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Unveiling the stacking-dependent electronic
properties of the 2D ultrathin rare-earth
metalloxenes family LnX, (Ln = Eu, Gd, Dy;
X = Ge, Si)¥
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Studies of electronic effects in reduced dimensionality have become a frontier in nanoscience due to
the exotic and highly tunable character of quantum phenomena. Recently, a new class of 2D ultrathin
LnX, metalloxenes composed of a triangular lattice of lanthanide ions (Ln) coupled with 2D-Xenes
of silicene or germanene (X;) was introduced and studied with a particular focus on magnetic
and transport properties. However, the electronic properties of metalloxenes and their effective
functionalization remain mainly unexplored. Here, using a number of experimental and theoretical
techniques, we trace the evolution of the electronic properties and magnetic ground state of
metalloxenes triggered by external perturbations. We demonstrate that the band structure of LnX; films
can be uniquely modified by controlling the Xenes stacking, thickness, varying the rare-earth and host
elements, and applying an external electric field. Our findings suggest new pathways to manipulate the
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1. Introduction

The family of low-dimensional materials that have 2D intrinsic
magnetism has been growing impressively in recent years,
expanding the scope of possible phenomena to be explored in
2D and enabling the development of novel devices.'™ Like
graphene and transition-metal dichalcogenides revolutionized
materials engineering, the discovery of 2D atomic magnets
opened up numerous opportunities for applications and funda-
mental research. Rare earth metalloxenes (LnX,) is a class of
layered materials where honeycomb-like layers of semiconduc-
tor (Ge or Si) are separated by layers of rare-earth atoms of
lanthanide series (Ln).* ° The layered character, availability of
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electronic properties of 2D rare-earth magnets that can be adjusted for spintronics applications.

epitaxial growth on semiconducting substrates and a variety of
lanthanide elements make LnX, a playground for studying the
magnetism and transport in ultrathin film limit. Indeed, these
systems demonstrated fingerprints of strong 2D ferromagnetic
(FM) ordering in the monolayer (ML) limit,"" together with high
carrier mobility,'* non-trivial topology'® and remarkable trans-
port phenomena.'* The electronic band structures of some
LnX, films were investigated through angle resolved photoe-
mission spectroscopy (ARPES)"*2° and density functional the-
oty (DFT) studies.'®*>*' However, a systematic study treating
the electronic properties of these films as a function of thick-
ness, Ln and host X element is still missing. The electronic and
magnetic properties of LnX, films are furthermore expected to
be sensitive to external perturbations, such as strain, charge
doping and electric field.>” In particular, surface doping of the
films can significantly alter the electronic and structural prop-
erties of thin films, changing their electronic and magnetic
properties.>® Recently, a pure antiferromagnetic (AFM) order
was found for in situ grown LnX,' films, as compared to FM
order fingerprints observed in SiO, capped ones.”*>°

In this work, we carry out a combined experimental and
theoretical study to investigate the structure as well as the
electronic and magnetic properties of the LnX, (Ln = Eu, Gd,
Dy; X = Ge, Si) family, and the effect of interface modification
on it. The structure of the in situ grown, or pristine films is

This journal is © The Royal Society of Chemistry 2024


https://orcid.org/0000-0003-4483-2207
https://orcid.org/0000-0002-4231-1638
https://orcid.org/0000-0001-8336-6793
https://orcid.org/0000-0002-4967-604X
https://orcid.org/0000-0002-9477-3017
https://orcid.org/0000-0001-6642-2466
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tc00173g&domain=pdf&date_stamp=2024-04-06
https://doi.org/10.1039/d4tc00173g
https://rsc.li/materials-c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc00173g
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC012016

Open Access Article. Published on 26 March 2024. Downloaded on 3/15/2026 4:02:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

found by comparing the DFT calculations to the ARPES data,
while the structure of the capped LnX, films is revealed from
previously published high-angle annular dark-field transmis-
sion electron microscopy (HAADF-TEM) studies.**” We discuss
similarities and differences in the electronic structure of LnX,.
We discovered that depending on the lanthanide and host
elements, a capping layer is capable of triggering significant
changes in the structure, electronic properties and magnetic
anisotropy. We furthermore analysed the effect of an external
electric field and found that it can effectively tune the position
of the Fermi level. Our study offers insights into the electronic
properties of 2D ultrathin rare-earth LnX, films and their
effective functionalization.

