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Electron-stimulated desorption of europium atoms from the surface
of a germanium monolayer deposited on tungsten
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The adsorption of europium on the surface of a germanium monolayer deposited on a tungsten substrate using
electron-stimulated desorption was studied. It was found that the electron-stimulated desorption of Eu atoms at
europium coverages of less than 0.3 monolayers is caused by the excitation of the Eu 5p and Eu 5s states, and
at coverages of more than 0.4 monolayers it is caused by the excitation of the states: W 4f, W 5p and W 5s.
A model of electronic transitions has been proposed to explain the processes that occur during the electron-

stimulated desorption of europium atoms.
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1. Introduction

In the recent decade, there is significant attention to
europium among the rare-earth metals (REM), which is re-
lated to applicability of this element as an additive (impurity)
for directional modification and improvement of properties
of various materials. Thus, for example, ions of trivalent
europium (Eu3*) have been used as a red-luminophore
component in color electron-beam tubes and liquid crystal
displays [1], so have ions Eu?>* — for creating magnetic-
intercalated compounds of silicene and germanene [2,3].
Moreover, great importance is attached to atomic layers
of europium, as they ensure high mobility of the carriers
in germanene derivatives [4]. Finally, with the help of
europium it is possible to synthesize a two-dimensional (2D)
compound EuCg — graphite functionalized by intrinsically-
magnetic metal — which is a ferromagnetic and has
transport properties similar to graphene [5]. It is obvious
that a father progress in obtaining new promising europium-
based materials requires detailed understanding of electronic
properties of monolayers and submonolayers of this REM
adsorbed on the various surfaces, their stability when
irradiated by beams of electrons and photons, as well as
mechanisms of interaction of the Eu atoms with foreign
films, such as, for example, germanium monolayers.

The present study gives the results of investigation of
the electron-stimulated desorption (ESD) processes of the
europium atoms from the tungsten surface covered by a
layer of the germanium atoms. The ESD of neutral atoms
from various substrates is an informative ,state-of-the-art*
method of investigating the peculiarities of the electronic
structure of the surface structures [6,7]. Application of
this method for diagnostics of the europium-based film
structures is contributed by a relatively low potential of
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ionization of its atoms (5.67eV) [8] low activation energy
for desorption from the W(100) surface in a series of rare
earth atoms [9], which is 3.0eV for Eu adsorption. The
earlier studies of these systems have found an interesting
peculiarity of ESD yield of Eu atoms from the surface of
oxidized tungsten, namely, a very sharp dependence of this
value on the electron energy [10,11]. It has been also shown
that with europium coverages below 0.3 monolayers ESD
of its atoms is related to excitation of the Eu 5p and 5s
core levels, so is it — to excitation of the W 5p and 5s
core levels. At the same time, the role of the layer of
oxygen atoms on the surface of tungsten in this system is
currently unclear. Layers of germanium atoms deposited on
a tungsten substrate were studied in the work [12]. It has
discovered that ESD of the adsorbed cesium atoms is related
to excitation of the W 5p and 5s core levels and secondary
electrons formed after excitation of the Ge 3d core level.

It is known that at room temperature there is no disso-
lution of europium in germanium, germanium in tungsten
and europium in tungsten [13]. So, we believe that there
is no diffusion of these substances in the adsorption system
under study.

2. Experiment

2.1. Materials

The target was textured tungsten ribbon with a pre-
dominant exposure to the surface of the face (100).
At T =2000K and under pressure of 1-107° Torr, the
ribbon were preheated for 5Sh by passing alternating current
to bring predominantly the (100) face to the surface [14],
and after that they were cleaned of carbon by annealing at
T = 1800K in oxygen under pressure 1 - 10~¢ Torr for 3h.
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The ribbon cleaning was finished after oxygen pumping by
oxygen desorption at T = 2200K for 3 min.

Germanium was deposited onto the ribbon from a
straight-channel tungsten tube, which had pieces of germa-
nium placed. The tube was in parallel to the ribbon and
it had holes for uniform depositing of germanium along
the ribbon.

