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The intercalation of europium (Eu) offers an opportunity to tailor magnetic and electronic properties at
interfaces, yet its behavior beneath protective 2D overlayers remains poorly understood. Here, Eu intercalation
below a monolayer of hexagonal boron nitride (hBN) on Ir(111) was systematically investigated by varying
the Eu deposited amount and substrate temperature. Eu was chosen for its tunable valence state and potential
for ferromagnetic ordering. The structural and electronic properties were examined using low-energy electron
diffraction (LEED), scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS), and angle-
resolved photoemission spectroscopy (ARPES). Three superstructures were identified with respect to Ir(111)
substrate by LEED: (5 x M) superstructure at 0.12 ML surface coverage, preserving the hBN/Ir(111) Moiré
pattern with unidirectional Eu ordering; (5 X 2) superstructure at 0.9 ML where excess Eu adopts a tri-valent
state and forms an alloy with Ir; and (\/3 X \/§)R30° superstructure at the highest preparation temperature and
0.3 ML consistent with 2D surface phase Eulr, alloy formation with di-valent Eu. The intercalation pathway
is attributed to grain boundaries and structural defects in the hBN overlayer, emphasizing hBN quality in
controlling intercalation. The protective role of the hBN layer was evaluated by air exposure, resulting in a
20% protection.

1. Introduction The di-valent state has ferromagnetic properties, making Eu promising
for spintronics applications. However, Eu is highly reactive in air,
limiting its practical use. Under such conditions, Eu will oxidize to the

tri-valent Eu,0;, which is not ferromagnetic.

2D materials grown on metal substrates [1,2] have attracted signif-
icant attention due to their unique electronic properties and potential

applications in nanoelectronics and spintronics. Among these, the in-
tercalation of metals [3] beneath these materials has emerged as a
promising approach to tuning the electronic and magnetic properties of
these systems [4]. Additionally, 2D materials can serve as a protective
layer, shielding underlying materials from ambient conditions. For
example, graphene [5-12] and hBN [13-21] were used as protection
layers.

Specifically, rare-earth metals are very reactive and oxidize easily
under ambient conditions. Europium belongs to this group of metals
and is considered the most reactive one [22]. In a solid compound, Eu
may exhibit di-valent, tri-valent or even a mixed-valent state [23-25].

The intercalation of Eu atoms beneath layered materials has been
investigated mainly for graphite and graphene [11,12,26-30] and more
recently below the hBN monolayer [20,21,31]. Nevertheless, not much
attention was paid to the stability of Eu in such intercalation systems.

In addition to the previously reported Eu intercalation below the
hBN on Pt(111) system, a newly published study examined the Eu in-
tercalation beneath hBN on Ni(111) [21]. The intercalation of Eu under
the graphene/Ir(111) or hBN/Pt(111) systems gave rise to europium
atoms with ferromagnetic behavior that depends on the amount of Eu
intercalated [20,28]. In the former system, a (2 x 2) superstructure
formed where the Eu-Eu distance doubles the Ir interatomic distance
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of the (111) face, amounting approx. 5.4 A. There, Eu atoms have
a paramagnetic state [28]. When the Eu atoms arrange in a (\/5 X
\/§)R30° superstructure corresponding to approx. 4.7 A Eu-Eu distance,
ferromagnetic behavior on Ir and Pt is obtained [20,28].

The origin of the different magnetic properties was assigned mainly
to the RKKY-type interaction between the Eu atoms mediated by va-
lence band electrons of the substrate. On the one hand, the distance
between Eu atoms is one of the crucial parameters for the magnetic
interaction; on the other hand, the influence of the valence bands of
the Ir, Pt or Rh atoms is important [20,28,32]. For the Eu-Ir bulk
compounds, Eulr, attracted the most attention in the late sixties of the
last century as an initially described ferromagnetic compound [33];
nevertheless, the magnetic susceptibility did not correspond to Eu’*,
the valence state of its constituents [34]. Only one year later, the
discovery of EuO as a ferromagnetic compound resolved the puzzle,
with the possible contamination of the latter being responsible for
the previously observed ferromagnetic behavior in Eulr, [35,36] while
pure Eulr, has tri-valent Eu atoms [37].

Interestingly, later Eulr, compound was found to be superconduct-
ing [38], confirming europium atoms in a tri-valent state. Furthermore,
Eu in other bulk materials can exist with intermediate valence [39],
either due to different crystallographic Eu sites as in Eu;0, [40],
due to valent fluctuating system as in Eulr,Si, [41] or due to non-
integer Eu valence in intermediate valent systems that originate from
hybridization between the 4f moments and the conduction electrons
as in EuCu,(Si,Ge;_,), [24]. A last aspect to mention is that on the
surface, however, nearly all Eu or Sm compounds are di-valent [42,43].
For the Eu-Ir system considered in this work, only bulk Eulr, is well
characterized, in the latter case as one of the scarce tri-valent Eu
compounds [44]. However, also in such a case, the Eu atoms at the
surface are expected to be di-valent.

