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Submonolayer sodium coverages on the surface of the gold film
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Photoelectron spectroscopy studies of the electronic structure of a 2D-Au film deposited on a W surface with
a natural oxide have been carried out in sifu in ultrahigh vacuum, before and after adsorption of Na atoms. The
photoemession spectra from the valence band and core levels of Au 4f, W 4f and Na 2p were studied under
synchrotron excitation in the photon energy range of 120—300eV. A 0.83 nm thick 2D gold film formed on the
tungsten surface has a valence band close to the valence band of the bulk sample. The diffusion of Na atoms deep
into the gold film was not detected, which indicates the layer-by-layer growth of the 2D-Au film. Two states have
been found: Na’" and Na™, which exist even with a 0.15 monolayer sodium coverage, that indicates the formation
of Na islands and single adsorption of Na atoms. The density functional method is used to calculate the electronic
structure of a 2D-Au layer without and with adsorbed Na. It is established that the adsorption of Na atoms in the
hollow or bridge position is preferable. It is found that the Na adsorption leads to the surface reconstruction.
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1. Introduction

Research on the adsorption of particles on the surface
of solids has been carried out for many decades and tens
of thousands of works have been devoted to it. The
alkali metal atom adsorption on a metal substrate may be
assumed as a model system due to its apparent simplicity.
It would seem that everything has been already studied
and various processes taking place on these surfaces have
been investigated. For many adsorption systems, the
nature of the chemical bond, the geometrical and electronic
surface structure, the work function, the binding energies of
adatoms, etc., are known.

Several investigations were focused on the sodium ad-
sorption on gold surface both on the bulk sample surface
and on the 2D gold film surface. In [1], sodium adsorp-
tion on the (5 x 20) reconstructed Au(100) surface was
investigated and it was reported that even deposition of a
0.4 monolayer (ML) of sodium results in transformation
of the surface with (1 x 2) structure. It is also shown
that Nals level shift by 0.8 eV takes place with increase
sodium coverage from 0.16 to 1.3 ML. It should be noted
that the reported work function achieved the plateau at
0.5ML coating. In [2], the sodium adsorption on Au(111)
surface was studied by the scanning tunneling microscopy
method. It is shown that poorly ordered hexagonal structure
is formed at 0.46 ML sodium coating that is associated with
weakening of the bond between the first and second gold
layers due to the interaction between the sodium adatoms
and gold surface atoms. In [3], sodium adsorption on

Au(111) was studied in a wide temperature range. It is
shown that the sodium atom (coating) adsorption at room
temperature leads to surface reconstruction. Deposition of
0.46 ML sodium causes the transformation of the Au(111)
chevron surface structure into a poorly ordered domain
structure with an isotropically compressed surface layer
and hexagonal symmetry. Deposition of more than one
sodium monolayer results in formation of NaAu, intermetal-
lic compound. 1In [4], the adsorption of sodium atoms
(0.05ML) on gold nanoparticles deposited on tungsten was
studied. Deposition of such amount of sodium on the gold
nanoparticles does not lead to any perceptible changes in the
valence band spectrum, however, the system heating causes
perceptible changes in the valence band spectrum and
nanoparticle fusion with increasing of total system surface.

The sodium atom adsorption on the surface of the
deposited 2D gold film on tungsten was studied in [5,6]. It is
shown that several gold monolayers are formed, when gold
is deposited on tungsten [6], and then gold crystallites start
growing. The sodium atom adsorption on the surface of the
deposited 2D gold film on the oxidized tungsten was studied
in [7]. Tt is suggested that the film is formed according to
the Vollmer-Weber mechanism, when gold is deposited on
the oxidized tungsten.

Deposition of more than one sodium atom monolayer
on the gold surface results in formation of surface NayAuy
intermetallic compound, e.g. [3], and was not addressed
herein.  The sodium deposition on the gold surface
heated to T = 1000K also results in formation of surface
NayAuy intermetallic compounds [8]. Note that the sodium
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adsorption in the submonolayer range on the 2D gold film
deposited on the tungsten surface at T = 300K does not
result in formation of gold intermetallic compounds [9].

The our study of the initial adsorption stages of sodium
atoms on the surface of 2D gold film deposited on the
tungsten surface in the presence of a natural oxide layer
is described herein and the binding energy of the adsorbed
sodium atom on the 2D gold film is calculated.