Europium was deposited onto the oxidized surface of
the target at T = 300K from a directly heated evaporator
made of a tantalum tube into which metallic europium was
placed. The tube, 3mm in diameter, had several holes
along its length for uniform deposition of europium along
the target. Purity of the flow of europium atoms was
controlled by means of a quadrupole mass-spectrometer.
The concentration of deposited europium was determined
using thermal desorption spectroscopy [15] as well as
controlled by a current of surface ionization of europium
on the target heated to the temperature T = 1800 K. The
concentration of europium, which corresponded to the
monolayer, was established by means of thermal desorption
spectroscopy and Auger-electron spectroscopy [15]. The
formation of a monolayer during europium deposition was
monitored by the observation of a maximum yield of Eu
atoms during ESD.

The target was irradiated with electrons in a stationary
mode. An electron emitter was a polycrystalline tungsten
filament of the diameter of 0.15 mm, which was located in
parallel to the target. The current density of the irradiating
electrons did not exceed 10~5 A/em? at the electron energy
of 100¢eV, so the electron irradiation of the target did not
cause its noticeable heating.

The europium atoms were ionized by means of a heated
tungsten ribbon at T = 2000 K.

2.2. Preparation of samples

The samples under study were created by using the
following method: the germanium monolayer was deposited
onto the clean tungsten ribbon and then a number of
europium atoms required for ESD measurements was de-
posited to the sample (it varied in the different experiment).
After the measurements, the tungsten surface was cleaned
and prepared again.

2.3. Experimental setup

All studies were carried out in an ultra-high vacuum setup
wopectrometer ESD¥, the experimental diagram of which
is shown in Figure 1. During the experiment, the setup
pressure was below 5- 1079 Torr. The experiments were
carried out at the temperature of T = 300K. The tungsten
ribbon with the germanium and europium layers deposited
thereon was irradiated with the electron beam of the
energy within the range of 0—200eV. The power supplied
by the electron beam did not change the temperature of
the ribbon. The germanium coverage was determined by
the dependence of ESD yield of the Cs atoms from the
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Figure 1. Experiment diagram. / — the W ribbon, 2 — the
electron source, 3 and 4 — the Ge and Eu evaporators, 5, 6 — the
electrodes that retain ions desorbed when the sample is irradiated
by electrons, 7 — the ion collector, § — the surface ionization
W ribbon.

monolayer cesium film deposited to the germanium film
at T =300K, on the germanium depositing time [16].
The maximum ESD yield of the Cs atoms was achieved
in formation of the monolayer germanium film. The
concentration of deposited europium was determined using
thermal desorption spectroscopy [14] as well as controlled
by a current of surface ionization of europium on the target
heated to the temperature T = 1800 K. The concentration
of europium, which corresponded to the monolayer, was
established by means of thermal desorption spectroscopy
and Auger-electron spectroscopy [15]. The formation of
a monolayer during europium deposition was monitored
by recording the maximum ESD yield of Eu atoms. The
desorbing europium atoms were ionized on the W ribbon
of thermal ionization (8) at T =2000K and recorded in
the collector (7). The probability of ionization of the
europium atoms was 9 - 10~%ion/atom [16]. The ESD yield
magnitude (q) is considered to be a density of a desorbing
atom flux to a flux density of the ESD-exciting electrons.
The ,,Spectrometer ESD* set-up made it possible to record
the ESD yield of Eu atoms and measure the dependence
of this yield g on the energy of exciting electrons and the
number of Eu and Ge atoms deposited on the substrate.

3. Results and discussion

3.1. Results

Figure 2 shows the dependences of the yield (q) of
electron-stimulated desorption of the europium atoms in
dependence on the energy of electrons (E.) that excite
ESD, for the two europium coverages (0): 0.2 monolayers
(MLs) and 1.0 monolayers. For the europium coverage of
0.2 monolayers, the ESD of Eu atoms begins to be recorded
at E¢ > 26.0eV and the ESD yield dramatically increases
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Figure 2.  Yield q of the Eu atoms in ESD from the
tungsten surface covered with the germanium monolayer and
a dose of europium depositing of 0.2 monolayers (/) and 1.0
monolayers (2), at T = 300K, depending on the energy of the
bombarding electrons Ee. The arrows show a position of the levels
of Eu 5p, Eu 5s, W 5p and W 5s.
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Figure 3. Yield g of the Eu atoms in ESD from tungsten

covered with the germanium monolayer, at T = 300K, depending
on the dose of the deposited europium atoms for the energy of the
bombarding electrons 32 (7), 38 (2), 50 (3) and 80eV (4).