2. Experimental and calculation details

Samples growth

Ge(111) and Si(111) substrates were used for the in situ growth
of the LnX, films. Ge(111) substrates were sputtered with Ar+
ion bombardment and then annealed at 650 °C; this procedure
was repeated several times until the appearance of a sharp
c(2x 8) low-energy electron diffraction (LEED) pattern.
To prepare the Si(111)-7 x 7 surface reconstruction, the Si(111)
sample was flash annealed to a temperature of ~1200 °C. Lantha-
nide elements were deposited using electron bombardment
sources with rates of ~ 0.25 ML min~'. The evaporation rate
was calibrated by observation of LEED patterns that correspond to
known surface reconstructions: 5 x 2 at a coverage less than 1 ML,
1 x 1 that corresponds to the completion of the first ML at a
coverage of ~1 ML and /3 x /3 at a coverage above 1 ML (ESL}
Section S$1).*® During deposition, the substrates were held at
~400 °C. In the case of Si-based metalloxenes, samples were also
annealed at ~550-650 °C to improve the crystalline quality of the
films. It should be noted that this procedure produces films with
multiple film thicknesses after 1 ML completion.”®*°

ARPES measurements

The experiments were carried out at the VUV-photoemission
beamline at Elettra synchrotron (Trieste, Italy), using angle-
resolved photoelectron spectroscopy (ARPES). The base pres-
sure of the analytic and preparation chambers was <1.0 X
10" Torr and <3 x 10~ '° Torr, respectively. The majority of
ARPES measurements were carried out at a temperature of 14 K
using a Scienta R4000 electron analyzer and 35 eV photon
energy, which allowed for the best contrast of the features of
interest. The electron spectrometer was placed at 45° with
reference to the direction of the incoming p-polarized photon
beam. The labels of the high-symmetry points in the ARPES
spectra refer to the 1 x 1 surface Brillouin zone (SBZ).

DFT calculations

The calculations were based on density-functional theory (DFT)
as implemented in the Vienna Ab initio Simulation Package
VASP.? The projector-augmented wave approach®' was used to
describe the electron-ion interaction. The generalized gradient
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approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE)
was used as the exchange-correlation functional for structural
optimization. The spin-orbit coupling (SOC) was taken into
account.

To simulate the LnX, structures, we used a germanium/
silicon slab with PBE-optimized bulk lattice constants. Hydro-
gen atoms were used to passivate the dangling bonds at the
bottom of the slab. The kinetic cutoff energy was 250 eV and
12 x 12 x 1and 7 x 7 x 1 k-point meshes were used to sample
the 1 x 1 and v/3 x /3 2D Brillouin zones, respectively.
Geometry optimization was performed until the residual force
on the atoms was less than 10 meV A~'. The Heyd-Scuseria-
Ernzerhof (HSE06) screened hybrid functional®® was used to
calculate the band structure. Two types of Ln pseudopotentials
were used:** in non-magnetic calculations the potentials where
valence 4f electrons are treated as core states; while to describe
the magnetic properties, standard Ln potentials were utilized.
Since the Gd-based metalloxenes were the main focus of the
study, we performed a low-temperature ARPES measurement
(14 K) of a thick (20 ML) GdGe, film to provide experimental
evidence for the Gd-f band position. As follows from Fig. S2(a)
(ESLt Section S2), a strongly localized f-band is located at
~ —8.5 eV. This observation is in line with the trivalent state of
Gd** and was used to verify the accuracy of the HSE06 hybrid
functional in the description of the electronic spectra.

Ab initio random structure searching (AIRSS) method

In the present study, we use the ab initio random structure
searching (AIRSS) method, which is a straightforward and
powerful approach toward structure prediction, based on the
stochastic generation of sensible initial structures and their
repeated local optimization.*® The initial random structures are
generated to broadly sample a subvolume of the total configu-
ration space.*® This subvolume is defined by the search para-
meters, such as the range of unit cell volumes and shapes,
species-dependent minimum distances, structural or molecular
units, and symmetry. The details on the implementation of the
AIRSS method for the search for the ground state model of the 2
ML GdGe, film are given in the ESI,} Section S3 as an example.