2. Experimental setup

The photoemission studies were carried out at the
Russian-German laboratory at the HZB BESSY II (Berlin,
Germany) synchrotron by the photoelectron spectroscopy
method with excitation within the photon energy range of
120—-300eV. Photoelectrons normal to the surface were
recorded, the exciting beam was incident on the sample
surface at 45°. Studies of the gold film deposited on
the tungsten surface coated with natural oxide before
and after sodium deposition were carried out in situ in
vacuum P < 5-107Torr at room temperature. The
photoemission spectra of the valence band (VB) regiond
and the spectra of the Au 4f, W 4f and Na 2p core levels
were recorded. Full energy resolution was 50meV. The
spectra were reduced to the energy relative to the Fermi
Er level whose position was determined by the low-energy
rolloff of the photoelectronic spectrum of the tungsten
substrate. For all spectra described below, the background
was subtracted by the Shirley method. The atomically clean
Na was deposited onto a clean surface of the sample from
a standard source. Note that one Na monolayer is taken as
a concentration of 1.0 - 10'3 atom/cm? at which a densely-
packed Na atom layer is formed. Gold and sodium atom
coverage was determined, respectively, by the attenuation
of the W4f and Au 4f core peaks (at the photoemission
excitation energy of hv = 120eV) by the known inelastic
mean free path [10,11]. A probing depth depends on
the kinetic energy of photoelectrons: the more the kinetic
energy of photoelectrons, the more the photoelectron escape
depth. It should be noted that the main contribution
to the photoemission at hv = 100—120eV is made by
photoelectrons from the near-surface region, contribution
to the photoelectron photoemission from the sample depth
increases with the rise in excitation energy compared with
the photoelectrons emitted from the sample surface.

3. Calculation details

Calculations were carried out in QUANTUM ESPRESSO
package [12] using the exchange-correlation functional
taking into account generalized gradient approximations
(GGA) [13] in the form of the Perdew-Burke-Ernzerhof [14].
The influence of ion cores was considered through a
norm-conserving pseudopotential [15].  Supercells (100)
2 x 2 x 2 were prepared using open-source GUI program
BURAI-1.3 [16]. The kinetic energy cut-off and charge

OAu a

Bridge

Figure 1. 2D-Au layer (a). Na adatom position on 2D-Au layer:
top view (b). Au atoms are yellow, Na atoms are purple.

density cut-off were set to 55Ry and 550Ry. Gamma-
centered grid by k-points 4 x 4 x 1 was used for all 2D
layers herein. The convergence was equal to 1-107°Ry.
Geometry optimization was carried out by relaxation of all
atom positions in the supercell, except the outer gold atom
layer until a pressure lower than 0.5 kbar and force applied
to each atom lower than 0.01eV/A are achieved. The
vacuum gap was set to 18 A to avoid collapse of 2D layers
relative to each other and to ensure geometrical relaxation.

Au has a cubic structure with a lattice constant of 4.17 A.
The supercell contains four Au layers (Figure 1,a). The
adsorption sites of sodium atoms are shown in Figure 1, b:
above the Au atom (top), between the Au atoms (bridge)
and in the hollow between four neighboring surface Au
atoms (hollow). One Na atom account for 8 surface gold
atoms.

4. Results and discussion

4.1. Electronic structure

The results of calculating the electronic structure before
and after Na atom adsorption are shown in Figure 2.
The VB of Au(100) 2D layer is mainly formed by Au
5d- and 6s-electrons and coincides with the results, for
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Figure 2. Calculated total (b, e) and partial (g, ¢, d) density of states in the Na/Au(100) system. The Fermi level is set of 0 eV. Orbital
densities of states of Au 6s are green, of Au 5d are blue and of Au are black. Orbital densities of states of Na 3s are red. Density of
states of the Au surface layer (a, d). Calculated total and partial density of states for the Au(100) layer (a, b) and after Na adsorption in

the hollow position (c—e).

example, [17]. The VB of 2D gold layer after Na atom
adsorption is mainly formed by Au 5d- and 6s-electrons
with a minor admixture of Na 3s-electrons. The Na atom
adsorption does not result in considerable VB spectrum
changes that is associated with the interaction of the VB
of gold and adsorbed sodium. There are almost no
considerable changes in the VB spectrum. For example,
maximum density of electron states (DOS) is shifted in
the gold surface layer with the binding energy of 2.47eV
for clean gold surface towards higher binding energies
by 0.05eV. Calculations in [18] show that the Na atom
adsorption on Au(111) results in minor variation of the
VB spectrum shape that is shifted towards lower binding
energies by 0.15eV. The Figure 2 also shows the density of
electron states in the gold and sodium surface layer. The Na
states band is formed by Na 3s-electrons.