with increase in E.. There is evidently a compound peak
having two maxima at the excitation energy of 31.9eV
and 38.0eV. At Eg > 46.0¢V, there is no observed ESD
of the europium atoms. The observed peaks can be
related to excitation of the states Eu S5p (the binding
energy E, =22.0eV) and Eu 5s (E, = 32.0eV). For the
europium coverage of 1.0 monolayers, the ESD of Eu atoms
begins to be recorded at Ec = 40.0eV and the ESD yield
dramatically increases with increase in Ee. There is evidently
a wide peak with a maximum at the excitation energy
of 50.0eV. With further increase in the energy, there is a
drop of the ESD yield of the Eu atoms and the region
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66.0 < E; <76.0eV exhibits no ESD of the europium
atoms. With a further increase in excitation energy, an
additional, less intense, ESD peak of europium atoms is
recorded at Ec = 80.0¢eV. The peak at E. = 50.0eV can be
related to excitation of the states of closely-located tungsten
doublets: W 4f7/2 (Eb = 3146\7), \W% 4f52 (Eb =33.6 CV),
\W% 5p3/2 (Eb = 36.8 CV) and W 5p1/2 (Eb =453 eV). The
presence of four levels, which are insignificantly different
in the energy and simultaneously contribute to this peak,
agrees well with the observed width of the latter. As can be
seen on Figure 2, it is approximately two times bigger than
the peak width at Ec = 80.0eV. The narrower peak can be
related to excitation of W 5s (Ep, = 75.6eV). The similar
results were obtained when studying ESD of the Eu atoms
from oxidized tungsten [11].

Figure 3 shows the dependences of the yield of electron-
stimulated desorption of the europium atoms from tung-
sten covered by the germanium monolayer, at T = 300K
depending on the dose of the deposited Eu atoms at the
various energies of the bombarding electrons. The indicated
energies correspond to the maxima of the ESD yield of
europium atoms in Figure 2. It is clear that on Figure 3 the
entire region of the europium coverages can be distinctly
divided into two sections: from O to 0.3 and from 0.4
to 1.2 monolayers. These sections are separated by a gap,
which does not exhibit ESD of the europium atoms. The
region of the coverages below 0.3 MLs exhibits ESD of
the europium atoms, which is related to excitation of the
Eu 5p and Eu 5s states.

The ratio of the ESD yields of the europium atoms at
the excitation energy of 32 and 38eV does change with
the coverage and is 0.58, which can indicate that there is
no ESD of the europium atoms in excitation of the doublet
Ge 3d (Ep = 29.2 and 29.8 eV). The range of the coverages
0.3—0.4 MLs exhibits no ESD of the Eu atoms. This means
that with a europium coverage of 0.3—0.4 ML, a phase
transition occurs on the surface and the formation of a new
Eu/Ge/W phase. With the coverages above 0.4 monolayers,
the dependence (@) of the europium atoms exhibits new
peaks that correspond to ESD of the europium atoms in
excitation of the W 4f, W 5p and W 5s states. The
decrease in the ESD yield of europium atoms at 0 > 1 MLs
is associated with the screening effect of the second forming
layer of europium atoms. The ratio of the ESD yields of the
europium atoms at the excitation energy of 50 and 80eV
does not change with the coverage up to 1MLs and it
is 2.5. It means emergence of the third surface phase that
is formed within the region from 0.4 to 1.0 monolayers.
Further increase in the coverage results in increase in the
ratio to 4 at the coverage of 1.2 MLs. It can be related to the
fact that a depth of penetration of the exciting ESD electrons
increases with increase in the kinetic energy of electrons,
and, therefore, a portion of the ESD exciting electrons
decreases in the tungsten layer covered with two europium
layers in comparison with one layer of the europium atoms.
The similar results were obtained when studying ESD of the
Eu atoms from oxidized tungsten [11].
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3.2. Model

