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Abstract. The electron-stimulated desorption of lithium and potassium atoms from Li Al
and K Au layers on the surface of gold adsorbed on W(100) has been studied. The yleld of
y
electron-stimulated desorption of Li and K atoms was measured by a direct method as a func-
tion of the electron energy, the concentration of Li and K atoms, and the thickness of the Au
film. The formation of semiconductor intermetallic compounds LixAuy and KxAuy is considered.
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D NeKTPOHHO-CTUMY/IMPOBAaHHAA AeCopPOLMA aTOMOB JIMTUSA U
KaJsiua npu aacopoumumu atToMOB JIMTUA U KaJIMA Ha 30J10TO
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Annoramua. MccienoBaHa 3JeKTPOHHO-CTUMYJMPOBAHHAsA JeCOpPOLIMS aTOMOB JIUTUS U
Kanus u3 cioen Li Au nkK, Au Ha MOBEPXHOCTU 30J10Ta, aacoporupoBaHHoro Ha W(100). Beixox
3JIEKTPOHHO- CTI/IMYJ'II/IpOBaHHOI/I necopbuuu atomoB Li 1 K u3mepsuicss psIMbIM METOAOM B
3aBUCUMOCTH OT BHEPTMM 2JIEKTPOHOB, KOHIIeHTpauu atoMoB Li u K m TOIIIMHBI TIIeHKU
Au. PaccmotpeHo obpasoBaHue MOJTYNPOBOAHUKOBBIX MHTepMeTainaos Li Au n K Au.
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Introduction

Compounds of two metals are called intermetallic compounds. Intermetallic compounds can
and do have properties different from the metals of which they are composed. Bronze is the first
intermetallic compound known to mankind. Gold-alkali metal intermetallic compounds are of
particular interest, since in them gold is an anion [1], while in the vast majority of compounds
gold is a cation. Studies of intermetallic compounds gold-alkali metal started in the middle of the
last century [2]. Interest in gold-alkali metal compounds is associated with the rapid growth of Au
chemistry [3], the use of Au nanoparticles in various fields from catalysis [4] and medicine [5] to
the creation of various sensors and detectors. [6].

2D layers of gold intermetallic compounds with alkali metals (AM) Li_ Au, Na Auy K Au
and Cs. Au are semiconductors, in contrast to bulk samples (Li, Au Na_ Au and KAu) Wthil
exhibit metallic properties. Only CsAu is a semiconductor regardless of its size.

The formation of the intermetallic compound gold-alkali metal at temperatures close to room
temperature can be divided into two stages. At the first stage, an adsorbed alkali metal monolayer
is formed on the gold surface and no intermetallic compound is formed. At the second stage,
an increase in the dose of deposited alkali metal on the gold surface leads to the diffusion of
alkali metal atoms into the depth of the gold substrate with the formation of a gold-alkali metal
intermetallic compound. In this case, a monolayer of alkali metal will remain on the surface.
The stoichiometry of the gold-alkali metal intermetallic compound depends on the number of
gold and alkali metal atoms that have reacted. Note that the Au layer closest to W does not
participate in the formation of an alkali metal-Au compound, and as a result, a four-layer system
is obtained: an alkali metal monolayer/an AMAu intermetallic compound/a monolayer of Au
atoms/W(100) [7].

Electronic-stimulated desorption (ESD) is observed only from the surface of semiconductors
and dielectrics, and it is not observed from the surface of metals, since excited states rapidly
relax in metals (see review, for example [8]). In semiconductors, the lifetime of excited states is
sufficient for the process of ESD of atoms [8].

The purpose of this work was a detailed consideration of the processes occurring during the
electron irradiation of the Li/Li Au/Au/W and K/K Au /Au/W system and to compare the
processes of formation of intermetallic compounds L1 Au and KAu which will allow us to
highlight the commonality and differences in the formation of 1ntermetalhc compounds of 2D
layers of leAuy and KxAuy

