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ARTICLE INFO ABSTRACT

Keywords: This study investigates the interaction between Ta and Pt by following the evolution of Ta atoms upon their

Ta evaporation in sub-monolayer quantities (~2 % ML) on a Pt(111) single crystal in vacuo at 40 K. Adsorption and

P.t(lll) . bonding configurations are studied employing high-resolution X-ray photoelectron spectroscopy (HR-XPS). This
z{:f:sdhc interface is combined with density functional theory (DFT) calculations and reference measurements on atomically precise

supported clusters that allow disentangling the contributions of distinct surface species to the complex Ta 4f
spectra. The transient Ta atom mobility upon evaporation allows - besides atomic adsorption on the terraces - for
atom migration to the Pt(111) step edges and the formation of small monolayer ad-islands even at 40 K.
Interestingly, the Ta species bonded with Pt can be easily oxidized using a photon-induced Oz dissociation
process, showing the extremely high oxygen affinity of Ta even under the applied ultra-high vacuum (UHV)
conditions. Annealing to 900 K leads to the sub-surface migration of Ta and the formation of a sub-surface alloy
with Pt. Here, the extremely sharp Ta core-level components are observed at binding energies corresponding to a
nominal oxidation state of +2, as confirmed by calculations of the projected density of states (pDOS). This sub-
surface alloy is resistant to facile oxidation by atomic oxygen, unlike the Ta surface species that remain sus-
ceptible to oxidation. The oxide species and the sub-surface alloy are, however, perfectly interconvertible upon
annealing to 900 K in vacuum, respectively in an oxygen environment, and thereby reveal an intriguing interplay
between reductive intermixing of Ta and Pt and oxidative Ta segregation.

single atoms
sub-surface alloy
segregation

1. Introduction

The combination of two metals to form an alloy with beneficial
electronic and chemical properties for instance for catalytic applications
has been exploited since the 1960s [1,2]. Alloys demonstrate wide
application potential, especially in catalytic hydrogenation or hydro-
carbon reforming reactions [3-6]. In order to increase their performance
in a tailored way, details on the true nanoscale morphology and
bifunctionality are indispensable. The characterization of such materials
down to atomic level is challenging considering the large variety of
structures that can form. Alloying of a metal can occur in the bulk,
sub-surface or surface region of a host metal. Alloys formed in the

surface region largely differ from bulk alloys in terms of their chemical
composition and structure and hence display distinguished chemical
properties [3,7-9]. Reaction conditions and the chemical environment
such as high temperatures or exposure to reactive gases as for example
oxygen can induce alteration of the elemental composition and structure
of an alloy. Diffusion of one of the alloy components may lead to
segregation, which results in aforementioned changes and hence altered
properties.

In this regard, the interaction between tantalum and platinum atoms,
highly oxidizable the one and highly noble the other, is of great interest
for several applications where new functionalities emerge, exploiting
the interplay between surface intermixing and oxidation-induced
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segregation. Examples that span a wide range of Ta oxidation states are,
e.g., (i) the catalytic electro-oxidation of ethanol on TaPt nanoparticles,
particularly prone to cleave C—C bonds [3], (ii) the controlled design of
Pt interfaces with Ta sub-oxides in bi-metallic Ta-Pt memristor devices
[10], and (iii) the metal-oxide-semiconductor contacts employing fully
oxidized high-k Ta dielectrics [11].

Several stoichiometric TaPty (x = 1-3) bulk alloys have been syn-
thesized and described in the literature [12,13]. However, surface alloys
of Ta and Pt, especially those containing low densities of Ta (<15 %),
and the interplay between oxidation/reduction and segregatio-
n/intermixing have scarcely been investigated. Surface segregation is
the enrichment of one metal in the surface region of the other. The
segregation behavior of Ta in Pt was simulated by Norskov et al. [14],
who reported a highly unfavorable surface segregation energy (0.95
eV/atom). Alden et al. [15] found that the main contribution to the
surface segregation energy derives from the surface free energy
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difference between both metals. This value has been experimentally
determined as 0.66 eV/atom for Ta on Pt by Chandrasekaran et al. [16].
Thus, a strong anti-segregation, i.e. a favored intermixing, is predicted
for Ta supported on Pt(111). Utilizing sub-monolayer coverages of
metallic Ta and Ta oxides on a Pt(111) surface enables a bottom up
approach to unravel fundamental insights about Ta and its oxides
interacting with Pt [17-19]. In contrast to commonly employed
sputter-etching techniques (top down), leading to interface corruption,
our approach enables access to fundamental and unperturbed interfacial
information [16].