3. Results and discussion

3.1. Atomic structure of LnX, metalloxenes: the geometry,
stoichiometry and stacking type

The basic building block of the LnX, metalloxene as follows
from HAADF-TEM observations®” is a triangular lattice of
lanthanide ions coupled with honeycomb networks of host
Si(Ge) atoms. To theoretically interpret the experimentally
observed atomic ordering of the LnX, films, we employed the
AIRSS method®® (more details are given in the ESIL,1 Section S3)
and independently found ground-state models for films of 1
ML and 2 ML thickness. Calculations for EuGe, show that
Eu atoms of the first and second layers prefer to stay at the H;
site in reference to the underlying Ge(111) substrate, while the
geometry of the segregated buckled honeycomb Ge atomic
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Fig. 1 Stacking-dependent ground-state structural models of the EuGe; (a) and (b), GdGe; (c) and (d) and GdSi, (e) and (f) films of various thicknesses.

e)and V3 x V3 (d

Black dashed rhombi outline the 1 x 1 (a)-(c) and (

) and (f

) unit cells. The observation of the stacking order under the capping layer

(a)—(d) is provided by TEM images reproduced from ref4 27 with permission from the Royal Society of Chemistry, and the TEM images in (e) and (f) were

reproduced from ref. 4 with permission from Elsevier Ltd.

sheet is the following: the upper Ge atom stays at the T, site,
while the lower Ge atom is located at the T, site (Fig. 1(a)).
As regards the 2 ML EuGe, system, the most energetically stable
model has the same arrangement as the 1 ML system: the
subsequent Eu and Ge atomic layers keep the same positions
with respect to the former ones (Fig. 1(b)). As a result, the Eu
atoms are always centered in the hole of the honeycomb lattice
of the lying above Ge bilayer, as shown in the top and side views
in Fig. 1(a) and (b). As found, all theoretical findings appear to
perfectly follow the HAADF-TEM observations for EuGe,>”
shown as the underlying images in Fig. 1(a) and (b). This
agreement confirms the validity of the AIRSS method and the
accuracy of the implemented density-functional theory (DFT)
calculation scheme. It should be noted that for the HAADF-
TEM measurements, the samples were preliminary covered
with a SiO, capping layer of 20 nm thickness.”” However,
excellent agreement in the structure between calculation and
experiment allows us to conclude that capping does not affect
the EuGe, film atomic stacking.

Let us now examine the case of GdGe, films. Fig. 1(c) shows
the ground-state atomic model of the 1 ML film with stacking
order as obtained from the AIRSS method; here, the Gd atom,
in contrast to Eu, has a different adsorption position - T, one
instead of the Hj site for Eu. Next, the geometry of the topmost
buckled honeycomb Ge atomic sheet is also different: the upper
Ge atom is located at the T, site (which is the same as in the
EuGe, case), but the lower Ge atom is now located at the Hj site
(instead of the T, site in the EuGe, case).'® However, the Gd

5928 | J Mater. Chem. C, 2024, 12, 5926-5933

atoms are positioned at the centers of the honeycomb buckled
germanene lattice, like in the case of Eu, which is seen in the
top-view atomic model (Fig. 1(c)). The structure has 1 x 1
periodicity, which follows from the LEED pattern measured
for the pristine film under ultra-high vacuum conditions (ESL ¥
Section S1). Now, if we turn to the HAADF-TEM observations®’
of the 1 ML GdGe, sample covered by the capping layer, we may
see perfect agreement for the position of the Gd atom; however,
the stacking of the upper Ge bilayer is different. As follows from
the TEM image, the upper Ge atom is located just above the Gd
atom at the T, site, while the lower Ge atom stays at the T site,
both different from those in the AIRSS-derived ground state
model. So, one may conclude on the presence of a lateral shift
or sliding of the Ge bilayer relative to the underlying Gd layer.
The total energy of the model constructed from the TEM data is
by ~1 eV per unit cell higher than that of the ground-state
model (see the ESI,T Section S3 for more details). The top-view
ball-and-stick atomic model placed just below the HAADF-TEM
image in Fig. 1(c) additionally illustrates capping-induced
stacking, where one may see that the Gd atoms are located just
below one of the Ge sites, but not in the honeycomb centers. It
is worth noting that the SiO, capping layer was omitted from
considerations in our DFT band structure calculations for the
following reasons: SiO, is a wide-gap insulator, whose states
do not overlap with the LnX, spectral features of interest; SiO,
is an amorphous phase** and cannot be directly simulated
in DFT; and finally, according to a previous report,* the chemical
reaction between SiO, and LnX, is unlikely. Therefore, the study