Materials and Methods

The studies proposed in this work were carried out in an “ESD Spectrometer” ultrahigh
vacuum setup; the design of the experiment and the structure of the sample are shown in
Figure 1. The pressure of the residual gas in the installation did not exceed 5:10'° Torr. Textured
W(100) ribbon were used as a substrate for the samples, which were cleaned by heating at
1800 K in an oxygen atmosphere at a pressure of 1-10-¢ Torr for 3 hours. Gold was deposited on
a tungsten ribbon at 300 K from a straight-heated tungsten tube, into which pieces of gold foil
with a purity of 99.99% were placed. Lithium was deposited on a gold-coated tungsten ribbon
from a Knudsen cell by thermal reduction of lithium oxide with aluminum. Potassium was also
deposited onto the tape at 300 K from a Knudsen cell by thermal decomposition of potassium
chromates. The potassium concentration on the surface was determined from the deposition
time with a constant flux, the intensity of which was measured from the surface ionization
current on the tungsten W ribbon. The Li concentration on the surface was determined from
the time of deposition by a constant flux, the intensity of which was measured by the current
during surface ionization on an iridium ribbon. 1 monolayer (ML) corresponds to a close-
packed monolayer of Li atoms with a hexagonal structure and is equal to 1.0-10"° atom/cm?.
The surface concentration in the potassium monolayer was 5.0-10'* at/cm? The concentration
of deposited gold was determined by the time of deposition and was 1.0-10"5 atm/cm? in the
monolayer [11]. The measurements were carried out at 7= 300 K at the energy of bombarding
electrons in the range of 0-300 eV.

© TIpomoB W.A., Kynemosa T.D., Kysneunos lO.A., Jlanymikun M.H., CamconoBa H.C., 2023. W3znmatens: CaHKT-
[MeTepOyprckuii moauTeXHMYeCKUii yHuBepcuteT [letpa Bemmkoro.
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Fig. 1. Experiment scheme: 1 — sample, 2 — electron source, 3 and 4 — evaporators of Au and Li(K),
5 — jon collector, 6 — ion-retention electrode, 7 — ionic collector, 8 — surface ionization ribbon

Results and Discussion

First, two monolayers of gold were deposited on the tungsten surface. After that, Li (K)
coverage was deposited to the surface of the gold film. The yield (g) of desorbing Li (K) atoms was
recorded. Figure 2, a shows that ESD of Li (K) atoms are not observed when Li (K) is less than
one monolayer. At a dose of deposited Li (K) atoms greater than 1 MLs, ESD of Li (K) atoms
begins to be detected, which indicates the formation of intermetallic compounds of 2D LixAuy
(K Au ) layers under the monolayer Li (K) film. Since ESD of Li (K) atoms is observed, it can be
arguedV that Li Au (KXAuy) semiconductor compounds are formed. Further deposition of Li (K)
atoms leads to a linear increase in the ESD yield of Li (K) atoms. The maximum value of the
ESD yield of Li (K) atoms is achieved by deposition of a dose of Li (K) atoms equal to 2 MLs.
A subsequent increase in the dose of deposited Li atoms leads to a sharp decrease in the ESD
yield of Li atoms. However, further increase in the dose of deposited K atoms does not change
the ESD vyield of K atoms.
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Fig. 2. Yield q of Li (K) atoms during ESD from tungsten covered with two gold monolayers at

T =300 K as a function of the dose of deposited Li (1) and K (2) atoms for an energy of bombarding

electrons of 64 eV (a). Yield q of Li (K) atoms in ESD from gold-covered tungsten at 7= 300 K as a

function of gold deposition time for two doses of deposited Li (1.2) and K (3.4) atoms: 1,3—1.5 MLs
and 2,4—2.0 MLs (b). The energy of the bombarding electrons is 64 eV

Let us consider the possible LiXAuy (KxAuy) compounds obtained and the differences in the
formation of 2D layers of LixAuy (KxAu ) upon deposition of Li (K) atoms. It can be assumed that
LiAu is formed upon deposition of 2 MLs of Li atoms (corresponds to the maximum ESD yield
of Li atoms) and KAu upon deposition of 3 MLs of K atoms (corresponds to the plateau of the
ESD yield of K atoms). Note that the indicated stoichiometry of intermetallic compounds is an
estimate and is directly related to the number of Li (K) atoms in the monolayer. The difference
in the formation of 2D layers of LixAuy (KxAuy) during deposition of Li (K) atoms is as follows:
when the dose deposited of Li atoms more than 2 MLs atoms, Li atoms do not diffuse deep into
the film, but Li atoms accumulate on the surface with the formation of a second monolayer on
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the surface, which screens the exit of lithium atoms through the adsorbed layer of Li atoms. When
the dose deposited of K atoms more than 2 MLs atoms, K atoms diffuse deep into the film and
the KXAuy intermetallic compound continues to form.