Therefore, in this article, we study the arrangements that sub-
monolayer quantities of supported Ta atoms adopt on Pt(111) directly
after evaporation at low temperatures and upon annealing. We also
investigate their tendency to react with atomic and molecular oxygen
species. To this purpose, we employed synchrotron HR-XPS and exploit
the high photon flux, tunable photon energy, and high energy resolution
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Fig. 1. Ta 4f XP spectra (hv = 150 eV) taken at 40 K. (a) Sub-monolayer Ta on Pt(111) (~2 % ML) evaporated at 40 K (figure 1(a) displays the same y-axis range of
intensities as (b), (c) and (d), but with a rescaled axis by a factor of two for enhanced visualization of the fitting components). The experimental data (black circles)
are decomposed into four fit components according to the on surface (Pt(111)) structures displayed in the upper right inset (Ta ad-islands in grey, Ta adatoms at fcc
sites in dark green, Ta adatoms at step-edges and hcp sites in light green) and the residual Ta 4f signal, assigned to Ta oxides, in dashed blue with corresponding O 2 s
emission in brown, (b) Ta-Pt sub-surface alloy (orange) formed after annealing to 900 K and entitled as alloy in the inset. The arrow indicates the ratio of the in-
tegrated areas of the emissions of (b) sub-surface alloy to (a) as evaporated. (c) Ta oxide 4f signal (turquoise and light purple) formed after exposure to 10 L. O, at 40 K
under X-ray irradiation (hv = 150 eV) together with O 2 s contributions (olive green and brown), and (d) size-selected Ta clusters with 5, 8 and 13 atoms deposited on
Pt(111) at 40 K. Deposition of clusters yielded a coverage of 0.14 % ML 0.11 % ML and 0.06 % ML, respectively, in order to achieve a comparable amount of Ta atoms

on the surface.



K. Bertrang et al.

achievable at low temperatures (40 K, liquid helium cooling) to eluci-
date the Ta species present on Pt(111). The remarkable level of spec-
troscopic detail, with minimal spectral broadening by phonon
excitation, enables capturing site-specific details of the interfacial in-
teractions. We compare these results with previous experimental X-ray
photoelectron spectroscopy (XPS) reports on Ta single crystals [20-22]
and Ta-Pt nanoparticles [11,23,24], as well as Ta oxide thin-films [25,
26], and support the assignment by DFT calculations that disentangle
the contributions arising from different Ta arrangements. This combi-
nation unravels the morphological and electronic changes that Ta atoms
undergo upon low-temperature deposition on Pt(111) upon further
annealing and exposure to atomic and molecular oxygen. In particular,
we observe an intriguing interplay between the reductive intermixing of
Ta and Pt and oxidative Ta segregation.

2. Results and discussion

Sub-monolayer quantities of Ta atoms were evaporated on a Pt(111)
single crystal. While thermally evaporated atoms typically have low
kinetic energy, the high evaporation temperatures needed for Ta still
lead to energies of 0.28 eV/atom (evaporation temperature of 2196 K,
estimated via Clausius—Clapeyron for a low pressure [27]). The Ta atoms
are thus soft-landed on the Pt(111) surface (Exjn < 1 €V/atom) [28], but
with a residual energy sufficient to permit transient mobility [21-23].
According to the experimental quantification (Figure S1), a Ta coverage
of ~2 % Ta atoms/Pt monolayer (with respect to the atom density of the
Pt(111) surface which corresponds to 1.5 x 10'® atoms/cm?) was ob-
tained after a total evaporation time of 90 s. The freshly prepared sample
was probed at a low temperature (40 K) by HR-XPS, as described in
detail in the experimental section. The Ta 4f core level spectrum shown
in Fig. 1(a) (black circles) has been acquired, as all Ta 4f core level
spectra, at a photon energy of 150 eV, where the photoionization

Surfaces and Interfaces 56 (2025) 105640

cross-section contrast with respect to the O 2 s energy level, occurring in
the same binding energy (BE) spectral range, is maximized. At this
photon energy, the overall energy resolution of about 50 meV allows us
to distinguish a rich structure of spectral components arising from
non-equivalent Ta atoms. All spectra shown in Fig. 1 were normalized
with respect to the multiplicity of scans and the photon flux of the
incident beam. For visualization of the fitting components, the axis of
Fig. 1(a) was scaled by a factor of two. Note that the Ta 4f core level
spectrum is characterized by a spin-orbit splitting of 1.91 eV and a
branching ratio of 4:3 (4f;/2:4f5,5) [22]. The Ta 4f spectrum requires at
least four different components to be decomposed, which are all
considerably shifted towards higher BE with respect to metallic Ta® [21,
22,29]. In order to experimentally disentangle the origin of the sur-
prisingly large number of different core level components in Figure 1(a),
we performed a series of experiments, in particular (i) annealing the
low-temperature prepared sample to 900 K, without (Fig. 1(b)) and in
the presence of a (molecular) oxygen atmosphere (Fig. 2(c)), (ii) letting
the low-temperature prepared sample interact with beam-induced
atomic oxygen prepared from physisorbed, molecular oxygen at low
temperature (Fig. 1(c)) and (iii) separately depositing size-selected Ta
clusters on clean Pt(111) at low temperature (Fig. 1(d)).

