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Core-shell-structured nanoalloy particles with an Al-dominated interior covered by few Yb mono-
layers have been fabricated using a vapor-aggregation method involving magnetron sputtering. The
radially segregated structure of the Yb-Al nanoparticles has been disclosed by “on-the-fly” pho-
toelectron spectroscopy monitoring of the nanoparticle beam in Yb 4f and Al 2p electron binding
energy regions. Both, the binding energy values and the electron microscopy images taken on the
deposited nanoparticles, allow estimating their dimensions to be in the 5-10 nm range. The photo-
electron spectroscopy results suggest that in these nanoparticles no trivalent Yb — the typical case
for the macroscopic Yb-Al alloy — is present. The oxidation of preformed Yb-Al nanoparticles was
successfully attempted, leading to the appearance of divalent Yb surface oxide — in contrast to the
bulk macroscopic Yb which is trivalent in the oxide. Our results suggest that at intermediate oxygen
exposures “sandwich-like” nanoparticles of YbO/Yb/Al were synthesized. At higher O, exposures,
the oxygen seems to penetrate all the way to the Yb-Al interface. The results of the present study
have to be considered when photonic applications of Yb-doped garnet nanoparticles are planned.

© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4893115]

Il. INTRODUCTION

Multicomponent nano-structured materials containing
oxides attract broad attention due to their present and per-
spective applications in catalysis,"? solar cell technology,’
battery design,* medical care,’ photonic devices,® etc. The
building blocks for these complex functional materials are in
many cases nanoparticles containing one to two elements with
one or both oxidized. A major attractive power of nanopar-
ticles is the possibility to tailor their physical and chemi-
cal properties by changing their size,'” shape,'! atomic-scale
distribution of constituent elements,'? etc. One of the fields
in which specific nanoparticle properties are already utilized
is photonics. Lasers based on nanoparticle garnets — instead
of the corresponding macroscopic crystals — can reach bet-
ter performance.'? Doping of nanostructured active-medium
with rare earth elements, often with ytterbium, is another re-
cent development direction in advanced laser science.'*!> In
the present work, nanoparticles consisting of elements rele-
vant for such studies — aluminum, ytterbium, and oxygen —
have been fabricated, and their electronic and geometric struc-
ture has been investigated. Being a continuation of our recent
study on Yb/YbO nanoparticles,'® the present work is at the
same time a step forward in complexity of the system un-
der the question, as it concerns bi-metallic-nanoalloy parti-
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cles. The fabrication method is based on vapor aggregation in
a cryostat,'”"! resulting in a collimated beam of nanoparti-
cles propagating in vacuum. Thanks to its combined element-
and site-sensitivity synchrotron radiation-based photoelectron
spectroscopy (PES) could be successfully employed in the
present work to disclose the free nanoparticles’ chemical
composition and structure and that — “on the fly.” Thus, the
capability of the method to map the details of element dis-
tribution in multi-component nanoparticles at such demand-
ing but — at the same time — in several ways favorable condi-
tions has been one more time demonstrated. For most of the
bi-component nanoparticles studied by us so far clear radial
segregation (core-shell) structure has been observed. The sto-
ichiometry and structure adopted by such nanoparticles have
been attributed to the specificity of production kinetics and
thermodynamics.” As in our previous works on bi-metallic
nanoparticles, out of sodium and potassium,'” and out of cop-
per and silver,'® the radial segregation has been explained by
the difference in cohesive energy and atomic size of the two
elements involved. The mobility in the formation process was
high enough for the element with the lower cohesive energy
to migrate to the surface of the particles.

In the present work, we first produce and characterize
nanoalloy particles consisting of ytterbium and aluminum,
and in the second stage we oxidize these particles using
the “doping” method — similarly to our recent study on Yb
oxide.'® The result is a tri-layer radial structure with the
metallic aluminum core and Yb/Yb-oxide shell.

© 2014 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4893115
http://dx.doi.org/10.1063/1.4893115
http://dx.doi.org/10.1063/1.4893115
mailto: maxim.tchaplyguine@maxlab.lu.se
mailto: zejinliu@vip.sina.com
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4893115&domain=pdf&date_stamp=2014-08-25

084302-2 Zhang et al.