In this context, our study investigates the intercalation of Eu atoms
beneath a monolayer of hBN on an Ir(111) substrate. By systematically
varying the Eu deposited amount and deposition conditions of Eu,
we aim to uncover the structural and electronic transformations that
occur. Employing characterization techniques such as Low Energy Elec-
tron Diffraction (LEED), Scanning Tunneling Microscopy (STM), X-ray
Photoelectron Spectroscopy (XPS), and Angle-Resolved Photoemission
Spectroscopy (ARPES), we provide a comprehensive analysis of the
impact of Eu intercalation. Our findings reveal the formation of distinct
superstructures, including (5 x M), (5 x 2), and (\/5 X \/§)R30°
depending on Eu coverage and deposition temperature (M > 2). At
surface coverage of 0.12 monolayer (ML), the (5 x M) superstructure
preserves the hBN/Ir Moiré pattern with the unidirectional ordering
of the Eu atoms. Increasing the surface coverage leads to a (5 x 2)
superstructure, with excess Eu atoms diffusing into the bulk as tri-
valent Eu. At surface saturation coverage and slightly higher substrate
temperature during deposition, the formation of a (\/3 X \/§)R30°
superstructure indicates the presence of a 2D surface phase Eulr,
alloy beneath the hBN layer, where di-valent Eu suggests potential
ferromagnetic properties. Moreover, we assess the protective role of the
hBN layer against air exposure, finding that the 2D surface phase Eulr,
alloy is around 20% partially protected. This investigation advances
our understanding of Eu intercalation beneath hBN on Ir(111) and
highlights the potential for developing new 2D ferromagnetic materials
with tailored electronic and magnetic properties for practical use in
spintronics applications.

2. Experimental methods

The Ir(111) single crystal (Mateck GmbH) was cleaned using mul-
tiple cycles of Argon ion sputtering (1.3 kV) at a pressure of 3 -
10-% mbar at room temperature, followed by an annealing to 950 K.
Occasionally, the sample was heated in an oxygen atmosphere at 5 -
10-8 mbar to remove carbon impurities, maintaining a temperature of
1120 K for 5 min, then flash-annealing to 1200 K for 4 min.
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The synthesis of hBN on Ir(111) was achieved using the Chemical
Vapor Deposition (CVD) technique. For this purpose, a clean Ir(111)
substrate was heated and exposed to borazine precursor (BzHgNj,
KATCHEM spol. s r.0.) for 12 min at a pressure of 5 - 1077 mbar. These
parameters are used in all experiments presented here, where hBN was
grown with the substrate maintained at temperatures between 1120 K
and 1220 K.

Eu intercalation beneath the hBN on Ir(111) was carried out at
different temperatures and Eu coverages: 800 K (0.12 ML), 920 K
(0.9 ML), and 940 K (0.3 ML). Further in the text, the ML amount
will be defined in detail. It will be shown that the superstructure is
defined by the substrate temperature, not by the Eu coverage, since
the exceeding Eu will diffuse into the Ir bulk. Subsequent experiments
were conducted to investigate the protection from oxidation. This was
achieved through two methods: first, by directly exposing the sample
to 1000 L of oxygen for 5 min; and second, by subjecting the sample
to ambient pressure conditions (room temperature, 80% humidity) for
5 min. In both cases, followed by annealing to Tgupmp.=745 K and
Tsample=506 K, respectively.

Experiments were conducted under ultra-high vacuum (UHV) con-
ditions at the Material Physics Center (MPC) in San Sebastian, Spain,
maintaining a base pressure of 5 - 10710 mbar or less. Characterization
of both structural and electronic properties encompassed a compre-
hensive array of techniques, including LEED, STM, ARPES, and XPS.
LEED measurements utilized the conventional three-grid design from
Omicron equipment. STM measurements were conducted in constant
current mode using an Omicron VT-STM microscope, with image anal-
ysis processed via the WSXM program [45]. Both techniques were per-
formed at room temperature. Additionally, XPS spectra were obtained
using a Specs Al K, u-FOCUS 600 monochromator at hv = 1486.6
eV. ARPES measurements were carried out using a Specs UVS-300
discharge lamp with Specs TMM 304 monochromator utilizing He Ila
light at a photon energy of 40.8 eV. Electron detection was performed
with a SPECS Phoibos 150 analyzer, configured for 200 meV energy and
2° angular resolution. Spectroscopic experiments were again performed
at room temperature. Furthermore, the deposition of 0.1 ML Eu into
a clean Ir(111) substrate experiment was investigated employing pho-
toemission spectroscopy at the GELEM Dipole beamline at the BESSY
II electron storage ring operated by the Helmholtz-Zentrum Berlin fiir
Materialien und Energie [46] in Berlin, Germany. XPS spectra were
acquired with a Phoibos-150 electron energy analyzer.

3. Eu/Ir(111) interface

As already mentioned and verified in the example of EuO contam-
ination on Eulr,, the protection of rare-earth metals in their metallic
form is a major issue. To address the protection problem related to
the very reactive rare-earth metals, first, the chemical properties of Eu
deposited on an Ir(111) substrate in ultra-high vacuum conditions were
analyzed by X-ray photoemission spectroscopy. Three experiments were
conducted under different deposition conditions [32], see Tab. S1 in
supplemental material (SM) [47] for experimental parameters. First, Eu
was deposited during 15 min at Tgpmpe = 930 K, a temperature in the
range used in our work to intercalate Eu beneath hBN on Ir(111). Nei-
ther a superstructure was observed in LEED nor was Eu detected in the
XPS survey spectra (see Fig. S1 in the SM [47]). This suggests that the
deposited Eu does not remain on the surface but instead re-evaporates,
preventing any stable Eu overlayer formation or even Eu incorporation
into the Ir first layer. It is important to note that when the hBN layer is
present, Eu atoms intercalate beneath hBN at this high temperature,
preventing their re-evaporation and leading to Eu diffusion into the
bulk when the surface is saturated. Next, the temperature was reduced
to 630 K and Eu was deposited the same 15 min as in the previous
case on clean Ir(111). Neither here a different LEED pattern appeared,
although Eu was clearly detected in the XPS survey (Fig. S2 in the
SM [47]). The Eu coverage was estimated from the core level intensities
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Fig. 1. XPS analysis of approx. 1 ML Eu deposited onto Ir(111) crystal. (a) Eu
3d and O 1s X-ray photoemission spectra were obtained using Al K, radiation
with the sample kept in Ultra-High Vacuum (UHV) conditions. Oxidation
occurred with the rest gas atoms in UHV. (b) Analysis of the peak intensities
from the fitted spectra of (a). The solid lines are exponential fits of the peak
areas as indicated in the equations. The lifetime 7 resulted from the fit of the
O 1s intensities (Eu,0; and hydroxide) and was then applied to the Eu** and
Eu’* peaks. Back-tracing of the time evolution by using 7 to the Eu components
as indicated in (b) results in an initial content of approx. 1/4 of Eu in a tri-
valent state.