As shown in Fig. 1(b), after heating the sample to 900 K, the spec-
trum becomes very narrow, with a full width at half maximum (FWHM)
of only 0.23 eV, which suggests the presence of a highly equivalent type
of Ta species. According to previous DFT calculations intermixing is
expected [14] and hence, we assign the narrow component at 23.59 eV
to a TaPt alloy. In order to confirm this assignment, we tested the Ta
local environment by trying to oxidize the sample using two different
strategies: on the one hand (Fig. 2(i)) by exposing to X-ray
beam-induced atomic oxygen formation at 40 K (method described in
Ref. [30]) and on the other hand (Fig. 2(ii)) by exposing the surface to
05 (p =1 x 10°® mbar) during a heating ramp of up to 900 K. Despite the
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Fig. 2. Ta 4f XP spectra (hv = 150 eV) recorded at 40 K, indicating the reactivity of the sub-surface alloy (a), formed as shown in Figure 1(b). While (i) physisorption
of O, (10 L) at 40 K induces only a signal attenuation but no oxidation via X-ray induced atomic oxygen (b), (ii) high-temperature exposure to molecular oxygen (1 x
107 mbar at 900 K) leads to the formation of oxidic species (c) that can (iii) again be interconverted into the sub-surface alloy by reductive annealing in vacuum at

900 K (d).
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high oxygen affinity of Ta, no reaction is observed upon atomic oxygen
production at low temperature, a strong indication for sub-surface
migration of the Ta atoms into the Pt support upon annealing to 900 K
(Fig. 2(a)). Note that the physisorbed O, overlayers on Pt(111) lead to an
attenuated Ta 4f emission (Fig. 2(b)) and display emissions identified at
31 eV [31]. In contrast, the oxidation with p(O2) =1 x 107 mbar at 900
K succeeded and yielded oxidic Ta 4f;/5 spectral components ranging
between 24 - 25 eV, as shown in Fig. 2(c). This spectrum is similar to the
spectrum yielded from oxidation of as evaporated Ta (Fig. 1a) with
beam-induced atomic oxygen at 40 K, see Fig. 1(c). While one would
expect that Ta assumes its highest, +5 oxidation state (BE(Ta 4f;,5) > 26
eV) [18,26], the observed lower BEs indicate a lower formal oxidation
state [32]. The oxidic peaks are observed in the same energy range as the
residual intensity in the pristine spectrum of Fig. 1(a), corroborating the
assignment to oxidic species. Concomitantly, an oxygen related 2 s
emission at ~ 21 eV indicates the presence of atomic oxygen at Pt(111)
formed upon X-ray irradiation of adsorbed oxygen at 40 K, visible in
Fig. 2(b) and (c).

Interestingly, subsequent annealing of the oxides to 900 K in UHV
results in a complete reduction of the oxide and again in the formation of
the sub-surface alloy with the same characteristic Ta 4f core level
spectrum (see Fig. 2(d)). The reversible interconversion of the oxidic
species into the alloy could be repeated over at least two cycles without
loss of Ta. The integral in figure S2 is reduced by the same amount (0.48)
as shown in Fig. 1(a-b). Once the alloy has formed, no significant
decrease in the overall Ta 4f intensity was observed neither over longer
annealing times nor upon cyclic interconversion between the alloy and
the oxides, thus excluding the process of Ta migration into the bulk of Pt.
Under oxygen-free, reductive conditions, we observe the reversible sub-
surface penetration of Ta into the Pt support, which indicates inter-
mixing, while the presence of oxygen leads to the surface segregation
upon Ta oxide formation. The large Ta-O bond formation energy might
promote this process. Comparing the integrated area of the spectrum
after alloy formation (Figure 1(b)) with the integrated area directly after
Ta deposition (Fig. 1(a)) yields a ratio of 0.48. This is in good agreement
with the expected intensity attenuation (0.51) due to the increased
distance traveled by an electron through a Pt layer for Ta situated in the
second layer of the Pt support, as described in literature [33]. In order to
elucidate on the arrangement of Ta in the Pt surface layers subsequent to
annealing, spectra of Ta 4f orbital emissions with various beam energies
(150 eV, 400 eV, 650 eV) were measured, to probe Ta depth distribution
for the as deposited, oxidized and alloyed samples. The data were
inconclusive for all samples (oxide, alloy, as deposited). The integrals as
a function of beam energy display strong variations with no apparent
trend or consistency. The origin of this unexpected trend can be
explained in terms of photoelectron diffraction effects that are
commonly known to induce unexpected modulation in the photoemis-
sion intensities especially in the case of ordered surface, such as in our Pt
(1111) single crystal [34,35].