We note that the processes related to excitation of the
tungsten and europium atoms occur at a fixed amount
(one monolayer) of deposited germanium. With the low
europium coverages, ESD of the europium atoms is related
to excitation of the europium atoms, while with the high
europium coverages, ESD of the europium atoms is related
to excitation of the tungsten atoms. We propose a probable
scheme of electronic transitions with ESD of the europium
atoms (see Figure 4).

Let us consider the processes occurring in ESD of the
europium atoms, as exemplified by excitation of the Eu 5p
electrons. Irradiation of the surface by electrons results
in excitation of the Eu 5p level (1) with formation of a
hole at this level. Subsequently, the Auger process occurs
in the europium atom with neutralization of the hole (2)
and excitation of the electron to vacuum (3), with the
formation of a positive Eu ion. The Eu ion is neutralized
by transition of the electron from the valence band of the
adsorbed germanium atoms (4) with increase in the size
of the europium atoms, thereby resulting in its repulsion
from the surface and desorption. The germanium atom is
neutralized by transition of the electron from the tungsten
valence band. The similar process can occur in excitation of
the Eu 5s states.

Let us consider the processes occurring in ESD of
the europium atoms in excitation of the tungsten states,
as exemplified by excitation of the electrons of W 5p.
Irradiation of the surface by electrons results in excitation
of the W 5p level (5) with formation of a hole at this level.
Then, the electron is tunneled from the Ge 3d level with
neutralization of the hole at a level of the W 5p level (6),
as suggested in the study [18]. The formed hole at the
Ge 3d level is neutralized by tunneling the electron from
the Eu 5p level (7) with formation of the hole Eu 5p.
Neutralization of the hole at the Eu 5p level with subsequent
desorption of the europium atom occurs according to the
same scheme as described above for the excitation of the
Eu 5p level (transitions (2—4)). Let us not that the hole
at the W 5p level can not be neutralized by the transition
of the electron from the Eu 5s level due to prohibition of
the s—s transitions and a large distance between the atoms
of europium and tungsten. The similar process can also
occur in excitation of the W 4f states and the W 5s states,
whose level is not shown on the diagram.

Note that all the electronic transitions occur in an
interface germanium—tungsten and europium—tungsten.

The drop of ESD yield with the europium coverages
exceeding one monolayer is apparently related to the fact
that formation of the second europium layer hampers the
transition (7).

It is assumed that the germanium atoms most likely
adsorb in hollow positions on the W(100) surface. However,
there is no solid single-atom germanium film formed on the
tungsten surface. This possibility is indicated by results of
the study [15]. Excitation of the europium states at the
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Figure 4. Diagram of the processes of ESD of the europium
atoms from the surface of the Ge monolayer on tungsten with the
deposited europium 2D-layer.

small coverages may be related to formation of surface
complexes that consist of atoms of europium, germanium
and tungsten. This complex can be formed, for example,
by substituting a vacancy in the germanium monolayer with
the europium atom. As the europium coverage increases,
these complexes can be covered by the second europium
layer, thereby resulting in the drop of the ESD yield of
the Eu atoms. If the defect in the surface layer of the
germanium atoms is connected by more than one atom, then
it is possible to have a situation when the defect is occupied
by a large number of the europium atoms. Then, as the
coverages increases, a role of the europium-europium bond
increases as the Eu—Ge bond in the Eu—Ge—W complex
weakens. It also results in reduction of the ESD yield of the
Eu atoms.