of Eu 3d and the decay of the Ir 4f intensity to be 0.15 ML, where an
ML here is a complete Eu surface. The experiment was repeated with a
Tgample = 630 K and a higher Eu coverage of approx. 1 ML to allow for
a more systematic study, particularly of Eu oxidation over time. This
amount was sufficient to achieve a (2 x 2) superstructure in LEED, the
corresponding XPS survey is shown in Fig. S3 in the SM [47], which
clearly revealed the presence of Eu 3d core-level features with mixed-
valence character. Following the initial survey scan, time-resolved XPS
measurements (see Fig. 1) were carried out to inspect the oxidation
process in detail, specifically by tracking the evolution of the Eu 3d
and O 1s core-level spectra as a function of time. The base pressure of
the vacuum chamber during this experiment was p = 3 - 10-1%mbar. Eu
presented a mixture of valence states, namely di-valent and tri-valent
Eu with binding energies of the leading 3ds,, peaks at approx. E — Ep
= —1125.6 eV and —1134.7 eV, respectively. The presence of di-valent
Eu at the surface, either as a result of an Eu-Ir surface alloy or due
to individual Eu atoms at the surface, is detected. The tri-valent Eu
emission may arise either from oxidized Eu,0;, Eu(OH);, or from Eu
atoms that diffuse into the bulk. Careful inspection of the peak form
and energy reveals a change in that Eu>* emission, pointing to the fact
that at the beginning, Eu with a different environment is observed.
On the other side, the corresponding O 1s spectra exhibit two main
components: Eu-OH, or more specifically Eu(OH);, at higher and Eu,05
at lower binding energies, as found for bulk Eu,0; samples [48,49].
Additionally, a minor component corresponding to the adsorbed water
was determined from the fit shown in the SM [47] in Fig. S4. Tri-valent
Eu and O 1s increase with time, while the di-valent Eu contribution
diminishes. One can fit the time evolution of the total O 1s intensity
with an exponential curve by assuming that no oxide is formed at
deposition (¢ = 0). This means that the Eu atoms at the surface oxidizes
with the rest vacuum by

It) =1, (1=e/7). ¢))

being I,,, the O 1s intensity of the total oxide formed. The only fitting
parameter, 7, is the mean lifetime of the di-valent Eu atoms at the sur-
face and resulted in 7 = (1.9+0.5) hours (h). Within this approx. 2 h time
frame and taking into account the base pressure, one would accumulate
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1.5 L of rest gas dosage on the sample and due to the high reactivity of
Eu, oxidation and formation of the tri-valent Eu takes place. This mean
lifetime 7 can be used to back trace the initial amounts of tri-valent Eu
right after deposition. With the formula indicated in Fig. 1, we estimate
that initially approx. a quarter of the Eu was already in tri-valent state.
Such Eu?* would not exist for pure Eu, which is di-valent, but can only
be formed due to Eu diffusion into the Ir bulk during the preparation
at 630 K. This is supported by the results shown in Fig. S5 in the
SM [47], where 0.1 ML Eu was deposited on a clean Ir substrate. Such
enhanced Eu interdiffusion is also known for Ir neighboring elements
Pt [20] or Pd [50], in the latter case even at 77 K. Apart from the Eu
interdiffusion, these findings highlight the rapid oxidation process of Eu
that occurs without protective measures. To keep Eu in a metallic state,
effective protection is required. Utilizing 2D materials such as hBN is
effective in protecting metals such as Fe [14] or Eu, as evidenced in the
latter case by the formation of Eu-Pt ferromagnetic compounds under
the hBN layer on the Pt substrate [20]. Understanding how Eu behaves
when intercalated beneath hBN is crucial to maximizing its potential in
practical applications.

4. Eu/hBN/Ir(111) interface

The Eu deposition was carried out at low rates of approx. 0.001 A/s
as previously measured by quartz microbalance at the deposition posi-
tion. Mostly, Eu was evaporated on the sample for 15 min, with the
sample held at the indicated temperatures. The pressure during evapo-
ration was 3 - 10~ mbar or better. The Eu coverage given throughout
the manuscript is based on the intensity decrease of the Ir 4f core level
from XPS analysis. A detailed description is included together with Fig.
S6 in SM [47]. Shortly, for hBN growth and for a small Eu amount at
the interface, the intensity of the substrate Ir 4f emission decreases due
to the short electron mean free path of the outgoing photoelectrons.
This reduction can be used for complete layers and for the small
coverage cases, where Eu is localized just in the layer below hBN. For
higher coverage, however, when Eu partially dissolves inside the Ir,
this method does not work reliably anymore, but there the evaporation
time and additionally the Eu 3d XPS intensity is used as a measure of
Eu coverage. The coverage calibration can be corroborated by the di-
valent Eu 3d emission in XPS that saturates when the maximum surface
coverage is achieved (1/3 ML for the (\/5 X \/§)R30° superstructure).
If Eu is deposited beyond this amount, it diffuses into the bulk of the Ir
substrate or may remain atop the hBN layer. In the first case scenario,
the additional Eu atoms exhibit a tri-valent state (Eu3t), which does
not affect the ordered LEED pattern arising from the interface. For
the second scenario, the excess Eu on top of hBN would be initially
di-valent Eu but would quickly oxidizes to tri-valent Eu that can be
easily detected by XPS analysis. This second scenario was not detected
for high substrate temperatures as the ones used here, but only for
quite low intercalation temperatures and very large Eu coverage that
saturates the Ir near-surface region by the diffused Eu atoms.