In the next experiment, a different number of Au atoms were deposited, which was no more
than 5 MLs. For each Au coverage, a fixed dose of Li (K) atoms was deposited, equal to the
deposition dose of 1.5 and 2.0 MLs of Li (K) atoms. After each measurement of the ESD yield
of Li (K) atoms, the deposited material on W was removed from the surface, and Au and then
Li (K) were deposited again.

Figure 2, b shows the ESD vyield of Li (K) atoms as a function of the amount of deposited
Au on W for two deposition doses of Li(K) atoms: 1.5 and 2.0 MLs. As can be seen, upon
deposition of less than 1 MLs of gold followed by deposition of Li (K) atoms, no ESD of Li (K)
atoms is observed and no formation of Li Auy (K, Au) occurs. Let us consider how the ESD of
Li (K) atoms changes with an increase in the thicknéss of the deposited gold film. Thus, in the
gold coverage range from 1 to 1.8 MLs, the ESD of Li (K) atoms increases linearly, reachmg
its maximum value at a gold film 2 MLs thick. A further increase in the thickness of the gold
film leads to a decrease in the ESD of Li(K) atoms. This indicates the formation of a 2D
semiconductor layer of Li Au (K Au ) between the upper monolayer of Li (K) atoms and the Au
monolayer closest to the W surface.

Let us consider the possible stoichiometry of the formed Li, Au, (K Au ) intermetallic
compounds. Thus, at the maximum ESD yield of Li atoms, we can assume the formation of
LiAu, at a Li deposmon dose of 1.5 MLs and the formation of LiAu at a Li deposition dose of
2.0 MLS. With an increase in the thickness of the deposited gold film over 2 MLs, an insignificant
decrease in the ESD vyield of Li atoms occurs by only 15%, which can mean either slow diffusion
of lithium atoms deep into the gold layer, or a weak dependence of the probability of the ESD
yield of Li atoms for Li, Au which depends on the ratio x/y with increasing y. It is possible to
propose the formation of KAu by deposition of 1.5 MLs of potassium onto a gold film 1.25 MLs
thick and by deposition of 2 MLs of potassium onto a gold film 1.5 MLs thick. Thus, at the
maximum ESD yield of K atoms, we can assume the formation of KAu, at a deposition dose K of
1.5 MLs and the formation of KAu, at a deposition dose of K equal to 2.0 MLs. With an increase
in the thickness of the deposited gold film over 2 MLs, an insignificant decrease in the ESD yield
of K atoms occurs by only 15%, which can mean either slow diffusion of K atoms deep into the
gold layer, or a weak dependence of the ESD yield of K atoms for K Au which depends on the
ratio x/y with increasing y.

a) b)
] [—
g
=
B3 Zos|
e ER
5, £o6l
82 & |
X -
= Soal
z =
9 b 3t
,; 02k
; i Py i i ]
40 50 60 70 80 90 100 0 01 02 03 04 05
Energy, eV Energy, eV

Fig. 3. Yield of Li and K atoms upon ESD from tungsten coated with two monolayers of gold and

two monolayers of Li (1) and K (2) at 7= 300 K as a function of the bombarding electron energy (a).

Kinetic energy distribution of desorbed Li (1) and K (2) atoms during ESD from tungsten covered with
two Au and two Li (K) monolayers (b). The energy of exciting electrons is 64 eV

Figure 3 shows the dependence of the yield of lithium (potassium) atoms g of the ESD on
the energy of exciting electrons (£), in which two resonance peaks are observed with maxima at
63.5 and 81.4 €V, corresponding to the ionization energies of the Au levels Au 5p, P and 5pl ,- The
full width at half maximum of the peak is 8.8 and 9.6 ¢V, respectively, for the Au Sp3 s and 5p1 X
levels upon ESD of Li atoms. In the case of the ESD of K atoms, these values are shghtly smaller
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8.6 and 8.2 eV, respectively, for the Au 5p, 2 and 5p, , levels. The ratio of the areas under the

peaks coincides with the theoretical spin-orbit value oleO.S for the ESD of K atoms and is much