Il. EXPERIMENT

As mentioned above, the nanoparticle fabrication process
implemented in the present study is similar to that used in our
previous work: Yb and Al vapors have been created by mag-
netron sputtering of a bi-component target. The sputtering tar-
get — a disc of 50 mm diameter and 6 mm thickness has been
clamped out of two parts: one part of ytterbium and one of alu-
minum. The corresponding mono-elemental parts have been
cut from commercial Yb and Al magnetron targets of 99.99%
purity. The cuts have been made to get ~40% of the total tar-
get volume out of Yb and ~60% of Al. With this elemental
ratio in the target a higher Yb vapor concentration is produced
due to the higher sputtering efficiency of Yb in comparison
to Al. The choice of the metal ratios has been defined by a
desire to balance between different vaporization rates, ion-
ization cross-sections for the electronic levels involved, and
by specificity of the target erosion profile created by circular-
magnetron sputtering.'® Argon was employed both as sputter-
ing and as carrier/buffer gas. The magnetron was placed in-
side a cryostat kept at cryogenic temperature by a continuous
flow of liquid nitrogen. The metal vapor mixture aggregated
in the cooled gas inside the cryostat. Approximately the same
input pressure of He (as of Ar) was maintained for stabiliz-
ing the gas flow through the cryostat. A copper nozzle with
a cylindrical channel of 2 mm diameter and 20 mm length
was mounted at the exit of the cryostat shaping the outgo-
ing beam. The Yb-Al nanoalloy particles formed inside the
cryostat and coming out from the nozzle as a collimated par-
ticle beam were characterized by photoelectron spectroscopy.
In the second stage of our investigation, the beam of Yb-Al
nanoparticles created as described above was exposed to a
concentric flow of oxygen. A hollow “doping” ring has 22
radial holes (of 0.6 mm diameter each) on the inner surface.
The ring was mounted perpendicular to the nanoparticle beam
just at the exit of the nozzle. The inner diameter of the ring is
23 mm, and its dimension along the beam is 10 mm. The oxy-
gen pressure inside the doping ring could be regulated in a
fine way by a high precision dozing valve and controlled by a
gas-independent gauge. As mentioned above, the oxidation-
by-doping procedure has previously been proved to work
in our studies on YbO/Yb nanoparticles'® and on Al oxide
nanoparticles.

Downstream the doping ring, at the entrance to the ion-
ization chamber, a conical skimmer with a 2-mm orifice has
been placed. The skimmer cut away the larger part of argon
and helium, thus reducing the gas flow from the nanoparti-
cle source to the ionization chamber. The nanoparticle source
was attached to the ionization chamber via a CF 150 port. The
pressure in the nanoparticle source during the operation was
in the 107*~10~3 mbar range, while lower than 10> mbar
was the case in the ionization chamber when doping was in
progress. The ionization chamber is a part of the permanent
end-station of the 1411 beamline at the Swedish National Syn-
chrotron Radiation Facility MAX-lab. The ionizing radiation
created by an undulator crossed the nanoparticle beam at 90°.
The photon energy of 100 eV has been used to provide the
optimal ionization cross-sections of the metals involved. The
photoelectrons were collected by a hemispherical electron en-
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FIG. 1. Scanning electron microscopy (SEM) image of Yb-Al nanoparticles
deposited on naturaly oxidized Si(111) substrate.

ergy analyzer (Scienta R4000). The binding energy spectra in
the regions of both Yb 4fand Al 2p core levels were recorded.
Since the nanoparticles were free, non-supported, the binding
energy in the spectra was referenced relative to the vacuum
level. All the spectra have been calibrated using the known
Ar 3p lines of gaseous argon®” present in the beam.