This journal is © The Royal Society of Chemistry 2024
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of the mechanisms underlying the capping-induced changes of
the stacking is out of the focus of the present paper. From a
thermodynamic perspective, the GdGe, film with pristine stack-
ing order is self-sustainable, but the model derived from the
TEM observation shows instability (see the phonon calculations
in the ESI Section S4). Nevertheless, in the presence of a
capping layer, the structure becomes stable, as demonstrated
in the HAADF-TEM experiments.*>’ It is known that an elimina-
tion of the observed soft phonon mode can be achieved by a
tensile strain®”*® induced by the capping layer or doping. There
is evidence of interface modification due to the presence of a
capping layer despite the fact that the new interface geometry is
energetically unfavorable compared to the pristine one.*

It is known that the formation of GdGe, films thicker than
1 ML reduces the symmetry of the surface from 1 x 1 to
V3 x v/3,% as demonstrated by the emergence of weak /3 x
/3 reflexes in the LEED pattern (ESL{ Section $1). The dis-
tinctive feature of multilayer GdGe, films is the flat intermedi-
ate Ge monolayer where the buckling is removed due to the
formation of a vacancy."® Fig. 1(d) shows the calculated 2 ML
ground state model, where the intermediate flat Ge ML is
marked by red balls, while the vacancies are highlighted by
red triangles. The stacking order at the interface between the
upper Ge-BL and Gd layers here is the same as in the case of the
1 ML GdGe, film. As follows from the TEM image, capping the
2 ML GdGe, sample induces the formation of a different
stacking order for the upper Ge-BL (Fig. 1(d)), alike in the 1
ML GdGe, film. However, the positions of the Gd atoms and the
atoms of the intermediate flat Ge ML are identical in both
films: capped by a protective layer and the pristine one.

The structure of the GdSi, system is almost identical to
GdGe, ((Fig. 1(e) and (f)), see also the LEED data in the ESL,¥
Fig. S1(c) and (d) and Section S1) and the capping-induced
stacking order is also less favorable than the pristine ground state
(by 0.66 €V). Regarding the DyGe, system, there is no available
HAADF-TEM observation here; nevertheless, DFT calculations
(ESL+ Section S5) and ARPES measurements (Fig. 3(e) and (f))
suggest that the arrangement of Dy layers and the Ge-BL stacking
order are identical to the GdGe, case.

3.2. Stacking- and thickness-dependent band structure of the
LnX, metalloxenes family

Let us now consider the electronic properties of EuGe, films,
whose structure does not experience any changes induced by
the capping layer. Fig. 2(a) shows the spin-resolved relativistic
electronic spectrum of the 1 ML EuGe, film in the non-
magnetic case. The distinctive feature of the spectrum is the
highly dispersing in-gap S1 hole-like metallic band that pos-
sesses small Rashba-type spin splitting and demonstrates
hybridization with the Ge(111) conduction band at the I point.
Another distinctive feature is an almost degenerate unoccupied
in-gap S2 band with electron-like dispersion at the M point. The
Fermi-surface map shows a I'-centered almost isotropic hole
pocket that demonstrates insignificant spin splitting. The
spectrum of the 2 ML EuGe, film (Fig. 2(b)) has very similar

This journal is © The Royal Society of Chemistry 2024
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features - the S1 band (which intersection with the Fermi level
(Er) produces a pair of circular contours) and the parabolic S2
in-gap band dispersing by 0.5 eV above Ey. In general, the 1 ML
and 2 ML EuGe, films belong to the class of p-type metals.

Fig. 2(c) shows the DFT calculated band structure of the 1
ML GdGe, film with pristine stacking, and at first glance it has
a very similar character to its EuGe, counterpart, namely two in-
gap bands, the S1 highly-dispersing metallic state and fully
unoccupied S2 band. However, the position of the Fermi level
here is 0.75 eV higher than in the EuGe, case and is pinned just
at the minimum of the Ge bulk conduction band. As follows
from Fig. 2(c) the Fermi surface map has a tiny hole-like pocket
produced by the S1 band and even a much smaller electron-like
pocket produced by the bulk states, which all characterize the
system as a compensated weak metal. Fig. 2(e) shows the
spectrum of the GdGe, film with staking corresponding to
the structure with a capping layer. As one can see, the change
in stacking order produces drastic changes in the band struc-
ture. The most appealing effect is the significant enhancement
of the electron density around the Fermi level, provided by the S2
electron band that forms elongated M-centered electron pockets
with significant Rashba spin splitting in the '-M direction. The
Fermi level position was also changed, and now it is placed within
the Ge bulk gap. One may see that capping-induced changes in the
atomic structure significantly enrich the electronic properties
of the 1 ML GdGe,, which becomes a compensated metal with
dominant n-type charge carriers.