larger than the theoretical spin-orbit value of 0.70 for the ESD of Li atoms. Such a deviation
may be due to the fact that the Li Ls level with the binding energy £, = 54.7 €V is not excited by
the electrons bombarding the surface and forms a channel that partially suppresses the ESD of
lithium atoms. This effect is similar to the ESD of Cs atoms, when only one peak is observed in
the dependence of the yield of cesium atoms g(£) of ESD on the energy of exciting electrons at
E, = 63.5 eV [11]. The presence of one peak was explained by the fact that the excitation of the
Au 5p, P level (E, =74.2 eV) is completely quenched by its resonance with the Cs 44, 2 level (E,
=77.5 eV). In the case of the ESD of lithium atoms, the Au 5p, , state with E, = 57.2 eV partially
delocalizes, and the probability of its excitation decreases, which leads to a decrease in the ESD
of lithium atoms.

Figure 3, b shows the kinetic energy distribution (KED) of desorbing Li (K) atoms in ESD
from tungsten covered with two Au monolayers and two Li (K) monolayers. It can be seen that
E . has two peaks for desorbing Li atoms: a low energy peak (LE) at energy of 0.11 eV and a
high energy peak (HE) at energy of 0.28 eV. The HE peak is associated with the excitation of
the ESD of Li atoms from the upper monolayer of Li atoms, and the LE peak is associated with
the excitation of the ESD of Li atoms from the 2D layers of LixAu intermetallide. For the ESD
of K atoms, KED has only one peak for desorbing K atoms: a HE peak at energy of 0.39 eV,
which is associated with the excitation of the ESD of K atoms from the upper monolayer of K
atoms. Most likely, the presence of one peak is associated with the formation of an intermetallic
compound with deficiency of potassium atoms — KAu . We assume that the LE peak in KED
is observed only in intermetallic compounds Li Au when the content of alkali metal atoms is
greater than or close to the content of gold atoms.

The results obtained show that the ESD process captures atoms located at the interface
between the adsorbed layer of Li (K) atoms and the 2D layer of LixAuy (KXAuy). Lithium atoms
are 1.6 times smaller than potassium atoms and are the same size as Au atoms. Consequently,
there are more lithium atoms on the surface in the monolayer than potassium atoms. However,
this leads to the fact that to form, for example, intermetallic compounds Li Au and K Au of
the same stoichiometry, it is required to deposit two times fewer monolayers of Li atoms than
K atoms. It would seem that lithium and potassium atoms differ only in the size of the atoms
and the size of the formed crystal cell. LiAu and KAu form a more compact CsCl-type crystal
cell (with cell parameter a = 0.31 nm for LiAu and a = 0.39 nm for KAu). However, the ESD
process of Li and K atoms is also affected by the difference in the electronic structure of Li and
K atoms: the proximity of the Li Is levels with £, = 54.7 ¢V and Au 5p, P with £, = 57.2 eV leads
to partial suppression of the ESD process of Li atoms associated with excitation level Au 5p, 12

Conclusion

It has been found that the adsorption of lithium and potassium atoms on thin gold films
leads to the formation of 2D intermetallic films Li Au and KXAuy, which can be considered
2D semiconductor films. Intermetallic compounds are formed between the upper alkali metal
monolayer and the gold monolayer closest to the W surface. As a result of the interaction of alkali
metal and gold atoms, intermetallic compounds of various stoichiometries are formed, depending
on the number of atoms of deposited gold and alkali metal. It is assumed the formation of LiAu,
at a Li deposition dose of 1.5 MLs and the formation of LiAu at a Li deposition dose of 2.0 MLs
onto a gold film with a thickness of 2 MLs. It is assumed the formation of KAu, at a deposition
dose K of 1.5 MLs and the formation of KAu, at a deposition dose of K equal to 2.0 MLs. onto
a gold film with a thickness of 2 MLs. A resonant dependence of the yield of Li and K atoms
on the energy of exciting electrons is observed, which is related to the excitation of the Au 5p, P
and 5p, , core levels. A difference was found in the Kinetic energy distribution of desorbed Li
and K atoms: a high-energy one, which is associated with the excitation of the ESD process of
Li and K atoms in the upper monolayer of Li and K, and a low-energy one, which is associated
with the excitation of the ESD process of Li atoms in the LixAuy intermetallic compound. The
ESD process captures atoms located at the interface adsorbed layer of Li (K) atoms: 2D layer of
LixAuy (KXAuy).
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