The size of the nanoparticles has been estimated after
their deposition on a naturally oxidized Si(111) substrate
and consequent ex sifu scanning electron microscopy (SEM)
imaging. As can be seen from Figure 1 the diameter of de-
posited nanoparticles is in the 5—10 nm range. The larger par-
ticles also seen in the image we attribute mostly to several
agglomerated smaller ones — judging from the shapes of the
former. Thus estimated dimensions are in a good agreement
with the values earlier derived for our apparatus from the pho-
toelectron spectroscopy studies on various metal nanoparti-
cles. The PES-based method of size estimation relies on the
so-called conducting sphere approximation which relates the
difference in the electron binding energy between the macro-
scopic metal and the nanoparticles to the nanoparticle dimen-
sions, see, for example, Ref. 21.

lll. RESULTS AND DISCUSSION

A. Element distribution in free Yb-Al nanoalloy
particles as seen by PES

It is the comparative analysis of photoelectron spectra
which has allowed us disclosing the distribution of compo-
nents in the bi-metallic nanoparticles. Figure 2(a) shows two
typical Yb 4f spectra of nanoparticles created out of mixed
Yb-Al vapor and out of pure Yb, the latter for reference. Both
spectra have been recorded with the same instrumental reso-
lution. In pure Yb nanoparticles the spectral responses of sur-
face and bulk atoms with corresponding spin-orbit split 4f s,
and 4f,, components are clearly resolved'® and resemble
those of supported Yb multilayers.”> From Figure 2(a), one
notices that the highest binding energy feature of the mixed
Yb-Al case is at the same energy as the surface 4f 5/, feature



084302-3 Zhang et al. J. Chem. Phys. 141, 084302 (2014)
() 4f1a—> 4f1s -=-Yb (b) — Al
Yb 4f Divalent — YbAI Al2 — YDbAI
p

—~ | hv=100.2eV 92 e vo b 4172 = |hv=100.2 eV

c Alloy bulk g Al nanoparticles

= ;i = n YbAI

5 ! s

- Surface : _,Z‘

£ a

2 ol

) £

=

74

7 6 5 4 3 78 7
Binding energy (eV) Binding energy (eV)
(c) 4f14—>4f1s VA
Yb 4f Divalent
hv=100.2 eV 4f13—>4f12
Trivalent
10 8 6 4

Binding energy (eV)

FIG. 2. (a) Photoelectron spectra recorded in Yb 4f region for pure Yb nanoparticles (dotted black line) and Yb-Al nanoalloy particles (solid red line) produced
by our gas-aggregation source with magnetron sputtering. While the surface response is similar in both cases, the bulk response is different. (b) Photoelectron
spectra recorded in Al 2p region for pure Al nanoparticles (solid dotted line) and Yb-Al nanoalloy particles (solid red line). (c) Photoelectron spectra of Yb-Al
nanoalloy particles recorded in extended Yb 4f region where also the trivalent Yb appears in the case of well-mixed alloy. No corresponding features were

observed there for our nanoparticles.

for pure Yb nanoparticles. Moreover, both features have sim-
ilar width. In the view of this close similarity we assign the
highest-energy feature of the mixed-case spectrum as due to
the 4f 5, surface response of the nanoparticles formed out of
Yb-Al vapor. The other, 4f,,, spin-orbit component of the sur-
face response is obscured in the mixed Yb-Al case. This first
analysis suggests that the nanoparticles formed out of Yb-Al
vapour have their surface layer out of Yb. Such a conclusion
is supported by the shape of the mixed-case spectrum as a
whole. Indeed, visually, the pure-case spectrum has four well-
resolved peaks, while the mixed-case spectrum has only three.
Similar to the latter spectral shapes — with three instead of four
peaks — have been reported in the PES studies of few ytter-
bium monolayers deposited on different metallic substrates.
Nyholm et al.>* observed such spectral shape after the depo-
sition of a thin Yb layer on an Al monocrystal. Mértensson
et al. have found?* that for two completed Yb monolayers on
molybdenum surface the 4f spectrum also had three maxima
and that the binding energy of Mo/YDb interface showed up as
the lowest in energy out of three peaks — about 0.5 eV be-
low pure Yb 4f;, bulk.?* Also in a later study of Yb layers
grown on aluminum?® three main peaks have been detected
for two-monolayer coverage. Analogously to Yb on Mo, the
lowest-energy peak was interpreted as due to the Yb-Al inter-
face. Based on these spectroscopic results for deposited Yb
on Al and Mo, we can suggest that the Yb-covered surface of
our mixed-case nanoparticles surrounds a core out of the other
metal, aluminum. Similarly to a deposited thin Yb layer,?3>
the lowest-energy peak of the nanoparticle mixed-case spec-
trum in the Yb 4f region is due to the ytterbium atoms coor-