In the following, we discuss these findings and assignments in the
light of DFT calculations for Ta adatoms on the Pt support and atoms
embedded into the Pt support. Table 1 summarizes the observed
adsorption energies (E,gs) and compares the experimentally observed
core electron BEs to the calculated ones. The latter are aligned to the
experimental BEs by applying an internal experimental reference (IER)
(see Experimental Section): for the Ta 4f spectra, we used the experi-
mental BE of the very sharp sub-surface alloy peak found at 23.59 eV as
IERT, and shifted the calculated value for second-layer substitutional Ta
atoms to that value and all other calculated BEs accordingly.

According to the DFT results, sub-surface configurations are
remarkably preferred with respect to fcc or hep adsites (by > 1 eV).
Thermodynamically, the incorporation of Ta into the Pt surface layers is
thus favored compared to the adsorption on the Pt surface, in line with
the tendency towards intermixing of Ta atoms in a Pt matrix reported
previously in both, theoretical [14] and experimental works [16]. Even
though the calculations indicate the highest E,4s for Ta atoms at step
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Table 1

Computed adsorption energies (E,gs), calculated Ta 4f;,, BE (after IER realign-
ment), and experimental BE (obtained from fits) of Ta in different ad- and
substitutional sites. In order to limit the fitting parameters experimental BEs of
non-equivalent Ta adatom species in hcp, bridge sites and at step-edges are
grouped as a single component.

BEs of Ta 4f;/5 Ta configuration Eags (eV) Calc. BE (eV) Exp. BE (eV)

Ta adatoms

hep -3.84 23.77

Bridge —3.68 23.82 23.88

Step-edge -10.29 23.79

fee -3.84 23.62 23.67

Ad-islands -3.25 23.42 23.38

Substitutional Ta

First layer (L1) -5.16 23.59 -

Second layer (L2) —6.58 23.59 23.59
(sub-surface alloy)

Third layer (L3) —6.42 23.45 -

Ta references 23.59

IERT, 23.59 23.59

Ta(110) rel. to IERy, 22.12 -

edges (—10.29 eV), solely sub-surface species are observed after
annealing to 900 K, presumably due to entropic effects.

Although other phenomena than the formation of a Ta-Pt sub-surface
alloy, such as the Ta incorporation in the Pt surface due to the strong
interaction between Ta and Pt might also lead to a similar observation
(non-oxidizable with atomic oxygen, highly ordered Ta species yielding
very narrow Ta 4f orbital emissions and no considerable loss of signal
integral upon repetitive annealing to 900 K), based on the support
delivered from the theoretical calculations and in the absence of other
complementary experimental evidence we consider this option to be
more likely.

The process of Ta diffusion into the Pt sub-surface layers can be
observed upon annealing in UHV to temperatures above 900 K, while it
is expected to be kinetically hindered at the low temperature of 40 K.
However, the calculated surface diffusion barrier for Ta adatoms
diffusing between hcp sites along a hcep-bridge-hep path is small (0.16
eV), thus indicating that the kinetic energy of 0.28 eV/atom of the soft-
landing Ta atoms could easily promote their transient surface diffusion
as adatoms [36]. Besides migration to steps, the aggregation to form
small ad-islands can also be envisaged, leading to a new Ta 4f spectral
component. To experimentally attribute the observed peak at 23.38 eV
in Figure 1(a) (grey) to small Ta ad-islands, we deposited in a separate
experiment atomically precise Taj, clusters of size n = 5, 8, 13 by a laser
ablation cluster deposition setup that ensures precise coverage control
and soft-landing conditions [37]. The comparison of their XP spectra in
Figure 1(d) shows a pronounced photoemission peak at about 23.4 eV,
which shifts, with increasing size towards lower BEs. In general,
increasing the size of metallic particles leads to a BE shift towards Ta
bulk associated emissions. A systematic analysis of this size dependence
will be the topic of a future article. From a rough, direct comparison, the
ad-island peak maximum in Fig. 1(a) matches most that of Ta;s.