A thorough study utilizing LEED was performed both before and
after the intercalation of Eu to examine the structural characteristics in
detail. Table 1 presents substrate temperature, actual Eu coverage on
the sample surface, superstructure and the surface composition. The
LEED pattern of the pristine Ir(111) surface is displayed in Fig. 2(a),
where a red line connects two of the identical 3-fold Ir spots. Upon hBN
growth at a temperature of 1220 K, a distinctive Moiré pattern emerges,
characterized by a (12 x 12) hBN unit cell that occupies (11 x 11)
Ir atoms. This is consistent with the observations made by Farwick
etal. [51], as highlighted in Fig. 2(b). The blue line connecting the most
intense spots is characteristic of the hBN unit cell in reciprocal space.
Next, we investigated the effects of different intercalation conditions
after the Eu deposition process through experiments conducted at var-
ious substrate temperatures, as depicted in Figs. 2(c)-(e). Temperature
variations significantly alter the interface structure, leading to varying
coverage. This observation aligns with the findings by Bakhit et al. [20]
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(d) +Eu, 920 K (e) +Eu, 940 K

Fig. 2. Low energy electron diffraction (LEED) analysis of the experiment. (a) clean Ir(111), (b) after exposure to borazine at Tsample = 1220 K, a Moiré pattern
appears, consisting of a (12 x 12) hBN unit cell on (11 x 11) Ir atoms. Eu intercalation was carried out at different temperatures on freshly prepared hBN/Ir(111):
(c) for 0.12 ML Eu at Tg,p,. = 800 K, a (5 X M) superstructure forms, where M > 2; (d) 0.9 ML Eu at Tg,,e = 920 K, a (5 X 2) superstructure is observed;

and (e) 0.3 ML Eu at Tg,p,e = 940 K, a (V3 x V/3)R30° superstructure is seen. LEED images were captured at a kinetic energy of 60 eV. The lines in part of the

patterns serve as a guide to the eye to distinguish the spots and enable assignment to the Ir substrate or hBN lattice.

Table 1
Experimental parameters of Eu intercalation below hBN on an Ir(111) substrate are presented, including
various deposition temperatures, actual Eu coverage on the sample surface, superstructures formed after the Eu

intercalation and surface composition Eu: Ir.

Deposition temperatures (K) Actual Eu coverage on the Superstructure Surface composition Eu:Ir
sample surface (ML)

800 0.12 (5 x M) unknown

920 0.9 (5x2) 3:7

940 0.3 (v/3 x V3)R30° 1:2

and Schumacher et al. [28]. They emphasize the substantial influence
of thermal factors and Eu coverage on the process of Eu intercalation.

At low Eu coverage of about 0.12 ML and substrate temperature
800 K, a (5 x M) superstructure was observed by LEED with respect
to the Ir(111) substrate, see Fig. 2(c). A coincidence lattice appears
exclusively along the <112> directions; however, achieving uniform
alignment along the <110> directions is detained at low coverage,
resulting in blurred LEED spots due to disorder. The parameter M,
indicating periodicity along the <110> directions, suggests a random
distribution of Eu atoms, occupying spaces between every 2 to 5 Ir
atoms. This irregularity results in line like features and in less defined
hBN/Ir Moiré spots along the <110> directions, although the overall
Moiré pattern remains unchanged due to the fact that it arises mainly
from non-intercalated hBN/Ir areas. This was concluded from the
STM analysis shown in Fig. 4(b), (d) and (e). Further exposure of
the (Eu)/hBN/Ir system to Eu at 920 K led to a compression of the
intercalated layer, forming a (5 x 2) superstructure in three rotational
domains, as depicted in Fig. 2(d). In this case, 0.9 ML Eu was deposited
in total. This compression is attributed to an increased presence of Eu
atoms along the <110> directions. The higher amount of Eu no longer
allows for random occupation of Ir rows but instead positions every two
Ir rows, indicating a stable superstructure relative to the Ir substrate.
In the SM [47], Fig. S7 presents the LEED patterns of the (5 x 2)
superstructure with variation in the kinetic energy of the electron.

In a different preparation, Eu was deposited on hBN/Ir(111) holding
the substrate at 940 K but this time slowly evaporating a critical
amount of Eu (30 min) to leave the Eu atoms just occupying surface
positions and arrange in a (\/5 X \/§)R30° superstructure as presented
in Fig. 2(e). At this coverage, a 2D surface phase Eulr, alloy is formed
with a stoichiometry of one Eu atom per two Ir atoms, although the
calculated amount from the decrease of the Ir 4f level resulted in 0.3
ML coverage. Previous studies have demonstrated the appearance of
such superstructures as an indication of the formation of rare earth-
gold and rare earth-silver surface alloys with a similar one-to-two
ratio [52-58]. Moreover, the same superstructure was identified in a
prior investigation of the Eu-Pt system [20]. Note that the Eu spots

are associated with the Ir substrate, not with the hBN overlayer, which
would produce superstructure spots on the blue line connecting hBN
spots. This situation is partially distinct from the Eu intercalation below
graphene on Ir(111) [28].