dinated to aluminum, i.e., the interface between Yb shell and
Al core. The interface response is noticeably broader than the
pure bulk feature, as expected for the more diverse Yb en-
vironment at the interface. As will be shown below, this hy-
pothesis of a pure Yb surface surrounding a core containing
mostly Al is supported by the Al 2p photoelectron spectrum
of the nanoparticles.

In the present work the Al 2p feature is observed to shift
significantly down (Figure 2(b)): by ~2 eV compared to the
pure Al nanoparticle response, earlier recorded by us.?® In
all mono-elemental nanoparticles produced by our source the
core-level binding energy is within just 0.1-0.3 eV from the
corresponding macroscopic metal energy.”® The latter value
EJocvt™ (Al 2p) relative to the vacuum level is calculated by
adding Al work-function W,; (4.3 eV for polycrystalline
A1) to the Al 2p core-level energy E, ;;; (Al 2p) known rela-
tive to the Fermi edge:?% 2

B (AL2p) = E,ig(AI2p) + Wy (D)

In the Yb-Al nanoparticles the experimental Al 2p energy is
~2 eV lower than the solid limit value E 5" (Al 2p) defined
by expression (1). This discrepancy can be rationalized if one
recollects that such energy decrease is close to the difference
in the work functions W, and Wy, (x2.6 eV%) for Al and
Yb elemental metals, respectively. If mostly Yb is on the sur-
face of such nanoparticles then their work-function would be
that of Yb, which is lower by almost 2 eV. If in expression (1)
above one replaces W,; by Wy,, it indeed results in the corre-
sponding lowering of the Al 2p energy relative to the vacuum
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level: EpiG™ (Al 2p) = E 4, (Al 2p) + Wy, as seen in our
experiments.

An analogous situation has been observed by us for sim-
ilarly produced NaK (sodium-potassium) nanoalloy particles,
in which potassium dominated the surface layer.!” Potassium
on the surface reduced the vacuum-referenced Na 2p core-
level energy of sodium present only in the core by the amount
corresponding to the work-function difference between K
and Na metals. As we argued in the NaK studies, in the
self-assembling process it is energetically favorable to place
the high cohesive-energy element — Na in the NaK alloy or Al
in the Yb-Al alloy — into the nanoparticle core. Also the size
of the atoms matters: Larger atoms, like potassium in NaK or
ytterbium in Yb-Al are pushed to the surface of
nanoparticles.*

In the Yb-Al case, the photoelectron spectra also pro-
vide information on the composition of the nanoparticle in-
terior/“bulk,” since the composition and the electronic struc-
ture are specifically interconnected in Yb. In the conventional
Yb-Al alloy Yb is trivalent with the [Xe]4f'35d'6s> ground
electronic configuration. This is different to the configuration
typical for the elemental Yb metal -[Xe]4f'46s%. In the metal
the f electronic shell is fully filled (f'4), while in the Yb-Al
alloy one of the felectrons is donated to the valence (f'*5d").
In the photoelectron spectra the tri-valency manifests itself as
a multiplet of narrow lines in the binding energy range higher
than that of the divalent Yb.>>?* If there were Yb atoms in
the interior of our nanoparticles with the bulk-like coordi-
nation to Al they would likely disclose themselves in such
peculiar spectral features in the corresponding energy range.
Figure 2(c) presents an Yb-Al nanoparticle spectrum ex-
tended to include the region where the trivalent Yb would
appear. As no noticeable Yb-related features are observed
above the Yb 4f'* region (Figure 2(c)), we conclude that the
nanoparticle core does not contain any significant amounts of
Yb, but instead consists primarily of aluminum. Similar seg-
regation has been observed by Nyholm et al.?® for supported
Yb-Al alloy layers.