Let us now consider the electronic spectra of the 2 ML GdGe,
films with pristine and capping-induced geometry shown in
Fig. 2(d) and (f), respectively. In contrast to the EuGe, case the
band structure of the 2 ML GdGe, film substantially differs
from that of the single layer. In the case of a pristine film, the
Fermi level is placed exactly in the middle of the Ge bulk gap,
whereas S2 and S3 metallic bands form I'-centered and K-cen-
tered pockets, respectively, with more noticeable spin splitting
compared to the 1 ML film. One may see that the capping-
modified interface experiences substantial changes in the
electronic spectrum: the S1 band becomes metallic and forms
a pair of M-centered hole-like pockets, while the S3 band does
not produce any pockets at Er due to the hybridization gap. It
should be noted that application of a positive perpendicular
electric field to the GdGe, system can easily move the S1 spin-
split band at the Fermi level and increase the density of states
at Eg (see the ESIL,T Section S6).

Now, we trace the effect of lanthanide and host element
variation on the electronic properties of LnX, films. Section S5
in the ESIt summarizes the results for DyGe, films, whose
atomic and electronic band structure are almost identical to
those of GdGe,. Fig. 2(g-j) shows the results for 1 ML and 2 ML
GdSi, films that show a stronger energy overlap between the
states at I and at M as compared to GdGe,. In the Fermi
surface, this results in an appearance of additional pockets at M
for 1 ML and the absence of circular features at K for 2 ML,
characterizing 1 ML and 2 ML films in the pristine case as
compensated and p-type metals, respectively. The band struc-
ture for the capped 1 ML GdSi, is similar to the 1 ML GdGe,

J. Mater. Chem. C, 2024,12, 5926-5933 | 5929
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Fig. 2 Spin-resolved electronic spectra and Fermi-contour maps calculated for (a) and (b) EuGe,, (c)-(f) GdGe, and (g)—(j) GdSi, films of various
thickness and stacking type. Red and blue in the electronic spectra and Fermi maps represent opposite in-plane and out-of-plane components of the
spin expectation values, respectively, while the balls’ size reflects the magnitude of the spins. The highlighted hexagons denote the first Brillouin zone.
The image above (d) shows an enlarged view of the Dirac-like cones in the unoccupied spectrum.

case appearance with the Fermi surface that consists of a star-
like hole pocket at the I' point and elongated pockets in M
points. In the case of the capped 2 ML GdSi, film the hybridiza-
tion effects distort the S2 band and lead to a doubling of the
M-centered pocket. Interestingly, the pristine and capped 2 ML
GdGe(Si), films demonstrate a Dirac-like cone at the K point
just above the Fermi level (shown as the outset above panel (d)),
which is a typical feature of a 2D-Xene honeycomb material.
We furthermore experimentally probed the band structure for
the pristine 1 ML and 2 ML films. Fig. 3(a-f) compare the
ARPES observations for the pristine GdGe,, GdSi, and DyGe,
films to the DFT calculations. The overlap with the calculated
states demonstrates that the data are in very good agreement
with the DFT predictions for pristine films (see also ref. 10),
confirming that the in situ grown films have a different atomic
structure as compared to the SiO,-capped ones.

3.3. Stacking-dependent magnetic order in LnX, metalloxenes

The profound effect of the atomic layers stacking on the band
structure dispersion (Fig. 2) and orbital character (ESL Section S7)

5930 | J Mater. Chem. C, 2024, 12, 5926-5933

of the GdGe(Si), films must leave an imprint on the magnetic
ground state and consequently on their electronic band structure
in the magnetic state. To this aim, first of all, we define the
preferred magnetization direction by calculating the total energies
for various magnetic configurations (ESL{ Section S8 and
Table S1); we found that for 2 ML films the antiferromagnetic
in-plane alignment of magnetic moments on Gd atoms of neigh-
boring layers (AFM) is the preferred magnetic configuration for
both systems. However, for 1 ML films, the preferred magnetiza-
tion direction in the ferromagnetic (FM) ground state depends on
the Ln element and the stacking type: for pristine stacking it is in-
plane (FM) for GdGe,, whereas it is out-of-plane (FM , ) for GdSi,.
Next, having the preferred magnetic configuration we calculated
the band structure. Fig. 4 shows the orbital-resolved and stacking-
dependent band structures of the magnetic GdGe, and GdSi, films
of 1 ML and 2 ML thickness. To trace the dispersion changes, we
show the non-magnetic spectra as blue dashed curves. The band
structure of the pristine 1 ML GdGe, film (Fig. 4(a)) demonstrates a
noticeable exchange splitting in both the S1 and S2 surface bands,
with lifting the degeneracy at the I and M points. Remarkably, in