Considering the morphology of these clusters, in light of the
modelling by DFT, the general trend for metal-supported metal clusters,
such as Agig on Pt(111) [38] or Pdjg on Rh(111) [39], and the strong
interaction between Ta and Pt, points to the formation of single-layer
high Ta ad-islands [40]. This two-dimensional cluster geometry is
indeed confirmed by the scanning tunneling microscopy (STM) image in
Fig. 3, which shows Tag clusters deposited and measured on Pt(111) at
room temperature. The clusters appear as bright protrusions on the
surface, are randomly distributed, and maintain their monodispersity
upon deposition. No preferential cluster adsorption at step edges is
observed, indicating that the clusters are immobile at T = 300 K, at least
within the timeframe of the entire measurement (several hours). The
height histogram taken over the entire terrace reveals a single apparent
height of 0.15 nm. which is smaller than the atomic step height of a Pt
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0.
0.0 0.15

Fig. 3. STM image of Tag clusters deposited and measured on Pt(111) at room
temperature (0.04 clusters/nm?). The height histogram (inset) clearly indicates
that exclusively single-layer high clusters are formed, indicating monodisperse
deposition. The clusters do not preferentially decorate the step in the upper left,
pointing to their immobility at this temperature. Imaging parameters: 1.5 V,
0.3 nA.

(111) surface (0.226 nm) [41]. This value can be rationalized by the
different densities of states of the two involved metals that strongly in-
fluence the observed heights in the STM topography of heteroepitactic
contacts.

Since we deposit atoms of limited mobility with our evaporator, the
remaining and strongly pronounced metallic Ta 4f contributions at
23.5-24.0 eV are tentatively interpreted as single Ta adatoms dispersed
on the Pt(111) support. Here, the assignment to adatoms on hcp or fec
sites or at step-edges requires the support of the DFT calculations.

While the computational results exclude the presence of Ta atoms in
top sites — that spontaneously relax towards nearby hollow sites — Ta
adatoms in hcp and fcc three-fold sites on flat Pt(111) terraces are
equally probable due to similar adsorption energies. However, the most
favorable adsorption site for Ta adatoms is found at step-edges (Eqaqs =
-10.29 eV). The peak observed at 23.88 eV is in good agreement with the
calculated BE of 23.79 eV for step-edge adsorption. This site can be
reached by the evaporated Ta atoms due to their transient mobility. Due
to its particular stability, it could also act as a nucleation center for the
Ta ad-island formation. However, Ta adatoms in hcp and bridge sites
have similar BEs and thus cannot be distinguished in the single fit
contribution at 23.88 eV (light green peak in Fig. 1(a)). Fcc sites, on the
other hand, can be distinguished by their different BE. The calculated
value of 23.62 eV fits well with the clear shoulder at 23.67 eV (dark
green peak in Figure 1(a)) that we assign hence to Ta adatoms in fcc
sites. Similar adsorption energies for Ta adatoms in fcc and hep sites may
suggest the same adatom contribution at the two sites, see Table 1. Thus,
one can argue, that the area of the light green peak includes an intensity
due to hcep sites which is expected to be close to the one of the dark green
peak (fcc). The remaining intensity of the light green peak is attributed
to step-edges and bridge sites.

In the Pt 4f spectra (ho = 220 eV) reported in Figure S2(c,d), only
minor variations with respect to the clean Pt(111) surface are expected
due to the evaporation of low Ta coverages. We, therefore, present the
difference spectra as well, which reveal, first, a reduced intensity of the
Pt(111) surface component at 70.52 eV, as expected for Ta adatoms that
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form a new bond with the Pt surface, in line with similar examples such
as Pt adatoms on Pt(111) [42], Rh adatoms on Rh(111) and Rh(100)
[43] or Pt adatoms on Rh(111) [44]. The loss of the surface component
in the case of Ta adatoms on Pt(111) as depicted in figure S2(d) is less
pronounced than for the formed alloy S2(c) and the expected new
component presumably measurable in the range of bulk Pt emissions.
While the decrease of the clean surface component is a sign of site
occupation and can be used quantitatively for the evaluation of the
amount of the ad-species (only for very low coverages) the expected
growth of new components can be affected by scattering and photo-
electron diffraction effects, which could result in a strong dampening of
the signal. Photoelectron diffraction effects have readily been observed
and can account for intensity modulations up to 40 % and higher [34,
35].