Since in our case the interface peak in the Yb 4f spectrum
of the nanoparticles is broad (Figure 2(a)), and since intensity
is present where pure Yb bulk is usually detected, it is also
possible that a layer or two of pure Yb exist between the Yb
surface monolayer and the interface to the Al core. A similar
spectral response has been observed when the third Yb layer
was deposited on Mo substrate.?*

We summarize that both Yb 4f and Al 2p spectra suggest
a core-shell structure of nanoparticles created via aggregation
of mixed Al-Yb vapor. The energy-minimum considerations
support this conclusion. The overall spectral response is con-
sistent with the surface of such particles consisting of a pair
of monolayers of ytterbium. Different fractions of the metals
in the primary vapor mixture could, in principle, lead to vari-
ations of the nanoalloy particle composition.

The knowledge of approximate dimensions and com-
position allows making certain judgments on the number of
atoms for each element and thus the fractions of material
quantities. As an example, we can consider a 10-nm diameter
nanoparticle (the upper size limit) with 2 layers of Yb on top
of Al core. Such a choice of the number of layers is suggested

J. Chem. Phys. 141, 084302 (2014)

by the closeness of the spectral responses of our nanoparticles
and of two Yb layers deposited on metallic substrates.>*?
Two layers of Yb are about 1 nm thick (crystal constant is
~5.5 A), what makes the Al core diameter to ~8 nm. There
can be different approaches for estimating the number of
atoms in a metallic nanoparticle. One way is to use the solid
density and assume spherical volume for the particle. Such
an approach gives ~1.6 x 10* aluminum atoms in the 8-nm
diameter core. Calculating the number of Yb atoms in the
shell is somewhat more ambiguous. If one divides the area of
a spherical monolayer by the area occupied by a single atom
the number of atoms in such a layer can be estimated. Such
an approach gives for two Yb monolayers of the outer shell
in question 1.3 x 10° and 1.0 x 10° atoms correspondingly.
It makes the ratio of Al to Yb of about 7:1 in the number of
atoms. Clearly, one has to take these numbers as giving only
a very rough idea of the situation. At the same time it is worth
making such estimates anyway for illustrating the capabilities
of the method to extract quantitative, element-specific infor-
mation from separate nanoparticles of complex composition.

B. Yb-Al nanoalloy particles—oxidized

As outlined in Sec. II, our second step has been the in
situ oxidation of the Yb-Al particles by exposing the nanopar-
ticle beam to a concentric radial oxygen flow. In our study
on oxidation of pure Yb nanoparticles'® we established that
such doping did oxidize ytterbium surface. There, in the
“ultimate” oxidation case the spectra appeared as two broad
peaks separated by ~1 eV, i.e., close to the characteristic
for Yb 4f spin-orbit splitting. Each spin-orbit component of
the oxide response has been centered at binding energy in
between the corresponding metallic-nanoparticle surface and
bulk. These spectra resembled to a large degree those known
for the surface-oxidized macroscopic divalent ytterbium.! In
contrast to the typical trivalent bulk oxide — with Yb,O; com-
position, this rare-earth metal exhibits reduced valency at the
surface, also in nanoparticles.