With the coverages above 0.4 monolayers of europium,
it is assumed that the europium atoms also prefer to be
adsorbed in the well position above the germanium layer
with the large coverages. Therefore, the europium atoms
will be adsorbed in the position above the surface atom of
tungsten. In this case, when being irradiate by electrons, the
formed hole at the W 5p level is neutralized by tunneling
the electron from the Eu 5p level (7) with formation of
the Eu 5p hole and this process is not interfered by the
monolayer film of the germanium atoms. In this case, as the
coverage increases, the ESD yield of the europium atoms
increases.
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4. Conclusion

Electron-stimulated desorption of europium atoms on a
monolayer germanium film on a W(100) surface has been
studied. It is shown that with europium coverages of less
than 0.3 monolayers it is caused by the excitation of the
Eu 5p and Eu 5s states, and with coverages of more than
0.4 monolayers it is caused by the excitation of the states:
W 4f, W 5p and W 5s. No ESD of the europium atoms
is observed with the europium coverages within the range
from 0.3 to 0.4 europium monolayers. A model of ESD of
europium atoms is proposed, which is associated with the
excitation of Eu 5p and Eu 5s or W 4f, W 5p and W 5s
states with subsequent hole relaxation due to transitions in
the Eu/Ge and Eu/Ge/W interface.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] J. Xiang, J. Yang, N. Luo, J. Zhu, S. Huang, Y. Mao. Res.
Phys. 13, 102258 (2019).

[2] AM. Tokmachev, D.V. Averyanov, LA. Karateev, O.E. Par-
fenov, O.A. Kondratev, A.N. Taldenkov, V.G. Storchak. Adv.
Funct. Mater. 27, 1606603 (2017).

[3] D.V. Averyanov, LS. Sokolov, M.S. Platunov, F. Wilhelm,
A. Rogalev, P. Gargiani, M. Valvidares, N. Jaouen, O.E. Par-
fenov, AN. Taldenkov, L.A. Karateev, A.M. Tokmachey,
V.G. Storchak. Nano Res. 13, 3396 (2020).

[4] O.E. Parfenov, D.V. Averyanov, A.M. Tokmachev, LS. Sokolov,
LA. Karateev, AN. Taldenkov, V.G. Storchak. Adv. Funct.
Mater. 30, 1910643 (2020).

[5] LS. Sokolov, D.V. Averyanov, F. Wilhelm, Andrei Rogalev,
O.E. Parfenov, A.N. Taldenkov, I.A. Karateev, A.M. Tokma-
chev, V.G. Storchak. Nano Research 15, 408 (2022).

[6] V.N. Ageev. Prog. Surf. Sci. 47, 1-2, 55 (1994).

[7] TE. Madey. Surf. Sci. 299/300, 824 (1994).

[8] CRC Handbook of Chemistry and Physics. Chemical Rubber
Corp., Boca Raton, FL (1992). P. 10—212.

[9] BK. Medvedev, N.I. Ionov, Y.I. Belyakov. Soviet Phys. Solid
State 15, 9, 1743 (1974).

[10] VN. Ageev, Yu.A. Kuznetsov, TE. Madey. J. Vac. Sci. Techn.
A 19, 1481 (2001).

[11] VN. Ageev, Yu.A. Kuznetsov, N.D. Potekhina. Phys. Solid
State 43, 10, 1972 (2001).

[12] VIN. Ageev, Yu.A. Kuznetsov. Phys. Solid State 48, 3, 558
(2006).

[13] Diagrammy sostoyaniya metallicheskikh sistem (Phase dia-
grams of binary metal systems) / Ed. by N.P. Lyakishev.
Mashinostroenie, M. (1997). V. 2. P. 1024. (in Russian).

[14] E.F Chaikovskii, G.M. Pyatigorskii, Y.F. Derkach. Bull. Acad.
Sci. USSR, Phys. Ser. 38, 178 (1974).

[15] VIN. Ageev, E.Yu. Afanas’eva. Phys. Solid State 43, 4, 739
(2001).

Physics of the Solid State, 2024, Vol. 66, No. 3

[16] VN. Ageev, Yu.A. Kuznetsov, N.D. Potekhina. Phys. Solid
State 47, 9, 1784 (2005).

[17] UKh. Rasulev, E.Ya. Zandberg. Prog. Surf. Sci. 28, 34, 181
(1988).

[18] VN. Ageev, Yu.A. Kuznetsov, TE. Madey. J. Vac. Sci. Technol.
A 25, 731 (2007).

Translated by M.Shevelev