In addition, the difference spectrum upon annealing to 900 K - when
the sub-surface alloy is formed - (Figure S2(c)) clearly shows a new
component appearing at around 71.20 eV. The integral of the new signal
in the difference spectrum is comparable to the loss of surface compo-
nent integral. This peak can be assigned to Pt atoms in alloy configu-
rations with Ta atoms, as a comparison with literature values for TaPty (x
= 1-3) nanoparticles (71.50 eV) [45], and for other bi-metallic Pt
compounds such as Pt-Fe (71.40 eV) [46] reveals. The alloy formation is
further backed by our calculations of Pt 4f with a BE value of 71.01 eV
(See Figure S2). Ta 4f BEs of substitutional Ta atoms embedded into Pt
surface and sub-surface layers were simulated (see Table 1), with values
of 23.59 eV (IERT,) calculated for Ta atoms sitting in the first or second
layers, and values of 23.45 eV for Ta atoms sitting in the third Pt(111)
layer. This is, again, in good agreement with the values found for TaPtx
(x = 1-3) nanoparticles (23.57-23.61 eV) [45], and within the broad
range of BEs observed for Ta-Pt bulk materials (22.6 eV-23.6 eV) [11].
The BEs do not allow the assignment of the surface layer, in which the Ta
atoms reside, which could tentatively be assigned to the second surface
layer by considering the observed attenuation (see above). However, a
low coverage of Ta atoms and the overlap with O 2 s related emissions
prevents a rigorous and accurate quantitative study with respect to Ta
fractions and their individual change in oxidation state. The alternative
to measure the 4d level of Ta instead of the Ta 4f introduces two sig-
nificant limitations related to (i) the reduced cross-section compared to
the 4f level (at the photon energies available at the SuperESCA, it is 1 to
2 orders of magnitude lower) and (ii) a much larger intrinsic width than
that of the 4f levels, which thus prevents resolving spectral components
caused by non-equivalent atomic configurations. Overall, the Ta 4f BEs,
observed on Pt(111) for Ta ad- and embedded atoms, as in Figure 1(a, b),
are shifted considerably to higher BEs compared to the value found in
the literature for pure Ta bulk and surface species, e.g. Ta bulk (21.64
eV) [21,22,29]; Ta(100) surface (22.39 eV) [29]; Ta(110) surface (21.97
eV) [22]; Ta(111) surface (22.04 eV) [21]. In the frame of the
tight-binding model, the considerably higher work function [47] of Pt
leads to a depletion of the valence band of Ta when interacting with Pt,
and hence to a narrowing of its less than half-filled D-band and a core
level shift (CLS) to higher BE [48]. Similar BE shifts (Agg = 1.5-1.9 eV)
have been observed by Kerrec et al. when preparing Ta oxide species in a
low oxidation state, namely Ta'* and Ta%* [49]. Indeed, a simple Bader
charge analysis of the calculated pDOS, reported in Figure S3, points to
an apparent oxidation state close to +2 for all Ta species. Altogether, this
points to an immediate oxidation of Ta atoms in contact with the Pt(111)
surface — already as adatoms at 40 K, and as well as sub-surface alloy
upon annealing to 900 K in UHV. Interestingly, these Ta adatoms show a
200-300 meV higher BE than the substitutional Ta atoms that are co-
ordinated to even more Pt atoms. Here, the overall atomic coordination
number, changing from 3 to 12, seems to be decisive, analogously to
exposed Ta crystal surfaces [29], where the undercoordination leads to a
redistribution of valence electrons resulting in a shift towards higher Ta
4f BEs.

At this stage, we remain with the interpretation of the residual
components appearing at BEs larger than 24 eV, shown in blue in Fig. 1
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(a). The large FWHM of the main peak at 24.3 eV and at least one
pronounced shoulder at 24.8 eV indicate a superposition of several ox-
ides that cannot be disentangled in a simple approach, which is further
hampered by a possible overlap with O 2 s emissions from Hp0 and
chemisorbed oxygen [50,51]. However, the spectra resemble those of
the oxidic species obtained after high-temperature oxidation by 10 L Oy
(Fig. 1(c)), tentatively fitted by two components. The XPS literature on
Ta oxides assigns Ta 4f peaks in the region 22.5-24.0 eV to Ta species
with oxidation states between +1 to +4 [32,49,52]. In contrast, the
oxidation state +5 is commonly observed at BEs larger than 26 eV [32,
49]. Interestingly, we do not observe the appearance of fully oxidized
Ta®* that would be expected upon oxidation of this highly oxophilic
metal. The O 1 s spectrum (shown in Figure S4, with a significantly
lower signal-to-noise ratio) confirms the presence of oxides on the Pt
(111) surface and suggests the presence of Ta in oxidation states +3
(529.4 eV [53]) and +5 (531.5 eV [49,54]), but has overlapping signals
originating from adsorbed HyO and CO (>532 eV - further confirmed by
the C 1 s spectrum in Figure S5) that prevent a clear oxidation state
assignment based on the O 1 s signals. Both molecular species are also
prominent adsorbates on Pt(111) at low temperatures under UHV con-
ditions. Moreover, HoO can efficiently break-up by soft X-ray irradia-
tion, yielding hydroxyls and atomic oxygen that readily reacts with the
Ta atoms present on the surface. This explains, together with the oxo-
philicity of Ta, that even minor oxygen traces in the background during
the evaporation process, lead to the presence of Ta oxides from the
beginning on, even on the freshly deposited sample in Fig. 1(a).