The adsorption energy of Na adatoms (Eags) was calcu-
lated in three positions: on top above the Au (top), between
the Au atoms (bridge) and in the hollow between four

3 Physics of the Solid State, 2023, Vol. 65, No. 9

Table 1. Na atom adsorption energy and distance between the
Au surface layer and adsorbed atom

Eads, €V h, A
hollow 285 2,05
top 2,63 2.08
bridge 2.84 1.93

neighboring Au surface atoms (hollow) using the following
equation:

Eads = _(EAu_Na - EAu - ENa)’ (1)

where Eayna and Ea, are full surface energies with and
without adsorbed Na, Ey, is the full Na atom energy. The
Na atom adsorption energies and distances between the
plane formed by the gold surface atom centers and adsorbed
Na atom position are given in Table 1.
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A similar value Eggs = 2.36eV was obtained in the
experiment on Na/Ag(111) adsorption system [19]. A high
Na adsorption energy equal to 2.7eV was also achieved in
the calculation of the Na/GeP3 system [20].

The Table 1 shows that the adsorption in the hollow
position or between Au atoms (bridge) is most preferable,
which is followed by the surface layer reconstruction:
surface atom shift in the surface plane up to 0.3 A. These
shifts confirm the surface layer reconstruction found earlier
in the experiments [1-3]. The distance from the adsorbed
Na atom in the hollow position to the Au surface layer is
equal to 2.05 A

4.2. Gold film

The gold film thickness on tungsten was 0.83nm. The
VB spectra of the deposited gold film on tungsten at the
photoemission excitation energy hv = 120 eV are shown in
Figure 3. The spectrum coincides with already known gold
VB spectra, e.g. [21,22] and there are two clearly resolved
peaks at the binding energies E, = 3.7 and 6.2 ¢V, which is
associated with the excitation of Au 5d-states.

Figure 4 shows typical spectra of the Au 4f core level at
the excitation energies hv = 140 and 300¢V. A slight asym-
metry of the peak shape towards lower binding energies is
shown and is typical for metals and may be attributable, for
example, to the electron excitation to the unoccupied state
continuum [23]. However, there is currently no consensus
regarding the nature of this effect [24-27]. The spectrum
shape is properly described by the Doniach—Sunjic function.

As shown above, there is a natural tungsten oxide
consisting of W8+ and W** oxides on the tungsten surface.
Gold deposition does not lead to reactions between the
gold and tungsten atoms, which leads to the synchronous
decrease of WO and W** and W° peaks. The W 4f
doublet core level spectrum of the tungsten oxides and
metallic tungsten for the clean oxidized tungsten surface
at the excitation energy 120eV is shown in Figure 5,a.
The same Figure shows decomposition of the experimental
spectrum into components described by the Gaussian
function. A narrow peak corresponding to the excitation of
W0 4f 5, is observed at the binding energy Ep = 31.53 eV
relative to Ep, the full width of peak at half maximum
(FWHM) is 0.25eV. A wide peak corresponding to the
excitation of W4 4fs), is observed at the binding energy
Ep, = 32.23 ¢V relative to Ep, the peak FWHM is 1.2eV.
The second wide peak corresponding to the excitation of
WO+ 4f 5, is observed at the binding energy Ep = 35.73 eV
relative to Ep, the peak FWHM is 1.40eV. The area
ratio (A) under the W 4f doublet core level spectrum
for A: A%t ASt =2:3:5  Figure 5,b shows a similar
spectrum after gold deposition. It is shown that photoemis-
sion from the substrate is suppressed, the spectrum shape is
unchanged within the measurements error. This suggests the
absence of interaction between the gold atoms and substrate
atoms.

Intensity, arb. units

10 5 0
Energy below £y, eV

Figure 3. Normalized photoemission spectra in the VB region
for the Na-Au system at the excitation energy hv = 120eV: 1 —
clean gold surface, 2 — after deposition of 0.04 ML Na, 3 — after
deposition of 0.15 ML Na, 4 — after deposition of 0.60 ML Na.

4.3. Sodium adsorption

Figures 5,c—f, 6 and 7 show the W 4f doublet core
level spectra with the excitation energies hv = 120, 150 and
300 eV after deposition of the Na submonolayer coverage.
The parameters of peaks are given in Table 2. Decreasing
contribution fraction of the W+ states compared to the W**+
with the increase in the excitation energy is attributable to
the fact that contribution from the states in the depth from
the surface increases with the rise in excitation energy.

Depostion of the Na atom coverage equal to 6 = 0.02 ML
predictably does not result in considerable changes in
the W 4f spectrum (Figure 5,c¢) and slight reduction of
the electron emission from the Au 4f core level occurs
(Figure 4). A peak with a binding energy of 31.82¢eV that
can be attributable to the excitation of Na' states appears
in the spectrum as in previous papers [4,28]. The Nat peak
is not observed at hv =300eV due to a low amount of
deposited Na and to the minor contribution of the surface
layer compared with the emission from deeper substrate
layers.