The saturation coverage is one-third ML of Eu, leading to the
formation of a (\/3 X \/§)R30° superstructure with stoichiometry of
one Eu atom per two Ir atoms displayed in Figs. 3(a) and (b), show
its reciprocal lattice, while (c) presents the corresponding real-space
structure. At 0.9 ML Eu coverage, a (5 X 2) superstructure appears,
as seen in Fig. 3(d). This is evident in the STM analysis, further
discussed in the text. The complexity of this superstructure is attributed
to rotational domains, illustrated in Fig. 3(e) by the reciprocal lattice of
the (5 x 2) superstructure with three rotational domains at 120° angle,
alongside the Ir reciprocal lattice in gray. Here, it is important to say
that only the lattice is considered, not a possible basis inside the lattice
is discussed. Such a basis would not change the diffraction pattern, but
eventually the composition. Later, it will be shown by STM that there
are 3 Eu atoms present in each (5 x 2) unit. The alignment between
the theoretical model and the LEED pattern is obvious. Finally, Fig.
3(P) illustrates the real-space structure of the (5 x 2) superstructure,
highlighting both the Ir and Eu-Ir unit cells. Again, we will analyze
next in the microscopy part that in reality we have 3 Eu atoms per
unit cell, i.e., apart from the lattice. Then, inside of the 10 atoms in
that (5 x 2) structure, three Eu atoms will give rise to a 0.3 ML Eu
coverage.

The crystal structure of bulk Eulr, is a Laves phase MgCu, type
structure according to reports in the literature [59]. The lattice pa-
rameter of this structure is 7.565 nm [60], indicating a stable [61]
and well-defined crystallographic arrangement. In such a scenario, it
is likely that Eu has di-valent character on the surface but tri-valent
behavior in the bulk. This, together with eventual oxidation to EuO,
gave rise to the initial confusion of a supposed di-valent valence state
of the Eu atoms within bulk Eulr, due to magnetic measurements [62].
Di-valent surface but tri-valent bulk valence, on the other hand side, is
quite often encountered for Eu-Ni or Eu-Pd systems [63,64].

STM images in Fig. 4 provide detailed insights into the hBN/Ir(111)
Moiré pattern and the effects of Eu intercalation on its topography.
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Fig. 3. (a) LEED image taken after high-temperature Eu intercalation of 0.3 ML at 940 K that reveals a (\/5 X \/§)R30° superstructure, (b) the reciprocal lattice,
and (c) the structural model in real space. For the lower temperature (920 K) Eu intercalation, (d) presents the LEED image of the (5 X 2) superstructure that
corresponds to a superposition of three rotational domains (e) with one of the (5 x 2) reciprocal unit cells in red and the Ir lattice in gray. (f) Structural model
of the (5 x 2) superstructure in real space. LEED images in (a) and (d) were taken at electron beam energies of 60 eV and 55 eV, respectively.
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Fig. 4. (a) STM image of hBN/Ir(111) Moiré, the green hexagon represents the Moiré lattice with lattice parameter (3.1 + 0.1)nm and the inset shows an FT
image containing a hexagonal pattern, corresponding to the hBN/Ir(111) Moiré. (b) After intercalation of 0.12 ML of Eu, the green hexagon shows the hBN/Ir(111)
Moiré lattice, and the inset shows an FT image containing a hexagonal pattern, corresponding to the hBN/Ir(111) Moiré. (c) After depositing more than 0.3 ML
of Eu, namely 0.9 ML. (d) and (e) STM images of 0.12 ML of Eu taken at different regions; the highlighted area in black in (e) shows Eu-free hBN/Ir(111) Moiré.
(f) Zoom in on one of the stripes parts in (d), showing the atomic resolution of (5 x 2) superstructure in blue together with a basis in green and black dots (g)
FT image of (f). Tunneling parameters: (a) /=0.13 nA; Uy;,s=1 V, (b) 1=0.13 nA; Uy;,s = 0.7 V, (c) 1=0.13 nA; Uy, = 1.0 V, (d) 1=0.13 nA; Uy = 1.1V, (o)

1=0.13 nA; Uy = 0.3 V, () 1=0.13 nA; Uy, = 0.3 V.

The distinctive Moiré unit cell, highlighted in green, is characterized by
bright protrusions interspersed with slight central indentations. It has a
lattice constant of (3.1 + 0.1) nm, as confirmed by Fourier-transformed
(FT) image analysis in the inset of Fig. 4(a), further supporting the find-
ings from Farwick et al. [51]. However, the observed Moiré periodicity
shows a slight deviation from the theoretical value of 3.25 nm predicted

by the commensurate (13 x 13)/(12 x 12) hBN/Ir(111) superstructure
model of Schulz et al. [65], which was established via DFT simulations.
This deviation is attributed to localized geometric variations within the
hBN overlayer, consistent with the present observations.

In the case of Eu intercalation beneath graphene on Ir(111) reported
by Schumacher et al. [28], wrinkles and defects act as Eu intercalation
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pathways. Photoemission microscopy revealed that Eu is mostly inter-
calated at the vicinity of wrinkles via nanoscale cracks. In particular,
pentagon-heptagon defects in the grown graphene layer on Ir(111)
were discussed, which possess a small out-of-plane deformation to
enable Eu trapping and, in turn, allow Eu to travel below the graphene
layer. Similar mechanisms for other guest atoms are suggested [66]
if the interaction with the 2D layer is not so strong, e.g., gold atom
intercalation mechanisms that occur at packers as investigated by
Daukiya et al. [67]. While wrinkles were not observed for hBN on
Ir(111) [68], grain boundary defects in the hBN monolayer investigated
by Gibb et al. [69] are suggested as intercalation pathways together
with structural defects for Eu in the Eu/hBN/Ir(111) system. Although
there is no direct experimental evidence, this interpretation remains
speculative. However, possibly similar intercalation pathways as in the
case of Cs intercalation below hBN on Ir(111) reported by [70] are
suggested.

