6 Cs coverage and it’s also less
than zero. As W coverage increases, the impact of y, becomes more
pronounced, dominating at 8/16 6 W coverage. Moreover, under high W
coverage, 4, is always greater than zero, indicating that some of the
charge in the system always polarizes upward. Additionally, under W
impurity coverage, pu, consistently decreases with increasing Cs
coverage, a trend consistent with y, changes under pure Cs adsorption
conditions.

4. Conclusions

In this study, The effect of metal impurities, including copper and
tungsten, on the average adsorption energy of Cs atoms on Mo (001)
surface and the work function of cesiated surface has been studied at the
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DFT level.

Firstly, the average adsorption energy of cesium on the surface was
evaluated. The results indicate that copper impurities significantly
enhance the average adsorption energy of cesium, while tungsten has a
limited effect on it, in some coverages, can even decrease it. One of the
reasons for this is that when co-adsorbed with tungsten, the equilibrium
height of the cesium layer above the substrate is higher. Secondly, the
calculated results of the work function reveal that copper impurities
exhibit a significant enhancement in the work function at low cesium
coverages, but the effect diminishes at high cesium coverages. With
increasing copper coverage, the cesium coverage corresponding to the
minimum work function shifts towards higher coverages. In contrast,
tungsten impurities significantly increase the work function of cesium-
covered surfaces under all conditions. Thirdly, the changes in the
work function have been analyzed and explained by the surface dipole
moment density. The change in work function shows a linear relation-
ship with the variation in surface dipole moment density. The deposition
of cesium and impurity atoms generates additional dipole moments,
where negative dipole moments point towards the vacuum, resulting in
a decrease in the work function, while negative dipole moments point-
ing towards the surface increase the work function. Only at a 2/16 6
impurity coverage, the additional negative dipole moment induced by
copper deposition on cesiated surface is larger. The formation of addi-
tional dipole moments is primarily determined by charge redistribution,
including charge transfer (u) and charge polarization (u,). Compared to
with tungsten, the depositon of cooper induces a larger charge amount
of cesium layer, a smaller negative charge of impurity layer, and a
stronger negative dipole moment induced by polarization.

The main objective of this study is to understand the influence of
copper and tungsten metal impurities on cesiated surfaces at different
coverages, including the average adsorption energy and surface work
function of cesium. Hydrogen isotopes were not considered due to the
complexity it introduces in terms of surface structures and computa-
tional demands. In future work, the introduction of hydrogen isotopes
will be considered at specific coverages, and statistical analysis will be
conducted.
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