Adsorption of 0.04 ML Na atoms predictably does not
result in considerable changes in the W 4f spectrum (Fig-
ures 5,d, 6,b and 7,b) and slight reduction of the electron

Physics of the Solid State, 2023, Vol. 65, No. 9
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Figure 4. Normal photoemission spectra of the Au 4f (a) core level with the excitation energy hv = 140eV: I — clean gold surface,
2 — after deposition 0.15 ML Na, 3 — after deposition 0.60 ML Na, and (b) for clean gold surface at the excitation energy hv = 300eV.

Table 2. FWHM and area under the spectrum for W°, W*" and W®" peaks depending on the excitation energy and coverage

hy. eV Sodium coverage, W wh we
’ monolayers A % I, eV A % I,eV A % I,eV
300 0.02 21 0.26 49 1.56 30 1.70
0.04 21 0.26 51 1.56 27 1.70
0.15 22 0.26 51 1.60 27 1.76
0.60 21 0.26 54 1.60 25 1.78
150 0.02 16.5 0.25 49 1.52 34 1.46
0.04 16 0.24 51 1.52 33 1.70
0.15 16 0.30 50 1.52 33 1.62
0.60 15.5 0.26 54 1.8 30 1.62
120 Before Au deposition 22 0.28 30 12 47 1.42
After Au deposition 18 0.25 37 12 45 1.46
0.02 21 0.30 33 1.1 46 1.50
0.04 24 0.24 37 1.2 33 1.55
0.15 26 0.34 37 12 36 1.55
0.60 25 0.35 40 1.2 34 1.55

emission from the Au 4f core level occurs (Figure 4). The
adsorption of such amount of Na did not affect the W 4f
spectrum shape at 300 eV unlike the W 4f spectra shown
in Figures 5 and 6 at the excitation energies hv = 120 and
150eV. Two Na peaks can be seen in the spectrum at the
excitation energies hv = 120 and 150 eV. They occur at the
binding energies 30.8 and 31.8 eV and may be attributable

3* Physics of the Solid State, 2023, Vol. 65, No. 9

to the excitation of the Na core levels, respectively, Na’*
and Na*t, where § is lower than 1. The Na®* peak position
coincides with previous studies [4,28]. The wide Na™
peak is attributable to the states of single Na atoms with
the electron density transferred to the gold substrate and
the peak width may be defined by the interaction of the
absorbed Na atoms between each other with decreasing
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Figure 5. Photoemission spectra analysis of the W 4f and Na 2p core levels for the oxidized tungsten surface (a), after gold deposition (b)
and after sodium deposition (c—f) with the excitation energy hv = 120 eV. Dots show the experimental spectrum, thick solid lines show

contribution of W, W**, W° Na’* and Na™ states.

charge transfer to the substrate. The presence of a narrow
Na®* peak with lower binding energy 30.8 eV that is close
to the binding energy of 30.5eV of Na’ [29] suggests a
lower charge state of the adsorbed Na atoms that may
be explained by sufficiently strong lateral interaction of Na
adatoms between each other. le. even at such minor Na
coverage small Na islands are formed and co-exist with singe
Na adatoms. The area under the Nat peak is 13times
larger than the area under the Na’* peak. The Na atoms
adsorption has a slight effect on the parameters of the W 4f
spectrum that is expressed only in the shift of W+ peak
position towards higher binding energies by 0.4eV. It can
be argued that Na atom diffusion inside the gold substrate
does not occur with this coating, which agrees with the data
obtained in [5]. Parameters of peaks are given in Table 3.
Adsorption of 0.15ML Na atoms does not result in
major changes in the VB spectrum (Figure 3) and only
minor reduction of the electron emission from the VB takes
place. Also, the Au 4f core level spectrum varies slightly

Table 3. Parameters of Na’* and Na® peaks for the Na/Auw/W
system depending on the excitation energy and Na coverage

hv, | Na, Na®* Na*

eV | MLs | A % | Emax, €V | T, €V | A, % | Emax, €V | T, eV

150 | 002 | 0 - — | 100 | 3161 | 140
004 5 | 309 | 050 | 95| 3184 | 1.50
015 | 13 3094 | 050 | 87 | 3185 | 1.56
0.60 | 33 3092 | 062 | 67| 3181 | 160