Soon after the deposition of 0.12 ML of Eu, the atoms pass through
intercalation pathways, forming patterns of stripes and islands, as seen
in Fig. 4(b), where the brighter regions indicate intercalated areas. At
low coverage, only 30% of the hBN layer is affected by Eu intercalation.
Consequently, the hBN/Ir Moiré lattice remains observable, highlighted
in green in Fig. 4(b), with the same Moiré lattice constant as observed
in panel (a). However, slight deviations in the Moiré lattice constant are
noted, which can be attributed to local strain induced by Eu intercala-
tion. These manifest as small variations in the Moiré periodicity, slight
distortions of the Moiré unit cell, and a minor reduction in long-range
order due to locally modified hBN-substrate registry. The FT image is
shown in the inset of Fig. 4(b). Variations in the distribution of inter-
calated Eu result in uneven concentrations, particularly in areas where
dense stripes are visible, as displayed in Fig. 4(d). The Moiré pattern
varies slightly depending on the density of the stripes, as shown in Figs.
4(b), (d), and (e) corresponding to different areas on the sample. Upon
closer inspection of one of these stripes in Fig. 4(d), a locally formed
(5 % 2) superstructure was observed. This superstructure was undetected
in the LEED pattern, but is evident in Fig. 4(f), where the blue lattice
together with black and green dots (Eu atoms) represents the (5 x 2) unit
cell. The FT of a single domain of the (5 x 2) superstructure is shown
in Fig. 4(g). However, a more uniform distribution of Eu intercalation
is achieved below hBN when increasing the Eu coverage up to 0.9 ML,
resulting in Fig. 4(c).

Core-level PE spectroscopy was utilized to examine the Eu inter-
calated layer beneath hBN on the Ir(111) substrate before and after
intercalation, in order to understand its chemical composition and
morphology. Investigating the impact of various Eu coverages on the
chemical state of the system is of particular interest, as the Eu coverage
is determined from the XPS spectra, as explained in the SM [47].

Before addressing the electronic properties of the Eu, the inter-
diffusion of Eu into Ir and the Eu-Ir alloy formation below the hBN
layer will be addressed. Already in Fig. 1 it was shown that Eu diffuses
into Ir in the absence of a hBN layer. This is also presented in SM [47]
in Fig. S3, where the XPS survey for Eu/Ir preparation reveals a strong
decrease of Ir core-level emissions, particularly the 4f core-level peaks,
which indicates that the overlayer of Eu atoms has attenuated substrate
photoemission. As the Eu coverage increases, the Ir signal becomes
more and more obscured, which is consistent with this attenuation.

Now, in Fig. 5, the XPS survey spectra as well as the Ir 4f;, and Eu
3d are shown for two Eu coverages when hBN is present; the complete
coverage series is shown in Fig. S8. In the survey spectra in Fig. 5(a),
all relevant transitions of the system are indicated. The offset of these
spectra is presented in Fig. S9 in the SM [47]. The main contributions
arising from the Ir are the 4f;,, of the 4f doublet, and for Eu, the 3d
emission. Both regions are further indicated in parts (b) and (c) of Fig.
5. The low Eu coverage emission of 0.3 ML Eu (corresponding to a T' =
940 K preparation with (\/5 X \/5)R30° LEED, see Fig. 2(e)) reveals Eu
atoms in a di-valent configuration, i.e., below hBN but at the interface.
This is reflected in the spectrum by the 3ds,, and 3d;,, emissions at
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—1123 eV and —1154 eV, respectively and the corresponding satellite
emissions. On the other hand, the high Eu coverage spectra (0.9 ML)
contain Eu in di-valent and tri-valent configurations. The di-valent
emission is nearly identical to the 0.3 ML case, verifying the nearly
complete coverage of Eu at the interface in both indicated cases. The
excess Eu, however, diffuses into the Ir bulk, becoming tri-valent as
in Eulr, compound [37]. Its energy position at —1133.4 eV is also
different to the oxidized Eu** emission in Eu,0; at —1135 eV [48],
see also Fig. S11 in the SM [47]. For the Eu 3d emission, a relatively
short electron mean free path of the electrons [73] of less than 1 nm
and the equal intensity of both 24+ and 3+ components together with
the knowledge of the deposited amount indicate that Eu distributes
at several layers below the interface. The Eu atoms around Ir affect
the energy of the Ir 4f emission as shown in Fig. 5(b). Note that the
photoelectrons for the latter Ir 4f emission are more bulk sensitive due
to a larger kinetic energy of the photoelectrons. Nevertheless, even with
such a high kinetic energy, the surface component emission of Ir(111)
may still influence the core level spectra. To depress at least partially
the surface emission, the CO-saturated Ir(111) surface at 0.25 ML CO
coverage was considered. This CO/Ir system lowers the Ir 4f surface
emission to less than one half [74]. The Ir 4f emissions of the CO/Ir
and the Ir with small Eu coverage below hBN reveal identical core
level positions of the Ir 4f; /25 i.e., (i) mainly the Ir 4f sub-interface
atoms have a strong weight on the photoemission peak and (ii) a
possible interaction of Eu and Ir at the surface is not affecting the Ir
“bulk” emission. Furthermore, room temperature deposition of Eu onto
Ir results in the same Ir 4f core level energies (not shown). The Ir 4f
spectrum of the high Eu coverage, however, has a small core level shift
to higher binding energies at the Ir 4f;/, line of (75 + 20) meV. Such
a small core level shift is expected in an Eu-Ir alloy since Eu is highly
electropositive with respect to Ir, and electron transfer from Eu into
the Ir d bands takes place. This situation is analogous to the Smlr,
system, which has a similar core level shift [75]. This shift does not
automatically mean that Ir atoms surrounded by Eu have really such
a core level energy, but here we treat a sum of Ir emissions with and
without Eu atoms. This increases the peak width, and all contributions
sum to the mentioned core level shift. To summarize, the diffusion of
Eu into Ir gives rise to the Eu-Ir alloy formation below the interface
with a positive Ir 4f core level shift. Still, the interface itself was not
yet considered. For this purpose, the Eu 3d emission will be analyzed.
If a 2D surface phase alloy would be formed, one would expect a core
level shift of the Eu emission in the contrary direction to that of the Ir
4f levels. Fig. 5(d) compares the di-valent part of the Eu 3d;, interface
emission of the higher coverage (0.9 ML Eu/hBN) preparation with a
sample that consists of approx. 0.5 ML Eu directly evaporated at room
temperature onto clean Ir(111). In that latter case, due to the reduced
temperature, Eu just stays at the surface but does not yet alloy with
Ir. The broad di-valent Eu 3ds,, emission is fit with two components
(P1, P2) according to the peak fit approach in EuS [76]. The fit reveals
a core-level shift of the intercalated Eu below hBN in the expected
direction as a result of the surface alloying process by (-350 + 50)
meV. This means that alloying also takes place at the interface and is
a temperature-induced process.