We have performed a series of measurements, in which
the amount of O, used for doping was stepwise increased, and
the spectra corresponding to each O, pressure were recorded.
A typical series of spectra for different doping conditions is
shown in Figure 3, with the oxygen amount increasing from
zero in spectrum (a) (the same as Figure 2(c) for non-oxidized
Yb-Al nanoparticles) to the maximum O, doping pressure in
spectrum (e). Already at the lowest oxygen pressure involved,
~1 mbar, changes in the Yb 4f spectra region are notice-
able (spectrum (b)). The Yb-Al interface peak, observed in
the non-oxidized case at the binding energy of about 4.0 eV,
moves up by 0.2 eV in spectrum (b). We have earlier seen
a similar upward binding energy shift of the bulk Yb 4f peak
at intermediate oxidation conditions for pure Yb nanoparti-
cles in our previous work on Yb.'® There we have attributed
it not to the changes in the bulk itself, but to the changes in
the surface monolayer, which then became oxidized. Analo-
gously, here for the Yb-Al alloy nanoparticles we attribute the
upward shift of the interface peak to the same reason: to the
appearance of Yb surface oxide coordinated to the interface
layer of Yb.
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FIG. 3. (a)—(e) Photoelectron spectra of Yb-Al alloy nanoparticles oxidized
by the “doping” method. From (a) to (e), the oxygen doping pressure in-
creases. The gaseous O, region is shown by a vertical light blue stripe, and
the Yb 4f , interface region in non-oxidized nanoparticles is marked with a
vertical light green stripe, while the alloy bulk oxide region at lower binding
energy is marked with a light yellow band.

Judging from our earlier study of pure Yb nanoparticle
oxidation, one should not expect a very strong change of the
surface response at the intermediate oxidation conditions, and
indeed this is the case also for Yb-covered alloy nanoparti-
cles. The 4f,, surface response, which for the non-oxidized
alloy does not overlap with the other features in the spectrum
and has a well-defined maximum at ~6 €V, is still well dis-
tinguished at about the same position but becomes broad, flat
and without a clear maximum (Figures 3(b) and 3(c)). This
shape bears a witness of more than one peak contributing
to it. Only when the oxygen doping pressure is two times
the value of case (c), &5 mbar, the changes in the spectrum
become noticeable: all the features are nearly smeared out
(Figure 3(d)). Though one can still trace three “peaks” in
spectrum (d), their relative intensity becomes significantly
different. The two peaks at =5 eV and at ~4 eV, which are
to a great extent due the Yb-Al interface 4f5,, and 4f, re-
sponses, loose in intensity relative to the surface response (at
~6 eV). We attribute this to the covering of the nanoparti-
cle surface by a completed layer of Yb oxide: the interface is
poorly seen now since it became buried deeper in the bulk.
The last spectrum (e) in Figure 3 is the case corresponding
to the highest oxygen pressure. Here the shape of the spec-
trum becomes to a large extent the same as for pure YbO in
the case of the “ultimate” oxidation by doping:'® two peaks
of close intensity and shape, separated by ~ 1 eV. The in-
terface 4f5,, component (*4 eV), however, seems to be still
distinguishable in spectrum (e), though of relatively low in-
tensity. A peculiar detail of the interface response is its shift
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back toward lower binding energy — relative to the intermedi-
ate oxidized case (b). The interface response is now (spectrum
(e)) even below its position in the non-oxidized case (a). An
attempt to explain the nature of this shift may seem some-
what speculative since the chemical structure and the element
coordination in the Yb-Al nanoparticles becomes rather com-
plex. Nevertheless, we suggest a hypothesis based on the di-
valent oxide studies in Ref. 32. (We have used this hypothesis
already in our interpretation of YbO spectra in Ref. 16.) In
Ref. 32 it has been concluded that the signal of the oxidized
bulk Yb appeared at lower energies than that of metallic bulk.
In our Yb-Al case with high doping pressure, the interface
layer can become oxidized, since oxygen can penetrate under
the surface. In such a case the interface (which is a layer in the
bulk) would respond at lower binding energy — judging from
Ref. 32. Such a scenario seems feasible to assume, since Yb
is known to let oxygen into the bulk of its crystal.??

Since we have not observed trivalent Yb oxide when pure
ytterbium was oxidized in the earlier work, there have been no
strong grounds to expect it in the present experiments where
only a pair of Yb layers covered the surface of Al core. As
mentioned above, trivalent Yb would appear as a set of nar-
row lines at the binding energies higher than the divalent 4f'#
YD response. In the “ultimate” oxidation case (e) of Figure 3,
there is some intensity in this region —under and below molec-
ular O, lines. This intensity, however, we attribute rather to
the bound oxygen 2p-levels in the surface oxide. Indeed, this
intensity is a continuum and not sharp well-defined lines.