120002 | 0 - — 1100 | 3182 | 192
004 7 | 3083 | 046 | 93| 3182 | 1.80
015| 14 | 3095 | 056 | 8 | 3186 | 1.50
060 | 38 | 3096 | 064 | 62| 318 | 1.52

(Figure 4) with the excitation energy of hv = 140V, with
the excitation energy of hv = 300eV — changes of the
Au 4f core level spectrum are within the measurement

Physics of the Solid State, 2023, Vol. 65, No. 9
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Figure 6. Photoemission spectra analysis of the W 4f and Na 2p core levels for the surface after Na deposition with the excitation
energy hv = 150 eV. Dots show the experimental spectrum, thick solid lines show contribution of W, W*", W°, Na®" and Na™ states.

error and therefore the spectra for this and larger Na
coverage are not shown on the diagram. As shown in
Figures 5,e and 7, b, Na coverage increasing from 0.04 ML
to 0.15ML did not affect the shape of W 4f spectra. With
the excitation energy hv = 300 ¢V, there are no Na states
in the spectrum. In the spectra obtained at the excitation
energies hv = 120 and 150 eV, an increase in the area under
the Na’* peak is observed compared with Na*, and the area
ratio decreases to 6. This means that Na adatom islands on
the surface become larger.

Adsorption of 0.60 ML Na atoms results in considerable
decrease of the photoemission intensity from the VB
(Figure 3) without spectrum shape change, except for a
small shoulder with the binding energy of 9.2eV, that may
be attributable to the excitation of Na states. The Au 4f
core level spectrum also slightly changes (Figure 4,a).
Figures 5—7 show that further increase of the Na dose
also did not affect the W 4f spectrum shape. With the
excitation energy hv = 300¢eV, there are still no Na states
in the spectrum. The tendency for an increase in the area
under the Na’* peak compared to Na*, observed with
0.15 ML sodium coverage, persists. For this coverage, the
area ratio decreases to 2, demonstrating further increase of
the Na adatom islands on the surface.

Physics of the Solid State, 2023, Vol. 65, No. 9

Na atom adsorption does not result in slight change
in the VB spectrum shape (Figure 3). Emission from
the VB gradually decreases with increasing deposited Na
atom coverage: for 6 = 0.15 ML the peak with E, = 3.7eV
decreases by 6%, and the peak with E, = 6.2 eV decreases
by 15%. A further increase of the Na coverage up to
0 = 0.60 ML results in a further decrease of emission from
the VB: peak withEp = 3.7 eV decreases by 30%, and peak
with Ep = 6.2 eV decreases by 40%. It should be noted that
a minor feature occurs at Ep, = 9.2eV. Drop of emission
from the VB with the increase in Na coating may be
attributable to the lower contribution of the Na states in
the adsorbed layer compared with the contribution from the
gold monolayer (see Figure 2).

The absence of tungsten oxide reduction with the
deposited gold film with the thickness not higher than
2 monolayers with the Na atom adsorption confirms the
non-interaction between the Na atoms and tungsten oxides.
The formation of a gold film [7] according to the Vollmer-
Weber mechanism is not observed, because with such gold
film formation mechanism a part of the oxidized tungsten
surface will be uncoated that would result in reduction of
the tungsten oxides by the adsorbed Na atoms. It can
be suggested that the gold film is formed on the oxidized
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Figure 7. Photoemission spectra analysis of the W 4f and Na 2p core levels for the surface after Na deposition with the excitation
energy hv = 300 eV. Dots show the experimental spectrum, thick solid lines show contribution of W, W*", W°, Na®" and Na™ states.

tungsten according to the Stranski-Krastanov mechanism or
the growth mechanism shown in [5,6].

5. Conclusion

It is shown that gold atom deposition on the oxidized
tungsten containing two WO; and WO, oxides leads to
the formation of the gold VB close to the VB of the bulk
gold. The Na atom adsorption in the submonolayer range of
coverages on the 2D gold film 0.83 nm thick deposited on
tungsten with the surface natural oxide has been studied.
The Na atom adsorption does not result in reduction of
the WO3; and WO, oxides that confirms the absence of Na
atom diffusion inside the gold film and the layer-by-layer
growth of the gold film on the oxidized tungsten, and not
according to the Vollmer-Weber mechanism. Two states of
the adsorbed Na atoms have been found: Na’* and Na*t.
The presence of both states even with 0.60 ML Na coverage
confirms that Na islands are formed during the adsorption
process, besides single adsorption. The electronic structure
of the 2D gold layer without and with the adsorbed Na
has been calculated. It has been shown that the Na atom

adsorption is preferable in the hollow and bridge position
and minor surface reconstruction occurs.
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