3. Conclusion

In the present work, we have investigated the interaction of sub-
monolayer Ta atoms with Pt(111) to elucidate their intermixing and
segregation behavior. After evaporation onto the pristine surface at 40
K, the system was annealed and oxidized in beam-induced atomic and in
molecular oxygen, respectively, and studied by HR-XPS measurements
in combination with DFT calculations to disentangle the complex Ta 4f
spectra.

Upon evaporation, the Ta atoms present transient mobility so that a
fraction either reaches step edges or forms small monolayer ad-islands,
even at low temperatures. This ad-island assignment is confirmed by the
deposition of size-selected cluster samples for reference spectra and STM
imaging. Under the conditions used in our experiments, we showed that
when a low coverage (~2 % ML) of Ta atoms is in contact with the Pt
support, whether as single adatoms, at steps or in ad-islands, Ta gets
immediately oxidized. The strong interaction between metallic Ta par-
ticles (both atoms and clusters) and Pt, which is evidenced by the
considerably shifted BEs compared to BEs of Ta bulk materials and Ta
surfaces, leads to a redistribution of the electron configuration
expressing similar CLSs to lower Ta oxides. This in combination with the
computationally yielded charge from Bader charge analysis, suggests the
oxidation of Ta atoms and clusters when in contact with the Pt surface.

Furthermore, its oxophilicity leads to the formation of oxides even
under the applied UHV conditions. The Ta oxides observed at the Pt
(111) surface either upon deposition, by reaction with oxygen bearing
molecules (H20, CO) or after oxidation by either molecular oxygen at
900 K or by atomic oxygen at 40 K, express even larger CLSs compared to
metallic Ta. The duality between Pt and oxygen induced oxidation of Ta
is complex, as CLSs are observed after oxidation with oxygen, which are
not identified in literature. A straightforward interpretation is not
accessible without further consideration of e.g. structural aspects as Ta
oxide morphology and binding configuration to the Pt(111) surface. The
latter in particular is beyond the scope of this manuscript and thus the
subject of our upcoming study.

Annealing the sub-monolayer Ta layer on Pt(111) to 900 K in vac-
uum - and thus reducing the oxides — leads to the formation of a sub-
surface alloy with extremely sharp Ta 4f core level peaks at a binding
energy that corresponds to a nominal oxidation state of +2. While this
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sub-surface alloy resists oxidation in beam-induced atomic oxygen, since
not spatially directly accessible, it can be reoxidized with molecular
oxygen at elevated temperatures (900 K). This interconversion between
buried alloy species (intermixing) and a Ta surface oxide (segregation)
can be precisely followed in the HR-XPS spectra and is fully reversible,
without Ta loss into the bulk of Pt. Our study thus unravels the condi-
tions for perfect layer control on Ta-Pt interfaces and paves the way for
redox recovery strategies of less-defined structures.

4. Experimental section

Sample preparation. All experiments were performed in a UHV
chamber at a base pressure of 1071% mbar. A Pt(111) single-crystal (0.78
cm?, 4 N, Mateck) was prepared by subsequent cycles of sputtering with
Ar*-ions (Exin = 1.5 keV, par = 3.6 x 107 mbar, I = 10 pA, 300 K, 20
min) followed by flash annealing to 700 K. Heating is enabled by an
electron beam from a resistively heated W-filament on the back of the
sample. Remaining carbon impurities were removed by annealing in an
O, atmosphere (p = 1 x 1077 mbar, 870 K, 5 min), followed by the
removal of adsorbed oxygen in Hy atmosphere (p = 5 x 10~% mbar, 670
K, 5 min). The process was repeated until no more contaminations were
identified in the O 1 s, C 1 s, Ta 4f and Pt 4f regions.

Ta evaporation was performed on the Pt(111) crystal at 40 K. Prior to
evaporation, the substrate was flash annealed up to 500 K in order to
remove adsorbates accumulated from the chamber background. The
atoms were then evaporated from a Ta wire (thickness: 0.125 mm, pu-
rity: 99.9 %, Goodfellow) using an in-house built wire evaporator with
resistive heating. For cleaning, the evaporator housing and the Ta wire
were degassed and subsequently exposed to H, (1077 mbar, 600 K, 10
min) for several cycles. Evaporation was performed at a power of 14 W
in time windows of limited duration (< 30 s) to reduce heating of the
crystal and hence minimize atom mobility and, thus, particle agglom-
eration. The evaporated atoms have a low kinetic energy (~0.28 eV/
atom) [55,56].