In the Al 2p photoelectron spectra for the oxidized Yb-
Al nanoparticles no significant change in the spectral position
has been observed with the doping pressure increase. The in-
tensity decreased noticeably, however. In Figure 4 we com-
pare the cases without oxidation and with the strongest oxida-
tion (corresponding to case (e) in Fig. 3). As can be seen from
the figure, the discussed above downward shift of Al 2p bind-
ing energy (about 2 eV) is the same in both cases. The shape
of the Al 2p spectrum is defined in general mainly by the in-
terplay of the not-resolved bulk and surface components. In
the oxidized case it seems to be more symmetric than in the
metallic one. The bulk sub-component in the Al 2p response
of nanoparticles is known to be at lower binding energy than
the corresponding surface one.?® Thus, it is tempting to as-
sign some physical meaning to the disappearance of intensity
on the lower energy side of Al 2p signal in the oxidized case
when compared to the non-oxidized case (Figure 4). One pos-
sible explanation could be that the inner part of the nanopar-
ticles, in this case the aluminum core, becomes buried even
deeper when the oxide layer is formed on the surface. Due to
that we do not see the inner part (the bulk) of the Al core.

The response of oxidized Al would appear in nanoparti-
cles at &2 eV higher binding energy than that of its metallic
core, as seen from third spectrum shown in Figure 4 — of pure
Al nanoparticles, also created in our apparatus and oxidized
using the doping method. This means that in the oxidized Yb-
Al spectrum (Figure 4), we should have seen the Al oxide
response, if any, at &77 eV binding energy. There seems to
be some intensity in this region, but due to the weak response
of Al (hidden in the bulk) a reliable judgment on whether the
Al-oxide has been formed is difficult.
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FIG. 4. Photoelectron spectra in Al 2p binding energy region: (1) of oxidized
Yb-Al nanoparticles (solid black); (2) of non-oxidized Yb-Al nanoparticles
(solid red); and (3) of pure Al nanoparticles containing Al-oxide (solid blue).

IV. CONCLUSIONS

In conclusion, we have produced nanoalloy bi-metallic
Yb-Al particles using our in-house built vapor-aggregation-
based apparatus with magnetron sputtering for creating pri-
mary vapor. Subsequently the particles have been oxidized
using the “doping” technique. Having deposited the nanopar-
ticles on a substrate we have been able to estimate their size
range, using scanning electron microscopy images, to be from
5 to 10 nm. By in situ probing of the nanoparticles with pho-
toelectron spectroscopy, their structure could be deduced. Ag-
gregation of the mixed Yb-Al atomic vapor forms core-shell
nanoalloy particles, with Yb atoms in the surface shell of few
layers thickness, and Al atoms in the core. The surface seg-
regation of Yb is consistent with kinetic and thermodynamic
considerations: when the particles are being formed inside the
cryostat there is enough atomic mobility for them to approach
the lowest-energy configuration. Aluminum, which has higher
cohesive energy (3.4 eV against 1.6 eV for Yb*®) and which
atoms are much smaller in size, is energetically considerably
more favorable to place in the core. The reduction of the total
energy of an atomic ensemble in the process of condensation
from the vapor to the solid should be higher for a segregated
final configuration, as has been experimentally observed by us
for several bi-component nanoparticles produced by the same
method (Yb/YbO,!® NaK,!” CuAg,'® and Pb/PbO'?). The ex-
posure of segregated Yb-Al nanoalloy particles to molecular
oxygen oxidizes at least the outer shell of Yb atoms. At in-
termediate oxidation conditions not all layers of Yb surface
shell seem to be oxidized, but a “sandwich-like” structure of
YbO/Yb/Al is likely to be the case. At the higher O, doping
pressures also the deepest Yb layer at the interface to the alu-
minum core is very probably oxidized, leading to the Al-YbO
core-shell structure. The results of the present study should
be considered when photonics applications of Yb-doped gar-
net nanoparticles'> !> are discussed.
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