This journal is © The Royal Society of Chemistry 2024
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temperature (which is in line with ref. 10). The red and blue balls represent the opposite in-plane spin components.
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Fig. 4 The effect of magnetism on the electronic band structure of GdGe, (a)—(d) and GdSi, (e)-(h) films with pristine and capping-induced stacking
orders. The spectra demonstrate the contribution of the Gd-d and Gd-f orbitals to the electronic structure. The blue dashed and black solid curves
demonstrate the non-magnetic and magnetic spectra, respectively. The preferred magnetic configuration for each system is shown in the panels.

the case of the capped 1 ML film (Fig. 4(b)) the amplitude of
exchange splitting is much larger than in the pristine case. Orbital-
symmetry analysis shows that the exchange splitting of S1 and S2
bands comes from Gd f-d hybridization, mediated through the
out-of-plane f,; and d,. components (shown in Fig. 4 as brown and
green circles), which acquire larger weights in the case of the
capped film. The exchange splitting in the spectrum of the 2 ML

This journal is © The Royal Society of Chemistry 2024

GdGe, film is rather large in both the pristine and capped cases
(Fig. 4(c) and (d)). As for the case of the pristine GdSi, system
(Fig. 4(e)) one may see a significant exchange splitting already at
the monolayer limit in contrast to the Ge-based counterpart.
However, the capping-induced modification of the film stacking
hugely enhances the band splitting, which is again associated with
the increased contribution of f, orbitals to the S1 and S2 bands
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(see Fig. 4(f)). Therefore, the study of magnetism-induced effects
on the electronic band structure of LnX, metalloxenes shows the
pivotal role of Ln f-d hybridization,**" which can be effectively
tuned by modification of the interface. The increase in film thick-
ness up to 2 ML leads to a substantial decrease in the exchange
splitting in the electronic spectra of the GdSi, films regardless of
the type of stacking due to anti-parallel alignment of the magnetic
moments in the neighboring layers (Fig. 4(g) and (h)).

The DFT predictions for the AFM order and the corres-
ponding band splitting in pristine 2 ML GdGe, films are in
line with the ARPES results (ref. 10, Fig. 3(g) and (h)). Due to the
lower temperature of the magnetic transition, we were unable
to confirm such a splitting in 1 ML GdGe,. Similarly, we were
unable to observe any temperature-dependent splitting in other
LnX, systems. Since the EuGe, films do not experience any
stacking modification induced by the capping layer, we give
only a short discussion of them (ESI, Section S8). As regards
the case of the EuSi, and DyGe, systems, we do not have any
HAADF-TEM evidence on the effect of the capping layer and,
therefore, leave them out of consideration.

4. Conclusions

In summary, combining the experimental and theoretical tech-
niques we have performed a systematic study of the LnX, (Ln =
Eu, Gd, Dy; X = Ge, Si) family of magnetic metalloxenes in
ultrathin film limit (1-2 ML). The structure of the iz situ grown
films was found by comparing the ab initio random structure
searching (AIRSS) method calculations to the LEED data and
earlier published HAADF-TEM studies®?” on the LnX, films
covered by a SiO, capping layer. We have discovered that,
depending on the lanthanide and host elements, a capping
layer is capable of triggering the change in atomic stacking
from a stable to metastable one. In particular, divalent Eu-based
and trivalent Gd(Dy)-based metalloxenes generally show three
distinctive features of the atomic structure: (1) different posi-
tions of the Ln atom with respect to the substrate, H; vs. Ty; (2)
buckled honeycomb vs. flat intermediate Ge(Si) layers with
vacancy; (3) absence of any changes in the X,/Ln interface vs.
modification of the interface stacking under the influence of the
capping layer. Such structural modifications are capable of
producing significant changes in the electronic properties and
magnetic anisotropy. The calculated electronic spectra of the
stable films that depend on Ln and X elements, as well as on the
film thickness, are in perfect agreement with ARPES observa-
tions on the pristine LnX, films in paramagnetic and magnetic
state. We furthermore theoretically analyzed the effect of the
external electric field and found that it can effectively tune the
position of the Fermi level.

Thus, our study offers insights into the electronic properties
of the 2D ultrathin rare-earth LnX, films with stable and
metastable (realized under capping conditions) atomic struc-
tures and suggests ways to control them by variation in Ln and
host X elements, film thickness and external electric field for
their effective functionalization.
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