Next, we will address the electronic properties of 0.3 ML Eu inter-
calation at 940 K. Similar to it a very low coverage of 0.12 ML and
lower intercalation temperature corresponding to 800 K, an identical
shape of the Eu 3d spectrum is obtained, but only smaller in intensity
(illustrated in SM [47], in Figs. S6 and S10).

The Eu 3d spectrum only displays a Eu?* configuration with a shake-
up peak observed at a higher binding energy, and no Eu** contribution
is detected. Furthermore, the O 1s spectrum reveals no additional
components compared to the pre-intercalation spectra, suggesting no
oxygen presence, see Fig. S10.

With a further increase to 0.3 ML, the Eu 3d spectrum still displayed
Eu in a di-valent state shown in Fig. 6. The existence of Eu?* suggests
that Eu stays at the interface. The Eu?;; , satellite emissions (at —1132.6



A. Mohammed Idris Bakhit et al.

(a),\ 600 o __ 0.25 ML conr(111) rar
2 —— hBN/Ir(111) "
£ 500 4 — 0.9 ML EwhBN/Ir(111)
=3
8 400
% 300 —|{EuUNNN Irdpy,  Irdpy, Ir4d
c Auger N1s
2 500 /IrNNN Eu MNN\ O 1s fhBN Eu 4d
£ ’/Auger Eu 3d Auger \0f CO |Ofh) B1s
w
B Ir 4 \
g 100 M ; s\\_‘
0 T T T T T
41200 -1000 -800 -600 -400 -200 O
(b) E-Ef (eV)
_ —— 0.25 ML CO/Ir(111)
2 400 Ir 4f72 —— hBN/Ir(111)
2 —— 0.3 ML EuhBN
5 —— 0.9 ML EwhBN
8 300
2
2 200
2
=
» 100
o
x AE = 75%£20 meV
VP N —_——-
620 615 -61.0 605  -60.0  -59.5
E-Ef (eV)

—~
o

—
o
~—

Applied Surface Science 746 (2026) 167568

— — 0.25 ML CO/Ir(111)
% 49 EU3d —  hBN/Ir(111
& — 0.3 ML EuhBN
E — 0.9 ML Eu/hBN
§ 30

> 2+
2 20 Eu

o

e
(ri) 10 4 3d3/2 3d5/2

%< WWWWMWW

0= T T T T
-1180 -1160 -1140 -1120 -1100
E-Ef (V)
2+

% 40 Eu 3dsp,

2

=4

3

Q

S

2

@

c

o

£

1%

o

X

-1120.0

-1122.5

-1127.5 -1125.0

E-Er (eV)

-1130.0

Fig. 5. XPS spectra for several preparations of Eu intercalated below hBN/Ir(111). (a) Survey spectra of the CO saturated Ir(111) surface, 1 ML hBN on clean
Ir(111), and 0.9 ML Eu intercalated below hBN. Indicated are the observed transitions in the systems. (b), (c) Ir 4f, 0 and Eu 3d core level emissions of the spectra

of (a) and additionally the 0.3 ML coverage preparation of the (\/5 X \/§)R30° superstructure. (d) Eu** 3d; /o core level region of the intercalated 0.9 ML Eu/hBN
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are shown, additionally to the exposure to ambient conditions.

eV for the 3ds 2 peak) amounts to 18% of the leading Eu?*t [77-79].
Before Eu intercalation, the N 1s and B 1s spectra in Fig. 6 exhibited
a distinct asymmetric peak shape, containing two components [1]
with a pronounced shoulder at higher binding energies [51,80,81].
The strength of the substrate-overlayer interaction in this system is
between the weak hBN on the Pt(111) and the intermediate hBN on
the Rh(111) systems [82]. The same hBN quality was obtained in the
second preparation acquired at a temperature of 1120 K.

After Eu intercalation, see Fig. 6, the N 1s and B 1s spectra ex-
hibit a noticeable broadening and a shift of around 1.7 eV and 1.65
eV, respectively, towards higher binding energies. The observed shift
originates from the electrostatic potential created by the ionized 2D
surface phase Eulr, alloy formed at the interface. Acting as a capacitor-
like layer between the substrate and hBN, this interfacial alloy induces
an electrostatic potential that leads to a rigid displacement of the
hBN electronic structure, as evidenced by the nearly identical shifts
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T = 745 K, and (d) followed by air exposure and annealing at T = 506 K. The strongly dispersive band feature corresponds to the z-band of hBN at the indicated

interfaces.