Oxidation. The oxidation of evaporated Ta atoms and sub-surface
alloy at 40 K was performed according to previously reported proced-
ures [21,42]. Oxygen was pre-dosed at 40 K (10 L), yielding a phys-
isorbed layer of molecular Oo. Irradiation of the sample with soft X-rays
leads to the emission of secondary electrons that split the physisorbed O,
to form highly reactive atomic oxygen, which permits to reach the
highest accessible oxidation state of adsorbed particles [30]. Oxidation
of the sub-surface alloy by molecular oxygen, instead, was performed at
900 K, by exposing the system to 1 x 10-6 mbar of O, for five minutes.
As exemplarily shown in Figure S6, such an oxidation treatment, applied
to Tag clusters, leads to the formation of larger oxide islands that are
predominantly flat and have diameters of a few nanometers. Oxidized Ta
is subsequently transformed back into the sub-surface alloy by annealing
the sample in UHV at 900 K for five minutes.

High-resolution XPS. The SuperESCA beamline of the ELETTRA
synchrotron radiation facility (Trieste, Italy) was used for in-situ HR-XPS
with an electron energy of 2.0 GeV. In the photon energy range applied
here for the Ta 4f and Pt 4f spectra, a resolution better than 50 meV can
be achieved, with a decreasing resolution for higher beam energies [57].
Photoelectrons were collected and filtered using a Phoibos 150 mm
mean-radius hemispherical electron energy analyzer (SPECS, Germany)
in fixed analyzer transmission mode and detected with a delay line de-
tector. A typical measurement set for probing different orbitals, with the
corresponding photon energies indicated in brackets, consisted of the
following: O 1 s (hv = 650 eV), C 1 s (hv = 400 eV), Pt 4f (hv = 220 eV)
and Ta 4f (hv= 150 eV). All spectra were measured in normal emission
geometry, with magic angle orientation between incident beam and
analyzer. The analyzer was operated in fixed analyzer transmission at a
pass energy of 5 eV except for the Ta 4f spectra measured at 400 eV and
650 eV where a pass energy of 10 eV was used. For reference of the core
electron binding energies all spectra were aligned with respect to the
Fermi energy measured under the same conditions. Furthermore, all
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spectra were normalized to the photon flux of the incident beam and the
number of scans. The Ta 4f spectra recorded at various beam energies
(150 eV, 400 eV, 650 eV) were additionally normalized to the respective
cross-section, to the analyzer transmission function and the secondary
electron background. A linear background was included in the fitting
procedure and subtracted before integration of the Ta 4f signal. In order
to align the computed core-electron binding energies to the experi-
mental values, we first calculated the defect-free Ta(110) slab (19.35
eV) and the Ta 4f CLS of the surface alloy formed at 900 K (41.47 eV)
with respect to the slab. The sub-surface alloy is experimentally found at
23.59 eV and used here as an IERT, measured under the same conditions
as all non-equivalent Ta species. The realigned Ta(110) emission (22.12
eV) with respect to the IER, is in good agreement with experimental
values [22]. Using the same approach, the calculated Pt 4f BEs of surface
atoms in Pt(111) were calibrated with respect to the experimental value
of 70.52 eV corresponding to the surface peak in Pt(111) [58]. The
emission from non-radial symmetric orbitals (Pt 4f, Ta 4f) was fitted
with Doniach-Sunjié functions [59,60], which are commonly used to fit
4f core levels of 5d transition metals [61,62] using a linear background.
A Lorentzian width (') of 0.08 eV was extracted from the sharp emission
of the sub-surface alloy. This value was adopted for the fit of all Ta 4f
emissions. The asymmetry factor yielded o = 0.10-0.14. A Gaussian
function was used to fit the O 2 s contributions.

Computational details. All calculations are performed with the
code VASP6 [63,64]. The interaction between the core electrons and the
nuclei is described with the PAW formalism [65,66]. The plane-waves
basis set is expanded up to a kinetic energy of 400 eV. Truncation
criteria of 10" eV for the electronic loop and 0.01 eV/A for the ionic loop
are set. The PBE exchange-correlation functional is adopted [67]. The
reciprocal space is sampled with a Monkhorst net of 4 x 4 x 1 K-points.
Pt(111) is modeled with a five-layer slab, where the atoms from the
bottom layer are frozen in their bulk positions while all other atoms are
free to relax. An empty space of at least 20 A is included in all supercells
to avoid spurious interactions with the replica. The core level energies
are calculated within the initial state approximation. Final state effects
surely play an important role for the interpretation of CLSs in alloys
[68-70], as the screening effect of the support, e.g. Pt(111) acts as a
perturbation on the Ta 4f core hole. Calculations only concerning initial
state shifts are often found to yield a reasonable agreement with
experimental findings for both metal adlayers and bulk alloys [71].
Thus, suggesting that shifts from initial state effects, e.g. a change in
oxidation state, which are commonly expressed by differences up to
several eV, can be understood without invoking final state effects.
Accordingly, we rely on the frozen-core approximation, which neglects
the final state effects and relies on the energy of the eigenvalues corre-
sponding to semi-core states as a measure of the BE.
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