in the B 1s and N 1s core levels. Similar behavior was reported by
Fedorov et al. [83] where substrate functionalization induces interfacial
charge rearrangement and dipole formation, generating an electrostatic
potential that shifts the hBN electronic structure. This led to a stronger
interaction between the hBN layer and the 2D surface phase Eulr,
alloy, which alters the local electrostatic environment and leads to
enhanced interfacial coupling compared to the pristine hBN/Ir(111)
system. Our results also confirm the findings of Cs adsorption and
intercalation at hBN/Ir(111) [70]. Furthermore, a side peak detected at
lower binding energies was interpreted to originate from single B and N
atoms, consistent with the findings reported by [80]. In this preparation
here, due to the long deposition time and high temperature, a small
part of Eu got oxidized. Taking into account the Eu 3d and O 1s cross
sections [84], approx. 7% of Eu got oxidized during deposition and
sample handling. Upon exposure to 1000 L of O,, a slight shift towards
lower binding energies was detected in the N and B 1s spectra. How-
ever, these spectra retained the same characteristics as those inspected
prior to exposure. The Eu 3d spectrum shows a notable decrease in
Eu?* with a simultaneous increase in Eu** aside the Eu®* satellite peak,
indicating the formation of oxides and hydroxides. This situation is
confirmed by the increase in O 1s spectrum that now reveals a double-
peak structure corresponding to Eu,O5 and Eu-OH at E-Egx= —532.3 eV
and —531.0 eV, respectively. In addition, a small Eu0 component at
E-Ep= —529.6 eV was determined from the fitting results of the O 1s
spectra after Eu intercalation, as shown in the SM [47] in Fig. S11.
Here, the observation can be compared to the pure Eu deposition and
successive oxidation shown in Fig. 1. There with a accumulated dosage
of 1.5 L of rest gas, the Eu got nearly completely oxidized while here,
below hBN, only a small amount is affected after 1000 L O, dosage.
Subsequently, the system was exposed to ambient conditions fol-
lowed by vacuum annealing at 506 K to remove some impurities.
As a result, the N 1s and B 1s spectra began to recover their initial
shape and position, indicating that the contact interface changed from
a strong interaction with the 2D surface phase Eulr, alloy to a weaker
interaction with Eu,O5. Similar trends were noted in related systems,
as reported in recent research [20]. The overall intensity of the Eu
3d spectra in Fig. 5 decreases significantly. It shows a doubling of
the Eu’* amount, accompanied by a substantial reduction in the Eu?**
amount. Moreover, the O 1s spectrum shows a remarkable increase
in both Eu,03 and Eu-OH components and a decrease in the EuO
component. The fit presented in the SM [47], in Fig. S11, reveals a
further component with an E-Eg= —533.0 eV corresponding to adsorbed
water. The di-valent Eu component now has approx. 20% of its initial

value, i.e., this constitutes the protected part after air exposure without
yet taking into account the photoelectron damping due to additional
contaminations on top of the hBN layer. Note that oxidation takes
place preferentially at defect sites, leading to partial oxidation of the
intercalated Eu. However, this resulting oxidized species appear to
provide a form of protection to that small protected amount. This also
highlights that the effectiveness of hBN as a protective layer is limited.

Lastly, let us comprehensively address the electronic band structure
of the (Eu)/hBN/Ir(111) system before and after air exposure. This
was investigated using ARPES with He Ila light at photon energy hv
= 40.8 eV, as shown in Fig. 7. This photon energy is very suitable
for the emission of the hBN z band but less suitable for the ¢ bands.
The study focuses in particular on the impact of air exposure on the
hBN-protecting layer. In Fig. 7, the hBN z band disperses from its
minimum energy at I" upwards towards the K point where it reaches
the closest energy to the Fermi level, representing the minimum and
maximum energy of the surface Brillouin zone. This band extends from
—8.0 to —2.4 eV upon hBN growth, while the Ir valence bands lie
noticeably closer to the Fermi level. After intercalating one-third ML
of Eu, the hBN z band shifts by 2 eV to higher binding energies, and
the di-valent Eu 4f emissions appear as a flat band at approx. 1.6 eV
binding energy. The z-band shift results due to the strong interaction
of the hBN with the 2D surface phase Eulr, alloy interface; such =
band shifts were observed in other systems [29,70,83,85-89]. Upon
exposure to 1000 L of oxygen, the = band of the hBN exhibited a slight
shift, while the di-valent Eu 4f intensity is maintained corroborating
our XPS results. However, all bands became somewhat blurred after air
exposure. Despite this, the hBN x band is still observed, with a notable
shift towards lower binding energies, i.e., a partial recovery of the hBN
7 band. The di-valent Eu 4f emission is nearly invisible, but the tri-
valent Eu 4f emission appears between —4 and —10 eV. Thus, neither
oxygen nor air exposure affects the hBN layer itself.

5. Conclusion

We examined the structural and electronic properties of Eu in-
tercalated beneath hBN on an Ir(111) substrate at various deposited
Eu amounts and temperatures. The analysis using LEED indicated the
presence of distinct superstructures, specifically (5 x M), (5 x 2) and
(\/5 X \/§)R30° depending mainly on preparation temperature. The
(5 x M) superstructure, resulting from 0.12 ML deposited Eu amount,
exhibits a unidirectional ordering of Eu atoms due to the low amount.
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It is a precursor of the (5 x 2) phase with 3 Eu atoms in the unit cell
obtained at higher coverage and T = 920 K. Finally, at 940 K, a (\/3 X
\/§)R30° structure emerges corresponds to 0.3 ML Eu coverage in a 2D
surface phase Eulr, alloy. In all cases, the Eu is below the hBN layer
with the interface atoms in a di-valent configuration, but the excess
Eu atoms that diffuse into the Ir bulk have a 3+ configuration. The
STM observations of Eu intercalation and the resulting structural mod-
ifications are consistent with the XPS findings, which reveal changes in
the chemical environment through the N 1s and B 1s core-level shifts.
Moreover, these chemical changes are reflected in the ARPES results
as modifications in the electronic band structure, such as the shift of
the hBN 7z band due to stronger interaction with the formed 2D surface
phase Eulr, alloy and the evolution of Eu 4f states. This combination
of experimental findings provides a comprehensive understanding of
the Eu intercalation below hBN on Ir(111) system. Lastly, Eu below
the hBN layer is at least 20% protected from oxidation, even after air
exposure, quite in contrast to an unprotected Eu-Ir surface alloy that
already presents degradation under UHV conditions.
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